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n ""
600 JAHRE
KOlNER · ig~~
UNIVERSITAT

FOUNDING AND FIRST BLOOMING
OF THE UNIVERSITY

On May 21, 1388, in Perugia, Pope Urban VI issued the founding deed of the University of
Cologne: "After careful consideration and review, we have, for the benefit and advantage
not only of the city of Cologne, but also of the residents of the surrounding regions, in
fatherly love, graciously granted the humble request of the councillors, assessors, citizens,
and community of the city of Cologne, who for this in devotion have asked our favor, and
decided, for the glory of God and the propagation of the Faith, and directed, through
apostolic authority, that henceforth there shall be a University in the city of Cologne
after the model of the University of Paris, which shall ever remain there."

.. ..
GRUNDUNG UND ERSTE BLUTE..

DER UNIVERSITAT

Am 21. Mai 1388 stellte Papst Urban VI. in Perugia die Stiftungsurkunde fUr die Uni
versitiit zu Kaln aus: "Nach sorgfaJ.tiger Uberlegung und Priifung haben wir nieht nur
zum Nutzen und Vorteil der Stadt Kaln, sondern auch der Einwohner der umlicgenden
Gebiete in vaterlicher Liebe den demiitigen Bitten der Rate, Schoffen, BiiIger, und der
Gemeinde der Stadt Kaln, die in Ergebenheit um diese unsere Gunst gebeten haben,
huldvoll entsprochen und zur Ehre Gattes und zur Farderung des rechten Glaubens
beschlossen und kraft apostolischer Autoritiit angeordnet, daB in cler Stadt Kaln fortan
eine Universitiit sein solI, nach dem Muster der Universitiit Paris, und fiir immer dort
bleiben soIL"
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DEI IEKTOI DEI UNIVEISIT7<T lU KOLN

GruBwort

Es ist mir eine angenehme Pflicht, Sie hier in Zermatt an

l~Blich der internationalen Konferenz "The Physics and Chemistry

of Interstellar Molecular Clouds" im Namen der Universit~t zu

Koln herzlich willkommen zu heiBen. Es ist ein besonderer An

laB, das 600j~hrige Bestehen der Universit~t in diesem schonen

Rahmen eines Koln-Zermatt Symposiums begehen zu konnen. Diese

Konferenz ist eine von vielen Veranstaltungen, mit der die Uni

versitat ihren Geburtstag feiert.

Die Universit~t ist stolz, dieses schone Observatorium auf dem

Gornergrat zu betreiben. Zeigt es doch, daB der Blick der Uni

versit~t wie vor 600 Jahren auch heute noch den Sternen und

dem Weltraum zugewandt ist: Den Stern sehen Sie als hochsten

Punkt im Wappen der Universit~t.

Prof. Dr. Peter Hanau

'~z..:.~
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DER OBERBURGERMEISTER DER STADT KOLN

GruBwort

Verehrte Darnen, meine Herren,

sehr gerne folge ich dem Wunsch von Herrn Professor Dr. Winnewisser, Sie mit einigen
GruBworten herzlich zum internationalen Symposium "The Physics and Chemistry of
Interstellar Molecular Clouds" in Zermatt willkommen zu heiBen. Ich gestehe, noch viel
lieber ware ich vom 25.-27. September 1988 unter Ihnen; denn wer fiihrt nicht gern nach
Zermatt?

So wiinsche ich Ihnen aus dem 2000-jiihrigen Kaln in Narnen von Rat und Verwal
tung, aber auch persanlich, einen erfolgreichen Verlauf Ihrer zukunftsweisenden Kon
ferenz. Wenn Sie das Observatorium auf dem Gornergrat besichtigen, werden Sie sich in
der hachstgelegenen stiindigen Forschungsstelle der Universitiit zu Kaln befinden. Nur
die "wissenschaftliche Konkurrenz" der Deutschen Forschungs- und Versuchsanstalt fiir
Luft- und Raumfahrt aus Kaln-Porz iibertrifft anliiBlich ihrer Weltraummissionen diesen
Hahenrekord, aber eben nur kurzfristig.

Wenn Sie aus meinen Zeilen so etwas wie "Besitzerstolz" herauslesen, dann belegt
diese Tatsache die freundschaftliche Verbundenheit der KaIner mit ihrer Universitiit, die
vor 600 Jahren als Biirgeruniversitiit gegriindet wurde. DaB die Universitiit zu Kaln nicht
in ihrer 600-jiihrigen Tradition erstarrt ist, beweist das Symposium des I. Physikalischen
Instituts vom 22.-25. September 1988 in Zermatt.

Mit freundlichen GriiBen
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GruBe des Burgerpdisidenten von Zermatt

Ladies and gentlemen,

it gives me great pleasure to welcome you here in Zermatt personally and on behalf
of the Burgergemeinde. Although the history of Zermatt reaches back to the Middle
Ages, the village and its surroundings became known long before the turn of the century
for their beautiful location, scenery and climatic conditions. With the inauguration of
the Gornergratbahn in 1898 and the construction of Hotel Belvedere on the summit,
one of the most scenic spots in the Alps was opened to everyone, not only the devoted
Alpinist, something which Mark Twain probably would have enjoyed on his journey to
the Riffelberg. Now the Kulmhotel Gornergrat just below the summit houses the two
observatories which are our windows to space. We, the people of Zermatt, take great pride
that the Gornergrat has been discovered by astronomers and that astrophysicists from
all over the world are participating at the Conference on "The Physics and Chemistry of
Interstellar Molecular Clouds".

I wish all of you an enjoyable, informative, interesting and beautiful time here in
Zermatt on the base of the Matterhorn.

Herzlich willkommen in Zermatt

E. Aufdenplatten
Burgerprasident, Zermatt

VII



Opening Remarks

Ladies and Gentlemen,

on behalf of the International Foundation "High-altitude Research 'Stations Jungfraujoch
and Gornergrat" I welcome you to Zermatt, the famous tourist place, and I wish you a
successful symposium on "The Physics and Chemistry of Interstellar Molecular Clouds" .
Our foundation recognized the climatically preferred location of Zermatt and its sur
roundings for astronomical observations more then 20 years ago. In collaboration with
the Observatoire de Meudon, the Geneva Observatory and the Astronomical Institute of
the University of Oxford in Great Britain, we therefore erected astronomical observatories
on the two towers of the Kulmhotel of the Burgergemeinde Zermatt at Gornergrat. In
1984 the Gornergrat South observatory was taken over by the University of KCiln. In the
following years Professor Gisbert Winnewisser refurbished the observatory, enlarged the
dome, and installed the new KOSMA 3m millimeter and submillimeter telescope. I have
nothing to add to the beautiful results on interstellar molecular lines from Gornergrat.
We are proud that the 1. Physikalisches Institut of the Universitat zu KCiln is running
its 3m radio telescope here in Switzerland. I thank Professor Winnewisser for his great
scientific support of our foundation. I also thank him for having organized this confer
ence at Zermatt. To you, ladies and gentlemen, I wish a successful symposium, more
and deeper friendships among scientists from allover the world, and a pleasant stay at
Zermatt.

H. Debrunner

Prasident Internationale Stiftung Hochalpine
Forschungsstationen Jungfraujoch und Gornergrat
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Preface

This volume contains the lectures and posters presented at the Cologne-Zermatt
Symposium on "The Physics and Chemistry of Interstellar Molecular Clouds" held in the
Triftbachhalle in Zermatt from 22 to 26 September 1988. The objective of the meeting
was twofold: to take stock of the recent scientific and technological developments in the
field of millimeter, submillimeter, and far-infrared astrophysics, and to commemorate
the 600th anniversary of the University of Cologne and the 20th year of astronomical
observations from the Gornergrat, a nearby peak (alt. 3130m) where the University has
recently installed the KOSMA 3 m millimeter and submillimeter telescope. This year
also marks the 20th year of the detection of interstellar NH3 and Hz 0 by C. H. Townes
and his collaborators. The three and a half day meeting was attended by more than 150
participants from 13 countries, considerably more than originally anticipated. This large
turnout made it necessary to move the lectures from the Grand Hotel Zermatterhof to
the Triftbachhalle, which fortunately was made available by the town of Zermatt.

The conference covered topics from the early discoveries of interstellar molecular
lines to the most recent contributions from large telescopes. The extended maps from
the KOSMA 3 m Gornergrat telescope were presented, highlighting one focus of the
conference: the utility of small telescopes for quick mapping of large regions - both
galactic and extragalactic - and for selecting targets for more detailed study with larger
telescopes, e.g. star-formation and outflow regions. Half a day each was devoted to the
chemistry of interstellar molecular clouds and to status reports on new instrumentation
and future projects.

Interstellar molecular spectroscopy would not have matured so quickly were it not for
the tremendous pool of precise laboratory data for astronomers to fall back on. We were
very fortunate to have with us "the father of modern spectroscopy", Gerhard Herzberg,
as our Guest of Honour, to whom we dedicate this volume. We were thankful that
C. H. Townes participated in the meeting and reminded us in his after-dinner speech
how research so often leads to new and unexpected discoveries.

All who were present at the Cologne-Zermatt Symposium 1988 can testify to its
success, owing to the enthusiasm for the subject matter by all participants, the excellent
presentations from talks to posters, and the beautiful setting for the meeting at the foot
of the Matterhorn. Our two secretaries, Frl. M. Alscher and Frau 1. Klee, took care of all
the organizational details with grace and efficiency. The Zermatt people were warm and
generous hosts, especially the staff of the Grand Hotel Zermatterhof under the direction
of Jean-Pierre Lanz.

It is a pleasure to express our thanks to the Deutsche Forschungsgemeinschaft,
whose financial support made this conference possible. In addition, we have received
generous contributions from the following institutions and companies: Office of Naval
Research, U. S. Navy; Internationale Stiftung Hochalpine Forschungsstationen Jungfrau
joch und Gornergratj Burgergemeinde Zermatt; Gornergrat-Bahnj Brig-Visp-Zermatt
Bahnj Firma Dornier, Friedrichshafen. The Observatoire de Geneve supplied the poster
walls.

G. Winnewisser and J. T. Armstrong, editors
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S o m e  His tor ica l  R e m a r k s  

G. Herzberg 
National Research Council, Ottawa, Ontario, Canada 

t feel deeply moved by the invitation of the organizers of this exciting meeting to 
participate in it as Guest of Honor. I am a relative newcomer to the field of sub-millimeter 
astronomy. I was certainly not there at the beginning of radio astronomy (although in 
1947 my friend the late Gerard Kuiper took me to see the first radio telescope which 
Grote Reber had built in his back yard at Wheaton, Illinois, not too far from the Yerkes 
Observatory). I was however there in that prehistoric time at the very beginning of 
the study of molecules in the interstellar medium which occurred in 1937. Many years 
before that, molecules had been identified in comets and planetary atmospheres, and 
even some in stellar atmospheres. In 1937, Adams and Dunham had obtained the first 
high-resolution spectra of O and B stars with the then new Coud6 spectrograph of the 
100 inch telescope at Mr. Wilson. They observed a number of very sharp absorption 
lines in the violet, some of which they could identify as interstellar lines of a number of 
atoms and ions, while others they had to leave unidentified. It was Swings and Rosenfeld 
who very soon thereafter identified one of these lines as due to the CH molecule. Now of 
course every radio astronomer knows that you cannot be sure of an identification based 
on a single line. However, in this instance the line was found to be the only line from 
the very lowest rotational level (among perhaps 100 laboratory lines): that can hardly 
be an accident. In their identification of new interstellar atomic lines (just preceding 
the identification of CH), Adams and Dunham had found that in multiplets, only lines 
involving the lowest sublevel of the lower state occur because the time between collisions 
in the interstellar medium is long enough that even transitions of very low probability 
can take place and bring all atoms to the lowest state. Clearly this was also happening 
for molecules. I think therefore we must give credit to Swings and Rosenfeld for the 
discovery (identification) of the first interstellar molecule. I met Polydore Swings soon 
after this discovery. Swings made many other discoveries concerning stellar atmospheres 
(peculiar stars, etc.) and especially in cometary problems. Toward the end of his notable 
career (1964), he was elected president of the IAU. His work and life are well described 
in a short autobiography in the Annual Reviews of Astronomy and Astrophysics. But in 
it he does not mention what I consider his most important discovery, the first interstellar 
molecule. This discovery is clearly mentioned in the obituary written by Paul Ledoux 
for the Belgian Academy. 

Soon after Swings and Rosenfeld, Andy McKellar at Victoria identified another 
electronic transition of CH and in addition the well-known CN lines near 3883/~ also on 
the basis of Adams and Dunham's spectra. There was left a series of four lines at 4232, 
3938, 3745 and 3579 ~ in Adams and Dunham's spectra which remained unidentified for 
another two years. In June 1941, Otto Struve (then director of the Yerkes Observatory) 



invited a few of us including Swings, Beutler, Mulliken and Teller to an informal meeting 
at Yerkes Observatory to discuss this question. The structure of the observed spectrum 
made it certain that it was molecular in origin. Mulliken suggested CH2 (1 B1-1 A1 ); Teller 
and I suggested CH + because of the similarity to BH. In Saskatoon, where I worked at 
the time, Alex Douglas and I had an apparatus available which could be used to test 
the assumption. Within a few days we observed a new band system whose 0-0, 1-0, 2-0 
bands were approximately at the place of the first three unidentified interstellar lines. 
Indeed the latter agreed exactly with the R(0) lines of these bands; that is, the only lines 
coming from the lowest rotational level (J  = 0). It took some time to make certain that 
the new spectrum was due to CH +. The discovery of the next interstellar molecule, OH, 
accomplished by radio astronomical methods (Weinreb, Barrett, e~ al.) took place 22 
years later. As you all know, five years after that the floodgates were opened with the 
discovery by Townes and his associates of NH3 and H2 0. 

Since that time, some 80 interstellar molecules have been identified and their distri- 
bution in interstellar clouds has been studied. The papers presented at this meeting have 
given a detailed and exciting view of the present status of this field. We must express 
our thanks to Gisbert Winnewisser and his colleagues for the very successful organiza- 
tion of this meeting and also our admiration for setting up the Gornergrat Observatory 
in record time. Much has already been accomplished and undoubtedly much more will 
come: there will be more interstellar molecules, more understanding of interstellar clouds, 
their physics and their chemistry. 



M o l e c u l a r  Lines:  P a s t ,  P r e s e n t ,  

W m .  J. Welch  
Radio Astronomy Laboratory 

University of California 
Berkeley, California 

F u t u r e  

I. Introduction: Discovery of Interstellar Molecules 

The study of interstellar molecules began with the discovery, in the early thirties, of 
narrow absorption features in the ultra-violet spectra of a few distant stars, features that 
were identified as interstellar absorption by CN, CH, and CH + (Swings and Rosenfeld, 
1937; McKellar, 1941; Douglas and Herzberg, 1941). These absorptions arise from the 
lowest rotational levels of the molecules. Observation of these molecules revealed for the 
first time interesting chemical processes in the diffuse interstellar clouds. In addition, 
both these and later radio studies of interstellar molecules have provided important 
clues to more profound physical properites of the Galaxy and beyond. For exaxnple, the 
excitation of the two lowest levels of CN gave the first hint of the existence of the 2.7 K 
microwave background radiation. 

The development of microwave spectroscopy following the second world war demon- 
strated the importance of high resolution long wavelength spectroscopic studies of gases 
in the elucidation of molecular structure. At the same time it also showed how the inher- 
ently high resolution of the heterodyne detectors used on radio telescopes could permit 
the reliable identification and study of many molecules that might exist in the interstellar 
medium. In an important IAU Symposium paper, Townes (1957) listed wavelengths for 
many simple molecules that could be observed in the microwave spectrum. Following 
the accurate laboratory measurement of the absorption frequency of the radical OH, 
Weinreb et al. (1963) succeeded in detecting this molecule in absorption toward Cas A 
at a wavelength of 18 cm. It was subsequently found that OH emits as a maser in many 
regions (Weaver et al., 1965). 

Laboratory wavelengths for a number of polyatomic molecules at cm wavelengths 
were available with sufficient accuracy for their search at that time, but there was some 
reluctance to look for them based on the expectation that polyatomic molecules would 
have difficulty in forming in the interstellar medium. Nevertheless, Cheung et al. (1968, 
1969) reported the detection of both interstellar water vapor and ammonia followed 
shortly by the detection of formaldehyde by Palmer et al. (1969). Figure 1 shows spectra 
of water vapor and formaldehyde from these detection papers. In addition to showing 
the presence of the species, these spectra reveal interesting physical information. The 
intensity of the water vapor emission implies maser emission, and the large velocity 
dispersion is the first hint of the explosive outflows that were subsequently identified in 



star forming regions. The formaldehyde is seen in absorption agains the 2.7 K microwave 
background, since there is no radio continuum source in this direction. The spectrum 
verifies the existence of the background radiation and also shows that the excitation 
temperature of the upper level lies below the 2.7 K background, implying some sort of 
antimaser process. 

The detection of the polyatomics made it clear that many other species should be 
present, and Penzias and Wilson at Bell Laboratories soon developed 3 mm receivers for 
the 36 foot antenna of the NRAO at Kitt Peak to search in the rich millimeter wave- 
length region of the spectrum. With a number of collaborators, they, and others using 
that telescope, discovered a great many interstellar molecules during the early seventies 
(e.g., Wilson et al., 1970; Snyder and Buhl, 1971; Turner, 1971; Solomon et al., 1971; 
Zuckerman et al., 1971). 
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Fig. 1. Formaldehyde in absorption in the direction of Heiles Cloud 2 (Palmer et al., 1969); Water in 
emission in W49 (Cheun Set al., 1968) 

More recently, there have been a few relatively complete spectral searches in the 
molecule-rich regions Orion/KL and SgrB2. Cummins et al. (1986) surveyed SgrB2 
over 70-150 GHz with the 7 m BTL dish, Johansson et al. (1984) observed this source 
over 70-93 GHz with the Onsala 20 m telescope, and Sutton et at. (1985) surveyed 
Orion/KL over 208-263 GHz with a 10m telescope at Owens Valley, finding over 800 
lines. A summary of the molecules known as of June 1985 by Winnewisser and Herbst 
(1987) lists 70 identified species. 

There is a continuous flow of further discoveries of molecules (e.g., CH3CsN [Snyder 
et al., 1985]) often enabled by laboratory spectroscopy (e.g., C3H2, the first interstellar 
ring molecule [Thaddeus et al., 1985]). In addition, the sensitivities of the Nobeyama 
45 m and the IRAM 30 m telescopes have further accelerated detections of molecular 
lines. A recent paper of Cernicharo et al. (1987) reports the detection of some 50 lines 
of the linear radical C6H at the 30 m which allows the determination of many of the 
molecular constants! 

Theoretically, the initial discovery of polyatomic molecules was a surprise because 
it was difficult to understand how their formation could take place through normal gas 
phase chemical processes at the low densities of the interstellar medium. Subsequently, 



Herbst and Klemperer (1973) showed that ion-molecule reactions could indeed produce 
polyatomics and were able to explain the observed abundance of many of the smaller 
molecules. These exothermic reactions have the necessary high cross sections at low 
temperatures and densities. For the larger more complex species, radiative association 
appears to be effective. In addition, important chemistry may be taking place on the 
surfaces of grains. It is easy to show that the time between collisions between grains and 
molecules is short compared to both the probable cloud lifetimes and the time required 
to reach steady state in the gas phase processes. This argues that molecules must stick 
and then be desorbed from grains in order that a gas phase exist at all. It seems likely 
that grains may play a catalytic role in all of interstellar chemistry. Note that ammonia, 
which is observed in many regions, is not well produced by the gas phase schemes and is 
probably catalyzed On grains. Finally, very great chemical enrichment is observed in the 
winds of massive protostars. Evidence is mounting that all stars, of nearly all masses, 
exhibit winds as they form, and it is possible that much of the molecular material in 
dust clouds may be the result of chemical processing in the high temperature winds and 
associated shocks of all the stars forming within the cloud. 

I I .  G a l a c t i c  S t r u c t u r e  

Among the molecules, the discovery of CO by Wilson e~ al. (1970) has had the most 
profound impact in other areas of astronomy. This diatomic is sturdy, widely distributed 
throughout the Galaxy, and is collisionally excited into emission within clouds whose den- 
sities are only a few hundred hydrogen molecules/cm 3. It is widely observed throughout 
the Milky Way, and its study has significantly altered our view of the Galaxy. After the 
early studies of particular regions, a number of groups have carried out extensive maps 
of large regions of the Galaxy, particularly close to the plane (Dame et al., 1986; Sanders 
et al., 1986; Burton and Gordon, 1978). 

Many new facts have emerged from these studies: Approximately half the hydrogen 
gas in the Galaxy is in molecular form. It is found in extensive complexes, called Giant 
Molecular Clouds, with masses up to 106 M| or more and densities between a few to more 
than 101~ H2 molecules/cm 3. Young stellar associations are found within or near these 
complexes, indicating that star formation takes place within these clouds. The molecular 
clouds consist of clumps on all size scales down to the smallest observable (e.g., Solomon 
and Sanders, 1985). Most of this material exhibits power law relations between size, 
mass, and velocity dispersion and is in approximate virial equilibrium. There is another 
population, more easily observed at high latitudes, of lower mass clumps that are not in 
virial equilibrium (Blitz e~ al., 1984). The H2 gas is more highly concentrated toward 
the center of the Galaxy than is the atomic H, it is most dense in a ring between four 
and eight kpc radius, and its scale height is closer to that of the Pop I stars than is that 
of the atomic H. This latter fact suggests that the formation of stars is, on the average, 
simply proportional to the gas density. 

III. Individual Regions 

The observation of molecular emission and absorption in particular regions has produced 
important information, especially related to star formation. In the earliest stages of 



formation, the stars are deeply imbedded in the clouds and can be studied only at 
infrared and radio wavelengths. In addition to providing information about density and 
temperature of the gas, the line emission also shows the radial velocity of the gas. 

Figure 2 shows the classic study of the L1551 region in CO by Snell et al. (1980). 
From the asymmetries in the CO spectra shown in the lower teft frame, they found that 
collimated gas is apparently flowing out from the central young star in a "bipolar" fash- 
ion. The momentum in the flow is too large to be directly driven by stellar luminosity. 
Subsequently, many such sources have been found with large momentum flows, too large 
to be directly radiatively driven, but nevertheless correlated with the central star lumi- 
nosity. The most recent evidence suggests that virtually all stars exhibit outflows which 
may coexist with accretion. The winds may therefore be a simultaneous byproduct of 
the accretion that produces the stars (Shu and Lizano, 1987). Studies of molecules other 
than CO also reveal these winds. Many of the other species, which are as ubiquitous as 
CO but typically three or more orders of magnitude less abundant, require much higher 
densities of surrounding H2 for them to be significantly excited into emission. These are 
useful for studies of the more dense regions. 
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Fig. 2. CO in L1551 (Snell et aL, 1980) 

Studies of different transitions of a given molecule often reveal processes at different 
temperatures which have different dynamics. Richardson e~ aL (1985) show CO spectra of 
the HH 7-11 region corresponding to transitions between the lowest three rotational states 
of the molecule. The spectra differ dramatically from one another, even though the energy 



levels span only the range from 0 K up to about 33 K. Maps with adequate resolution 
show that the warmer gas is in a bipolar outflow (the two peaks in the spectrum) whereas 
the cooler gas is dominated by the quiescent cloud, which even shows self absorption. 
This is a good example of the potential power of multi-transition mapping. 
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Fig. 3. Four molecular lines in B 5 (Fuller and Myers, private communication) 

Maps of particular regions in different molecules show striking difference from one 
another. Figure 3, from Fuller and Myers (private communication), shows the low mass 
star formation region B 5 observed in four molecules. Some of the differences, e.g., CO 
vs C180, are due to optical depth effects, and some may be due to excitation, e.g., CS vs 
ClSO. The map of NH3 may show real abundance differences. In regions of high mass star 
formation, where there are stronger winds and shocks, the differences are more dramatic 
and are almost certainly real abundance differences. Maps of many molecules at angular 
resolutions of about 3" toward Orion/KL show some similarities but, on the whole, very 
large differences (Plambeck and Wright, private communication). The challenge is to 
understand the chemistry here. 

IV. VLBI: The Highest Resolution 

Maser emission from interstellar molecules, such as OH, H20, and SiO, provides the most 

spectacular evidence of non-LTE excitation of interstellar molecules. The first VLBI 



observations of maser emission in OH (Moran et al., 1968) showed clusters of tiny bright 
spots each as small as a few milliarcseconds. The brightest and most compact masers 
are those in H20, and the study of these sources has produced especially important 
astronomical results. Genzel et al, (1981) show the result of proper motion measurements 
of the water maser spots in the Orion/KL region. The masers are seen expanding from 
a central source near IRC2, the first unequivocal evidence of outflow and an explanation 
of the broad spectrum shown in Figure 1. From the proper motion, a first direct distance 
for the Orion region, 480 pc, is established. Following this success, the same group has 
obtained a proper motion distance to the Galactic Center source SgrB2 by the same 
technique and thereby established the scale of the Galaxy. The distance from the sun to 
the center is 7.1 4- 1.5kpc (Reid et al., in press). 

The future will see proper motion distances to the nearest galaxies which exhibit 
maser emission. The work has already begun, but full exploitation of this technique 
awaits completion of the VLBA. 

V. T h e  Giant  Stars  

Wilson and Barrett (1968) discovered maser emission from a red giant star, showing the 
molecular richness of its envelope. Subsequent observations of late type giant envelopes 
show them to be rich in many molecules (Zuckerman, 1980). The study of the expanding 
envelopes in CO (Knapp and Morris, 1985) has enabled the estimation of mass loss and 
has shown, for example, that the red giants account for a substantial fraction of the return 
of stellar processed material to the interstellar medium. The carbon star IRC+10216 has 
an especially rich molecular spectrum. In addition to the enormous number of molecules, 
including long chains, there is now direct evidence of chemical evolution in its envelope 
(Bieging and Rieu, 1988). Molecules such as HNC and HC~N are seen to increase in 
abundance in the envelope as it expands away from the star. 

The future for studies in the chemistry of carbon star envelopes holds great promise. 
The physical structure is relatively simple and well understood as compared with mole- 
cular clouds, allowing for much more accurate modeling of observations. In addition, 
the time scales for expansion are comparable to the time scales of the late evolutionary 
stages of these stars. With care it may be possible to observe the isotopic evolution of 
the stellar interior metals in the distributions in the expanding envelope. 

VI.  T h e  V i e w  B e y o n d ,  M o l e c u l e s  in O t h e r  Galax ies  

Since the first detection of CO in other galaxies in the mid 1970's, there have been many 
studies of individual galaxies and extensive surveys, so that several hundred galaxies 
have now been detected (e.g., Stark et al., 1986; Kenney and Young, 1986; l~ickard and 
Blitz, 1985; Lo e~ M., 1987; Casoli e~ al., 1987; Israel, 1988). Most of this work is in CO, 
although a few other molecules have been detected in a few of the brightest galaxies. 
Most of these are spirals. The brightest are the so-called "starburst galaxies" (Rieke 
e~ M., 1985). The sensitivity of CO observations compares very favorably with that of 
HI, and it is hoped that the CO work will delineate the distribution of the molecular 
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content of galaxies. The evidence is that the H2/CO ratio varies greatly from one galaxy 
to the next (Israel, 1988), and considerable effort will be required to extract the H2 
distributions from the CO observations. 

However, there are already interesting results. For example, surveys of the Virgo 
cluster galaxies (Stark et al., 1986; Kenney and Young, 1986) show that those spirals 
nearer the cluster nucleus have a greater ratio of CO to H I than those in the outer parts, 
suggesting that the H I may be more readily stripped than the molecular gas by motions 
through the cluster medium. Another example is the recent high resolution study by 
Vogel et aL (1988) of M51 in CO shown in Figure 4. CO delineates the spiral arms and 
shows the streaming motions predicted by density wave theory that may trigger star 
formation. In the nearby galaxies M31 and M33, giant molecular clouds similar to those 
in our galaxy are seen. 

The future promise of extragalactic studies is considerable. The CO work is already 
beginning to yield results with respect to galactic structure and evolution. Further 
progress will come from completely sampled observations at a large range of resolutions 
combined with studies at many other wavelengths. On the instrumental side, both the 
single dish focal plane arrays and the interferometers will play important roles. 
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V I I .  T h e  I n s t r u m e n t s  

The great interest in studying the molecular content of the interstellar medium has pro- 
duced a remarkable increase in the number of telescopes that can operate at millimeter 
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and submillimeter wavelengths. There are, at present writing, 17 telescopes ranging in 
size from 1.5 m to 45 m operat ing at millimeter wavelengths. There are four new submil- 
limeter telescopes, largely in the 10-15 m class. There are four arrays either in operat ion 
or soon to be operat ing at millimeter wavelengths, and there are plans for two new ar- 
rays for operation both  at millimeter and at submillimeter wavelengths. Altogether,  this 
activity exceeds all earlier numbers of telescopes at other radio wavelengths. 

VII .  T h e  Future  

Future developments in the various areas of molecular as t ronomy have been touched 
upon above. In terms of fundamental  astronomy, the measurement of parallax distances 
in other galaxies stands out as an especially important  future development. Perhaps the 
most important  other  exciting observation of the future which will be enabled by molec- 
ular line studies will be the detection of the formation of both  stars and their associated 
solar systems. The basically thermal emissions that  characterize these processes become 
stronger at the shorter submillimeter wavelengths, enabling the necessary high angular  
resolution. It will be the submillimeter arrays that  will have the sensitivity and angular  
resolution to reveal these processes. 
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GALACTIC MOLECULAR SURVEYS: THE ROLE OF SMALL TELESCOPES 

P. Thaddeus 
Harvard-Smithsonan Center for Astrophysics 

60 Garden Street, Cambridge, Massachusetts 02138 

Stimulated by the discovery of interstellar molecules and the realization of the 

fundamental role of molecular clouds in star formation and galactic structure, an effort is 

underway in many countries to build new radio telescopes for spectralqine work. These 

instruments are designed to operate mainly at millimeter wavelengths, the band where 

most of the 85 molecules known to exist in space were identified and where molecules 

generally are most readily observed. Most of the effort and funding have been devoted to 

construction of large single-dish antennas and multielement interferometers, well suited 

for studying small sources but inefficient for extended objects. Some of the most 

interesting scientific issues raised by the discovery of cosmic molecules, however, such as 

the structure and evolution of molecular clouds and their role in the structure of the 

Galaxy, require surveys of large areas and large amounts of data, which are poorly 

addressed by high resolution instruments serving a long queue of users. Even for the 

detailed study of localized regions, large telescopes are often hobbled without preliminary 

survey work by small instruments, much as large optical reflectors would be crippled 

without preliminary wide-angle Schmidt surveys. The Gornergrat 3 m telescope, whose 

inauguration we are celebrating at this meeting, is the kind of instrument needed to 

establish a sound balance between large and small facilities in millimeter-wave astronomy. 

Here I will summarize briefly the areas in molecular radio astronomy where small 

telescopes have proven effective, list the main surveys my students and colleagues and I 

have conducted in both hemispheres with two nearly identical 1.2 m instruments, and 

describe what I think are some promising opportunities for future work. By a small 

millimeter-wave telescope I mean one with an aperture of 1 to 3 meters, thus including 

both our two telescopes and the one on the Gornergrat. Although dwarfed in size by many 

new instruments, by the standards of early radio surveys of the sky such telescopes are not 

at all small in terms of wavelength and hence angular resolution. Table 1, for example, 

gives the resolution of several small telescopes at the most widely observed molecular 

line, the 1-0 transition of CO at 2.6 ram, and for comparison the aperture required at 21 cm 

to achieve the same resolution. Even our telescopes have the same resolution at CO as the 

100 m Bonn antenna, the largest steerable paraboloid at 21 cm, and the Gornergrat 

telescope has nearly 3 times the Bonn resolution. All these small instruments have 
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surfaces accurate enough to work efficiently at the 2-1 and 3-2 CO lines, where their 

resolution is higher yet by factors, respectively, of 2 and 3. Since the landmark Australian- 

Dutch 21 crn surveys of the Galaxy were done with instruments with an aperture of less 

than 11 meters, by the standards of classical radio astronomy, all existing small millimeter- 

wave telescopes are remarkably large. 

Telescope Aperture Beam Equiv. 21 crn 
(HPBW) aperture 

Cambridge-Cerro Tololo 1.2 m 8.8' 100 m 

POM-2 (Plateau de Bure) 2.5 4.2 208 

Gornergrat 3.0 3.6 250 

Table 1. Small millimeter-wave telescopes 

The kinds of work at which small telescopes excel include: 

�9 The study of the large-scale distribution of molecular clouds in the Galaxy 

�9 The mapping of individual nearby giant cloud complexes and dark nebulae 

�9 The study of the relationship between molecular clouds and the diffuse 

component of Galactic gamma rays 

�9 The study of the molecular component of the high-latitude infrared"cirrus" 

�9 Preliminary molecular surveys of the nearest external galaxies, particularly the 

MageUanic Clouds. 

Small telescopes, on the other hand, because of their limited angular resolution can 

not compete with large instruments in the study of 

�9 Galaxies beyond the Local Group 

�9 Molecules in circumstellar shells and bipolar outflows, and 

�9 Maser point sources 

and so far at least they have been little used for 

�9 Molecular line surveys and the search for new molecules. 

As examples of the range of problems that can be addressed with small telescopes, 

Table 2 lists the main molecular cloud studies undertaken with our two instruments. 

Nearly all are of the normal CO isotope at 115 GHz and, except for the surveys of the 

MageUanic Clouds (described by Dame and by Rubio elsewhere in this volume), all are of 

objects within our own Galaxy and were undertaken with three general objectives: 1) To 

produce a fairly complete unbiased inventory at low resolution of both nearby and distant 
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Molecular Clouds in Orion and Monoceros. 

Cygnus X Region of the Galactic Plane 

Deep Survey of the First Galactic Quadrant 

Molecular Clouds in the Vicinity of W3, W4, and W5 

GMC's Associated with the Rosette Nebula, NGC 2264, 
and CMa OB-1 

Large Star-Free Cloud in Monoceros 

Wide-Latitude Survey of the First Galactic Quadrant 

Supernova Remnants in the Outer Galaxy 

The Carina Arm 

Dark Nebulae in Perseus, Taurus, and Auriga 

Entire Milky Way* 

Region of the Galactic Center 

IR Cirrus in Ursa Major 

Wide-Latitude Third and Fourth Galactic Quadrants 

Deep Survey of the Fourth Galactic Quadrant 

Large Magellanic Cloud 

Small Magellanic Cloud 

Dark Clouds in Ophiuchus 

Southern Coalsack 

Thirty-Four Galactic Clusters 

Kutner et al. 1977; Maddalena et al. 1986 

Cong 1977 

Cohen et al. 1980, 1986; Dame et al. 1986 

Lada et al. 1978 

Blitz and Thaddeus 1980 

Maddalena and Thaddeus 1985 

Dame and Thaddeus 1985; Grenier 1989 

Huang and Thaddeus 1985, 1986 

Cohen et al. 1985; Grabelsky et al. 1988 

Ungerechts and Thaddeus 1987 

Dame et al. 1987 

Bitran 1987 

de Vries and Thaddeus 1987 

May et al. 1988; Nyman 1989 

Bronfman et al. 1988 

Cohen et al. 1988; Dame this vol. 

Rubio this vol. 

de Geus et al. 1989 

Nyman et al. 1989 

Leisawitz et al. 1989 

* A composite of a number of surveys, most at a resolution of 0.5 ~ 

Table 2. Major CO surveys undertaken with the telescopes in the U. S. and Chile 
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molecular clouds for comparison with other "global" surveys, especially the IRAS survey 

at 100 bt and the COS-B survey of the Galactic component of high- energy y-rays; 2) To 

survey the distant clouds in the inner Galaxy at full resolution to determine their mass 

and distribution throughout the system; and 3) To study individual nearby clouds in 

detail, especially those associated with weU-studied regions of star formation. 

The culmination of our low resolution survey work is a composite map at a 

resolution of 0.5 ~ of the molecular clouds in a thick band along the the entire Milky Way 

(Dame et al. 1987). With this it has been possible to partition most of the molecular gas 

within 1 kpc of the solar system into discrete clouds, to associate many of these with dark 

nebulae, stellar associations, and other Population I, and to determine the mean density 

and scale height of molecular gas in the local interstellar medium - -  parameters quite 

poorly known previously which are of considerable value in many areas of Galactic 

astronomy and may even be relevant to the evolution of the comet cloud of the solar 

system. Further, from an intercomparison of our low-resolution surveys, 21 cm surveys, 

and the high-energy y-ray data obtained by COS-B, it has been possible to calibrate over 

much of the Galaxy the important CO-to-H2 ratio [specifically, the ratio of velocity- 

integrated CO line emission WCO to H2 column density N(H2)] required to derive the mass 

of molecular clouds. The result, N(H2)/Wco = 2.3 + 0.3 x 1020 cm-2/(K km s -1) (Strong et 

al. 1988), is in fairly good agreement with that derived under quite different assumptions 

by two other methods, i.e., from star counts and from the virial theorem. 

Although the surveys listed in Table 2 represent a fairly complete inventory of 

Population I in the Galaxy - -  except for the high latitude cirrus - -  they can nearly all be 

profitably extended in resolution and sensitivity with small telescopes, and the exploration 

of the Galaxy with the CO isotopic species and heavier molecules can hardly be said to 

have begun. The following are some of the projects that will keep small telescopes well 

occupied for the next generation. 

Giant Molecular Clouds Fairly general agreement now exists among observers that 

the mass spectrum of molecular clouds over much of the Galaxy is fairly "flat", with most 

of the mass in the largest condensations. Evidence supporting this conclusion has been 

obtained from the "molecular ring" at R - 4 kpc to the Perseus Arm beyond the solar circle; 

in this large region the mass cutoff at the high end is apparently between 5 x 106 and 

10 x 106Mo, with 50-70 % of the total mass in objects more massive than I x 106 M o .  

Bronfman et al. (1988) derived from a joint analysis of our Northern and Southern deep 

surveys a total molecular mass of 1.2 x 10 9 M O between R = 2 kpc and the solar circle, so the 

molecular gas there is sufficient for at most a few hundred such giant clouds. Near the 
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solar circle their characteristic separation is several kiloparsecs; one of those nearest to the 

Sun is associated with the SNR W44 in the Sagittarius Arm, and a second is associated 

with Cas A and NGC 7538 in the Perseus Arm, both at a distance of about 3 kpc. 

Nearly 20 years after the discovery of interstellar CO, astonishingly n o n e  of the near 

giant clouds has been adequately surveyed in CO or any other molecule. Those like the 

Cas A object which are close enough to be visible optically are of particular interest from 

the standpoint of star formation, and as they typically cover areas of at least 10 deg 2 are 

ideal subjects for study with small telescopes. The general issues which can be addressed 

are among the most challenging in the fields of star formation, Galactic structure, and 

interstellar gas dynamics: How and why do these huge concentrations of dense gas form, 

and how do they evolve? How long do they last? What is the efficiency of star formation? 

How does star formation depend on density and other parameters, and how destructive is 

it to the structure and integrity of the clouds? If star formation in the giant clouds 

represents a self-propagating conflagration, as some observations suggest, on what scale 

does this process operate, and what is the relative contribution to it of the two most likely 

sources of disruption: supernovae and OB winds? 

Other questions of a somewhat more specialized nature should also be addressed: 

How good, for example, is CO as a mass tracer vs. 13CO and C180? As a general survey tool, 

are the higher rotational transitions of CO (e.g., 2-1 and 3-2) largely degenerate with the 1-0 

transition, or are they a significant source of new information? How important and 

extensive are the atomic halos of the giant clouds, and do the clouds possess molecular 

halos deficient in CO? It would be foolish to suppose that observations with small 

telescopes alone will answer such questions, but by providing the mass and velocity 

structure they are the necessary first step. Since CO emission can almost be said to define a 

molecular cloud, the best way to begin the systematic investigation of the giant clouds is 

with complete, well-sampled surveys in CO and possibly 13CO. 

Dark Nebulae Nearby dark nebulae like the Taurus Dark Clouds and the Great Rift 

in the Milky Way are modest in mass relative to the giant clouds, but they are of great 

interest because they are so close that star formation, particularly that of late-type stars, can 

be studied in detail. Some of them cover solid angles an order of magnitude larger than 

that of the nearest giant clouds and are therefore particularly suitable for study with small 

telescopes. Nearly all our surveys of large dark nebulae have been at reduced angular 

resolution (e.g., Ungerechts and Thaddeus 1987), so even in CO there is a great deal more 

to be done. As with the giant clouds, a systematic study of heavier molecules has hardly 

begun. 
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Spiral Structure The structure of the Galaxy within the solar circle is still a largely 

unsolved problem requiring much further work best done with small telescopes. Our 

Northern and Southern CO surveys have shown that the Perseus and Carina Arms in the 

outer Galaxy are well defined in molecular clouds, and there now can be little doubt  that 

molecular observations are in principle a very powerful tool with which to determine the 

distribution of matter in a spiral system such as ours. To determine the actual si'ructure of 

the crowded inner arms of the Galaxy is not an easy matter, however,  largely because of the 

twofold kinematic distance ambiquity within the solar circle. The giant clouds may  be the 

key to the solution for two reasons: first, they are so luminous that they can be 

distinguished at large distances, and, second, from their Population I progeny it is often 

possible to determine approximate distances and so resolve the kinematic ambiguity. 

Because of the large areas to be covered, small telescopes are well qualified for 

investigations of this sort. We have made a start by showing that the Sagittarius Arm in 

the first Galactic quadrant  is fairly well defined by large clouds, and that with the Carina 

Arm in the fourth quadrant  it may represent a single feature at a pitch angle of about 10 ~ 

extending nearly three-quarters of the way around the Galaxy (Grabelsky et al. 1988). We 

have as yet, however,  no unambiguous model for the arrangement of clouds near the peak 

of the molecular distribution about halfway to the Galactic Center in the molecular ring, 

and whether we  are observing spiral arms there, or a bar, or both, is quite unclear. To 

dissect the structure of the inner Galaxy will require observations at many  wavelengths, 

but  those with small telescopes of CO and other molecules will undoubtedly  be an 

important  part  of the solution. 

Line Surveys Spectral line surveys and the discovery of new molecules have until 

now been a virtual monopoly  of large telescopes, but for reasons not fundamental.  One is 

simply that until recently only large facilities have been equipped with the expensive wide 

band spectrometers and sensitive receivers tunable over a substantial part  of the 

millimeter-wave spectrum required for such work; another is that the best molecular 

sources discovered to date (e.g., Sgr B2, Ori A, and IRC+10216) tend to be somewhat  smaller 

than the beams of small telescopes. The Gornergrat telescope near the top of its range in 

the submillimeter band will begin to resolve some of these rich sources and so should be 

able to undertake line surveys nearly as sensitive as those done with larger instruments. 

The possibility always exists, too, that new close sources like TMC-1 will be found that are 

both rich in exotic molecules and fairly large in angular extent. Further, line surveys and 

the search for new molecules typically require large amounts of observing time and so are 

generally easier to schedule on small telescopes than large ones. For these reasons, a 
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growing fraction of the work in this area might be expected to be done by small telescopes 

during the next few years. 

Infrared Cirrus The high-latitude far infrared "cirrus" observed by IRAS can often 

be detected in CO, but these objects have almost no associated star formation and de Vries 

in his thesis (1988) has calculated that they probably constitute in toto only a few percent of 

the mass of the molecular cloud population in the general vicinity of the Sun. The 

molecular component of the cirrus is apparently the chaff of the molecular cloud 

distribution - -  the small mass end of the spectrum - -  visible largely because of the 

absence of confusion with background or foreground objects at high latitude and of little 

importance relative to the large molecular clouds nearer the plane. The cirrus, however, 

is almost certainly close, with the usual claim in astronomy to attention of close objects, 

and it poses several interesting questions well addressed with small telescopes. Just how 

close in fact is it? Is it in the process of formation, or dissolution, perhaps the result of the 

breakup of much larger clouds under the lash of star formation? What is the energy 

source of the far-infrared emission? What relationship if any does the cirrus have to the 

large system of arcs observed at 21 cm? As with the giant clouds, what is mainly needed at 

this point are systematic low-flux surveys starting with CO, and since the cirrus covers a 

significant fraction of the sky at high latitudes, these can be done properly only with small 

instruments able to devote a substantial time to the project. 

Nearby Galaxies The Large Magellanic Cloud has already been rather completely 

surveyed with our telescope in Chile (Cohen et al. 1988), and the Small Magellanic Cloud 

partially so, providing a starting point for detailed studies with the new SEST telescope at 

high resolution. In the LMC the molecular clouds are quite extensive, covering at least 

10% of the inner 6 ~ x 6 ~ of the galaxy, but they are also faint in CO, probably owing to the 

low metalliclty, and will require many years to study adequately with SEST. A large 

amount of work therefore remains to be done on the LMC with small telescopes such as 

ours. We may undertake a deeper survey of the 1-0 line around the main molecular 

condensations, particularly the huge complex extending south from 30 Dor for over 2000 

pc. 

The Magellanic Clouds are not the only galaxies in the Local Group which can be 

profitably studied with small telescopes, especially instruments like the Gornergrat which 

are somewhat larger than ours. For example, over the last decade only a small fraction (- 

15%) of M31 has been surveyed in CO with the 7 m Bell telescope, and a complete survey 

to guide the IRAM 30 m telescope and other large instruments is badly needed; a complete 
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survey at high sensitivity with the Gornergrat telescope would be of considerable value, as 

might a similar study of M33. 
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Mass  Cal ibrat ion  of  CO Surveys:  
N e w  Insight  from I R A S  

. I .B.G.M. B l o e m e n  
Leiden Observatory, P.O. Box 9513, 2300 RA Leiden, The Netherlands 

Summary 

The relation between integrated CO line intensity Wco and H2 column density is 
discussed, with emphasis on new constraints set by the IRAS survey in the 100-/~m 
band. For clouds predominantly heated by the ambient ISRF, NH2/Wco appears 
to be anti-correlated with the FIR emissivity per nucleon inside the cloud relative 
to that in the surrounding medium. This suggests a correlation between NH2/Wco 
and total extinction for clouds with Av > 1 mag, in accordance with expectations, 
ranging from typically about (0.5-1)• 102~ molecules cm -2 (K km s - l )  -1 for clouds 
with Av -~ 1 - 3  to --~ 2x102~ for giant molecular clouds. 

1 I n t r o d u c t i o n  

Molecular hydrogen plays an important role in studies of the structure and evolution 
of galaxies, but direct H2 observations are unfortunately only feasible for selected small- 
scale regions. These direct detections are restricted to either far-ultraviolet wavelengths 
where cold H2 appears in absorption, but the number of suitable background stars is 
small (e.g. Spitzer and Jenkins 1973; Savage et al. 1977), or near-infrared wavelengths 
where excited H2 appears in emission, but this possibility is limited to regions where 
H2 is heated by shocks or an intense ultraviolet radiation field (e.g. Shull and Beckwith 
1982; Black and van Dishoeck 1987). The CO molecule, next most abundant after H2, 
is relatively easy to observe (particularly the J = 1---*0 transition of 12CO at 2.6 mm, 
discussed here) and therefore frequently used as a probe of molecular gas. It is evidently 
essential to know how to convert from the observed CO integrated intensity (hereafter 
referred to as Woo) to a column density of H2, a subject of much discussion in several 
respects (see e.g. Lequeux 1981; Dickman, Snell, and Schloerb 1986; van Dishoeck and 
Black 1987; Maloney and Black 1988; Bloemen 1989). This NH2-Wco conversion factor 
(hereafter referred to as X - NH2/Wco) can be expected to be sensitive to such cloud 
parameters as density, temperature, and abundances, as discussed in detail by Kutner 
and Leung (1985) and Maloney and Black (1988). Because the J = 1--*0 transition is 
optically thick for most molecular clouds, it is in fact not evident that this transition 
can be used at all to obtain H2 column densities. On a Galactic scale, when averaging 
over a large number of clouds, CO appears to be a useful tracer of NH2, although the 
underlying reason is not fully understood. Evidence has come particularly from studies 
of the COS-B *t-ray observations (Lebrun et al. 1983; Bloemen et al. 1986), which have 
also provided an estimate of the average Galactic X value (briefly discussed in the next 
section). This "r-ray calibration factor is probably the most reliable one for Galactic 
large-scale analyses. 
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Because of their limited sensitivity, available v-ray observations are not suitable for 
the mass calibration of individual (local) clouds, except for a few massive complexes. 
Instead, extinction measurements are frequently used for clouds visible at medium and 
high latitudes; typical examples are the studies of Dickman (1978), Frerking, Langer, 
and Wilson (1982), and Magnani, Blitz, and Wouterloot (1988). New insight into the 
mass calibration of CO surveys can be obtained from the IRAS observations, on which 
this paper concentrates. The particular importance of the infrared calibration method 
is its coherence, in the sense that it is applicable, in principle, to large-scale CO surveys 
of the Galactic disk as well as to CO observations of individual local clouds. This paper 
describes in some detail new infrared calibration results for large-scale CO surveys of the 
Milky Way and compares the findings with studies of individual clouds. 

2 Inferences  from G a m m a - R a y  Observat ions  

The diffuse Galactic v-ray emission originates primarily from the interactions of 
cosmic-ray particles with interstellar gas. Basically, the observed v-ray intensity in a 
certain direction traces the product of gas density and cosmic-ray density, integrated 
along the line of sight. Because the spatial distributions of the two dominant gas mass 
components, neutral atomic and molecular gas, are quite different, X can be estimated 
from a correlation study of v-ray, CO, and HI surveys. Using the velocity information of 
the CO and HI observations as a distance indicator, large-scale variations in the cosmic- 
ray density can be determined simultaneously and thus be taken into account (Bloemen 
et al. 1986). From the most complete study of this type (Strong et al. 1988), using 
the final COS-B data base, the Columbia CO surveys (Dame et al. 1987), and several 
HI surveys, all covering the entire Galactic disk, the average X v~lue was found to be 
(2.3 4- 0.3)x 102o molecules cm -2 (K km s -1)-1. Strictly speaking this value should be 
regarded as an upper limit, but there are good reasons (from the v-ray point of view) to 
believe that the real X value is not much lower (see review by Bloemen 1989). There is 
no indication from the v-ray data for a large-scale variation of X throughout the Galaxy, 
but small-scale variations can certainly not be excluded. Particularly in the Galactic- 
centre region, X may be drastically different (Blitz et al. 1985; Stacy et al. 1987). On 
the other hand, v-ray analyses of some individual molecular cloud complexes in the solar 
neighbourhood - -  the Orion-Monoceros and Cepheus clouds - -  lead to consistent results 
(Bloemen et al. 1984; Grenier and Lebrun 1989). 

The reliability of the v-ray calibration method has been disputed recently because of 
some differences between the above-mentioned results obtained by the COS-B group and 
those obtained by the Durham group from parallel analyses of the COS-B data (Bhat et 
al. 1986; Wolfendale 1988). They advocate an X value of 1.5x10 z~ in the solar vicinity 
and 1 x 102~ in the molecular ring at 4 - 7 kpc from the Galactic centre. The reason for the 
differing results appears to be twofold (see Bloemen 1989): (a) the radial v-ray emissivity 
distribution adopted by the Durham group is steeper than the one derived by the COS-B 
group (a difference by a factor of ,-, 1.8 between R = l0 and 5 kpc) and (b) the specific 
CO surface densities used by the Durham group [from Sanders, Solomon, and Scoville 
(1984)] are relatively high. The latter point is discussed in detail by Bronfman et al. 
(1988), who showed that the high CO surface densities presented by Sanders et al. can 
be attributed to two facts. Firstly, the Woo values of the survey used by Sanders et al. 
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axe simply ,,~ 20% higher than those of the Columbia survey. Secondly, there is some 
debate among CO observers on the radial-unfolding procedure to be applied; using the 
procedure advocated by Bronfman et al. would lead to an average CO surface density in 
the inner Galaxy that is ~ 40% lower than derived by Sanders et al. The method used 
by the COS-B group does not depend on such unfolding procedures. Altogether, these 
effects account for a correction factor of 1.8 x 1.2 x 1.4 ~ 3.0 (although the factor of 1.4 
may of course not be applicable). This renders the differences fully understandable. 

3 I n f e r e n c e s  f rom Infrared  O b s e r v a t i o n s  

3.1  D e c o m p o s i t i o n  o f  t h e  F I R .  M i l k y  W a y  

The IRAS surveys of the Galactic disk in the 60-pro and 100-#m bands can be unravelled 
by a procedure similar to that applied to the 7-ray data. Such an analysis was recently 
performed by Deul, Bloemen, and Thaddeus (1989; hereafter DBT). DBT made a detailed 
quantitative comparison of the IRAS surveys with HI and CO sky maps for selected 
Galactocentric distance intervals, R -- 2 - 4, 4 - 8, 8 - 10, 10 - 12, 12 - 15, and > 15 kpc 
(P~ -- 10 kpc). These six wide intervals are dictated by the requirement that the gas 
distributions in the rings (projected on the sky) must be distinctly different in order to 
be able to ascertain the contribution of each ring to the observed infrared emission. The 
HI and CO data sets are the same as used in the "/-ray analysis of Strong et al. (1988). 
The selected rings are identical as well. It was assumed that the infrared intensity maps 
for the 60-~m and 100-~m IRAS passbands can be represented as a linear combination 
of the HI and CO maps of the selected radial intervals - -  with the exclusion of those 
regions that have a strong contribution from HII regions, as discussed below: 

I~ = ea(Ri) (Nm,i + 2Y~Wco,i) + Ib ,~  [MJy sr-l],  (1) 

where e~(Ri) (i = 1 , . . . ,6 ) ,  Y~, and Iu,~ axe free parameters, e)~(Ri) is the infrared 
emissivity [MJy,sr -~ (H atom cm-2) -~] of the dust mixed with the atomic gas in the 
i th distance interval, NttI,i and Wco,i are the maps of the HI column density and the 
velocity-integrated CO brightness temperature for this interval, and Ib,.~ is an isotropic 
background. The parameter Y~ [molecules cm -2 (K km s-~) -~] is the product of the 
conversion factor X and the ratio of the emissivity of the dust associated with the molec- 
ular to that of the atomic gas, gA,H2/gA,HI, SO 

y~ = C~,H, . X, (2) 
CA,HI 

where CA,HI -- cA. In other words, YA includes effects related to different conditions in 
the atomic and molecular gas, like different dust temperatures, dust-to-gas ratios) and 
dust properties. Note that using only one Y), parameter in Eq. i (although allowed to 
be different for the 60-#m and 100-#m passbands) implies that X and r162 - -  
more precisely, their product - -  are constrained to be independent of Galactocentric 
radius. To see whether this assumption is reasonable a model with two Y~ parameters 
for each passband was considered as well, one for R. < 8 kpc, the other for R. > 8 kpc. 
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A maximum-likelihood technique, as applied in the 7-ray work of the COS-B group, 
was used to determine the values of the fit parameters. The fit region was limited to the 
latitude range ]b I < 10 ~ Two 20 ~ longitude intervals, centered on the Galactic centre and 
anti-centre directions, were excluded because of the poor kinematic distance information 
there. 

DBT made an effort to eliminate the contribution of warm dust in HII regions (which 
are clearly visible as strong peaks in the infrared sky maps, particularly in the 60-/~m 
band) by excluding from the fit those pixels that have 60/~m/100~m intensity ratios 
exceeding 0.35 (corresponding to dust temperatures To > 27 K for a A -2 opacity law). 
Owing to the line-ohsight integration of cold and warm dust, however, this criterion 
rejects only regions most affected by the presence of HII. DBT verified that the results 
do not depend sensitively on the criterion for the exclusion of HII regions. This point 
is taken up again below. Although the modelling of DBT is a significant improvement 
compared to other recent large-scale IRAS analyses (P6rault et al. 1989; Sodroski et 
al. 1989), it is still too simple. A clear over-simplification is the assumption of axial 
symmetry in the emissivity distribution, implying that parameters like the dust-to-gas 
ratio and the dust temperature in the HI and H2 gas components are taken to be constant 
throughout each ring (although allowed to be different for the two gas components via 
the Y~ parameter). This is evidently not a good approach if local heating sources play 
an important role. It seems, however, as will be seen below, that this problem is largely 
eliminated by the exclusion of regions with 60#m/100/~m intensity ratios > 0.35. 

3 . 2  L a r g e - s c a l e  F I R  P r o p e r t i e s  

DBT tested different versions of their model, using the likelihood-ratio technique, in 
order to investigate whether all free parameters are indeed required. Each of the model 
versions has different constraints on the fit parameters, such as Y60 = Yl00 [equivalent 
to e60,H2/el00,H2 = e60,HI/ex00,HI - -  see Eq. 2] and e60(R)/e100(R) = constant. DBT 
found that the latter constraint is indeed fully acceptable, i.e. a model in which the 
60/~m/100/~m ratio of the emissivity (per nucleon) is independent of R fits the data not 
significantly worse than the most general model. In summary, the basic fit and test 
results of DBT are the following: 

- The infrared emissivity per nucleon, ex(R), decreases significantly with increasing 
Galactocentric radius (Fig. 1). 

- Y60 = (0.65+ 0.11)xl02~ and Y100 = (0.84 4- 0-20) x102~ tool. cm -2 (K km s - l )  -1. 

- The 60/100pm emissivity ratio is constant as a function of R within uncertainties 
e~0,H2 = ~ e60,ni = 0.20 4- (Fig. 1), e~0,ai _ e60 = 0.274-0.03 and e100,I~2 - , vu  O.06, 

~100,HI ~100 - -  $100, t i I  
although the latter may have some radial dependence in view of the uncertainty. 

Introducing an additional free parameter r = YA(2-8 kpc)/YA(>8 kpc), as discussed 
above, did not improve the fit; r was found to be consistent with unity. 

Fig. 2 shows longitude profiles of the observed and modelled 100-/~m intensities (for 
60-#m profiles see DBT). The figures indicate that there is generally good agreement, 
but some strong peaks in the data are not fitted by the model (particularly at 60/~m). 
These axe probably mainly the HII regions that were not excluded by the criterion. 
The longitude profiles suggest that these remaining HII regions did not have a strong 
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Fig. 1. Galactocentric distributions of the infrared emissivity of dust associated with atomic gas. Case 
2 corresponds to the preferred model discussed in the text. Within uncertainties, the radial dependence 
of the emissivity distribution for dust mixed with molecular gas is identical, but the 60/~m/100/am ratio 
is smaller (see text). 

influence on the fitting process because most peaks appear to be excesses on top of 
the model predictions. This is gratifying and in fact not surprising because the peaks 
contribute to only a minor fraction of the total number of pixels fitted. DBT repeated 
some fits with none of the HII regions excluded and found that  the parameter values are 
indeed not significantly different. This gives further assurance that  the results do not 
depend sensitively on the criterion for exclusion of HII regions. 

It seems plausible to at t r ibute the increase of the emissivity towards the inner Galaxy 
to the increase of the mean intensity of the interstellar radiation field of the Galaxy 
(ISRF) (Mathis, Mezger, and Panagia 1983), i.e. an increase of the dust temperature.  
However, the finding that  the emissivity gradient is not accompanied by a change in 
the 60#m/100#m emissivity ratio (indicating a constant color temperature),  is hard to 
understand in this scenario, if the model of ' s tandard '  grains (Mathis, Rumpl, Nordsieck 
1977) is assumed to be applicable. In addition, the resulting color temperatures of 24 K 
and 22 K (adopting a A -2 opacity law) for dust mixed with atomic gas and molecular gas, 
respectively, are higher than  expected. A very similar result was obtained by Walterbos 
and Schwering (1987) for M31. These findings can be understood if the emission in the 
60-#m band has a considerable contribution from particles not in thermal equilibrium, 
such as the small particles briefly heated by the absorption of a single stellar photon, as 
discussed by Draine and Anderson (1985) and Puget, L~ger, and Boulanger (1985). 

3.3 D e r i v a t i o n  of  X 

In order to derive X from the obtained Ya estimates one has to know the ratio be- 
tween the infrared emissivities per nucleon inside and outside the molecular clouds, i.e. 
Sa,H,/e~,HI (see Eq. 2). This can be done in an elegant way if the infrared emission 
in both passbands would originate from dust particles in thermal equilibrium, making 
use of the 60#m/100#m colors to estimate the equilibrium temperatures. Owing to the 
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Fig .  2. Longitude distributions of the observed and expected infrared intensities in the lO0-#m band. 
Sky pixels containing intense H II regions were excluded in the fitting procedure (see text) a n d  a r e  not 
included in these profiles. 

probably significant contribution from small gains  to the emission in the 60-#m band, 
however, this approach is not feasible. It would be further complicated by the con- 
tamination from possibly remaining HII regions. Because both the presence of small 
particles and the remaining HII regions affect mainly the parameter estimates for the 
60-#m band, the most reliable constraint on X can probably be obtained from Yi00, on 
which the following discussion is concentrated. 

Before discussing the ratio e100,I~2/~100,I~I, it may be illustrative to review the Y100 
values that have been obtained from correlation studies of CO, HI, and 100-/~m obser- 
vations of individual clouds at medium and high latitudes and from other studies of the 
Galactic disk. A compilation is presented in Table 1 - -  most authors do not give ex- 
plicitely the Y100 value, but it can be easily derived from other quantities given, without 
assumptions (except for Weiland et al. 1086; footnote 2). Two interesting effects can be 
seen: (a) There is a remarkably small spread in the Y100 estimates, despite the differ- 
ing approaches that were followed, the non-negligible uncertainties, and the diversity in 
cloud types. (b) There is a gratifying consistency among the Y100 values obtained from 
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T a b l e  1. Values of Y100, either given in the source or derived from quantities given there. These can be 
regarded as estimates of the NH2/Wco ratio if the 100-#m emissivity (per nucleon) would be the same 
inside and outside the molecular cloud(s). 

Source Ylo0 (1) Clouds 

Weiland et al. (1986) 9.6(2) 
de Vries et at. (1987) 0.5 
de Geus (1988) 0.6 
Heithausen s Mebold (1989) 0.6 
Boulanger et al. (1989)(3) 0.4-0.6 

0.9 
P6rault et al. (1989) 0.8 
Sodroski et a]. (1989) 0.7 
Deul et al. (1989) (DBT) 0.8 

HLC 16, 20, 30 of Magnani et aI. (1985) 
Ursa Major (Lynds 683) 
Ophiuchus 
Ursa Major (Lynds 629, 683, 691) 
Auriga, Cepheus, Chamaeleon, Lupus, Mon R2, Taurus 
Orion 
Galactic disk 

(1) Units: 1020 molecules cm -2 (K km s- l )  -:t. 
(2) From I100/Wco, assuming ei00,HI = 1 MJy sr -1 (1020 H atom cm-2) -1. 
(3) The authors excluded regions with clear evidence for star formation, mainly important for Orion. 

studies of the Galactic disk, despite the facts that  widely different methods  of analysis 
were used, particularly in the t rea tment  of HII regions, and that  the parts  of the disk 
i n c h d e d  in the analyses are not identical (note that  DBT found indeed no evidence for 
a large-scale variation of Yx throughout  the Galactic disk). 

The  small spread in Ylo0 values implies a considerable spread in X values among 
different categories of molecular clouds, because q00,HJq00,HI is expected to vary. This 
can be seen as follows. Dust in molecular clouds is expected to be predominant ly  heated 
by the external ISRF, unless the cloud is forming high-mass stars which develop an HII 
region (see e.g. Boulanger and Pgrault  1988). Statistically speaking, the la t ter  is only 
relevant for giant molecular clouds with masses larger than ~ 105 Mo,  so part icularly 
the Y100 estimates obtained for the Galactic disk and Orion can be expected to be 
influenced by star formation. Regions for which this is evident have been excluded, 
but  the fact that  for the disk and Orion the highest Y100 values are found may  be a 
reminiscent effect. Let us proceed under  the assumption that  the external  ISRF is the 
dominant  heating source for the dust,  and that  the dust properties and gas-to-dust rat io 
inside and outside a cloud are not different. For the simple case of a uniform, spherical 
cloud heated from outside by a uniform radiation field, el00,H,/el00,W is then only a 
function of total optical depth  through the cloud centre (Flannery, Roberge, and Rybicki 
1980; Mathis, Mezger, and Panagia 1983). Boulanger and P$ranlt  (1988) derived explicit 
values: el00,a2/el00,Hi = 0.54, 0.37, and 0.25 for total visual extinctions Av = 2, 5, and 
10 mag, respectively. Hence, X ranges from about  Y100 to 4Yi00 for Av - 1 - 10 mag. 
The real situation is of course much more complicated because the cloud geometry  plays 
an important role. Nevertheless, the above illustrates that X may range typically from 
about (0.5-1)x102~ molecules cm -2 (K km s - l )  -~ for clouds with Av = 1 - 3  mag (such 
as most of the clouds studied by Boulanger et al. - -  Table 1) to roughly --~ 2• for 
giant molecular clouds, and possibly even larger for dark dust clouds. For A~ < I mag, 
X should approximately be equal to Y100 in this scenario, but the CO emission from 
such diffuse, and mostly young clouds (e.g. the high-latitude clouds - -  Magnani, Blitz, 
and Mundy 1985) can be expected to be affected by various other effects (see Magnani, 
Blitz, Wouterloot 1988). 
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A n o t h e r  way  of  s t a t i n g  the  above  is t h a t  for  a c loud  p r e d o m i n a n t l y  h e a t e d  by  the  
a m b i e n t  I S R F ,  X a p p e a r s  to  be a n t i - c o r r e l a t e d  w i th  t h e  FII: t  e m i s s i v i t y  p e r  nuc leon  
ins ide  t he  c l o u d  r e l a t ive  to  t h a t  in t he  s u r r o u n d i n g  m e d i u m ,  a n d  t hus  c o r r e l a t e d  wi th  
the  t o t a l  e x t i n c t i o n  of t he  c loud  (for Av > 1 mag) .  T h e  u n d e r l y i n g  r e a s o n  is p r o b a b l y  the  
inverse  p r o p o r t i o n a l i t y  be tween  X a n d  t h e  gas  t e m p e r a t u r e ,  p r e d i c t e d  b y  m o d e l s  ( K u t n e r  

a n d  L e u n g  1985; van  Dishoeck  a n d  Black  1987; M a l o n e y  a n d  Black  1988). A coheren t  
ana lys i s  of  a l a rge r  s a m p l e  of  c louds  of  different  ca tegor ies  is n e e d e d  to  s u b s t a n t i a t e  t h e  
n e a r  c o n s t a n c y  of  Y~00 sugges t ed  by  T a b l e  1. 
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The all-sky survey carried out by the Infrared Astronomy Satellite (IRAS) at 12, 25, 60, and 

100#m provided the first complete set of observations of interstellar matter outside the galactic 

plane, an achievement which is far beyond the scope of existing millimetric radio telescopes. These 

infrared (IR) observations bear a wealth of informations about molecular clouds, in particular 

about star formation activity, the spatial distribution of dust and gas, the radiation field inside 

clouds, and dust properties which have just started to be explored. In this paper we review the 

first results of IRAS studies of nearby molecular clouds. 

1. H e a t i n g  of D u s t  in  M o l e c u l a r  Clouds  

Dust in molecular clouds is heated both by embedded stars and the interstellar radiation field 

of the Galaxy. The relative contribution of these two sources of heating to the IR emission of 

molecular clouds have been discussed by Boulanger and P~rault (1988, hereafter BP). The heating 

by the ISRF places a lower limit on the ratio between infrared luminosity and mass of gas which 

depends on the effective optical depth of the clouds to the stellar radiation. For homogenous 

spherical clouds radiation transfer calculations lead to LxR/M~2 ratios of 0.3 - 0.8L|174 for 

clouds of total visible extinction between 2 and 10 magnitudes (BP). For the star formation rate 

and initial mass function of the solar neighborhood (see BP for references) the luminosity of 

embedded stars smaller than a few M O is negligible compared to the luminosity absorbed from 

the ISRF. Low-mass stars can locally create warm points in clouds but they have a negligible 

contribution to the infrared luminosity of the interstellar medium on the scale of a whole molecular 

complex. This implies that the IR luminosity of clouds forming only low- mass stars does not bear 

any information about their star formation efficiency which can be estimated only from statistics 

of embedded objects. The ISRF is the dominant heating source of dust over most of the volume 

of these clouds and over the parts where they are not optically thick to the stellar radiation the 

far-IR brightness may be used as a tracer of the distribution of interstellar matter (see section 2). 

The luminosity of a single ionizing star (M, :> 20M| is comparable to the luminosity a giant 

molecular cloud (GMC) of 105M| absorbs from the ISRF. Thus, for clouds forming high mass 

stars the dust heating comes from stars associated with the cloud and not from the ISRF. Then, 

the IR luminosity may be used to estimate the total luminosity of the stars formed by the cloud. 

However, studies of nearby clouds associated with H II regions (Leisawitz and Hauser 1989, BP) 

show that only a small fraction of the luminosity of an OB association is absorbed by the parent 
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molecular clouds. For Orion, BP find that the IR luminosity of the 300pc sphere centered on the 

Trapezium represents only 20% of the luminosity of the OB association. In the case of Orion 

only the radiation of stars younger than a few 10Syrs that still lie within a few parsecs from the 

Orion A and B clouds is locally converted into IR emission. The radiation from stars in the older 

sub-associations located several tens of parsecs from the dense cloud in regions of low gas density 

travels more than several hundreds parsecs before being absorbed. Generalizing the Orion results 

to other GMC-H II region associations we conclude that the IR luminosity of GMC's represents 

the energy output of the stars formed in the last few 106yrs. This short-term memory has to 

be taken into account when deriving star formation efficiencies from Lzn/M~ ratios. If this 

result applies to star- forming regions in the molecular ring the average star formation efficiency 

of GMC's associated with H II regions, ~f/Moa~ , could be several times larger than the value of 

4,10-1~ -~ (for M. > 2M| derived by Mooney and Solomon (1988). 

2. :Far-IR Emiss ion  as a Tracer  of Gas  C o l u m n  Dens i ty  

Away from local heating sources one expects the far-IR emission to correlate with the distribution 

of gas column density over regions of low or moderate opacity to the interstellar radiation. The 

validity of this statement can be established by comparing the spatial distribution of the far- 

IR emission with that of other tracers of gas column density. The correlation between the IR 

emission and the distribution of the nearby H I gas has been studied by numerous authors (see 

BP and references therein). A tight linear correlation is observed between the distribution of 

the IR and H I emission over fields of several tens of degrees outside the galactic plane. This 

correlation proves that the interstellar radiation field and the dust abundance are roughly uniform 

on scales of 1 to 100 pc. It also implies that the far-IR is a good tracer of gas column density 

over the regions of small opacity occupied by atomic gas. At high galactic latitude the average 

ratio Iv(100I~m)/NH is 0.85MJy/sr for I02~ (BP) which is equivalent to a Iv(1OO~m)/Av 
ratio of 15.9(MJy/sr)/mag. Recently, Lange et al. (1989) reported measurements of the sub-mm 

emission of dust associated with H I gas at high galactic latitude which show that the 100, 140, 

and 260/~m fluxes can be all fitted by a single modified black-body curve. This result suggests 

that in regions of moderate opacity to the ISRF the 100# emission comes from the bulk of the 

dust. Probably, only in regions of high opacity large dust grains become too cold to be detected 

at 100]~m. 

IRAS data have been compared to extinction measurements and molecular data to see to 

what extent the far-IR emission may be used to probe the spatial distribution of molecular matter. 

Comparisons between 100#m, Av and W(laCO) (~3C0 emission integrated in velocity) have been 

published for a few dark clouds. References, names of clouds, and results of these comparisons 

are summarized in Table 1. For all clouds a good linear correlation is found between 100/~m and 

A~ for Au < 3mag. The values of lO0#m/A~ derived from these analyses vary from 5 to 9 MJy/sr  

per magnitude, on average a factor 2 times smaller than the value for H I gas at high galactic 

latitude. This difference between the far-IR emissivity of molecular clouds and atomic gas is 

not surprising since we do expect the ISRF to be somewhat attenuated inside molecular clouds. 
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Simple models of the penetration of the interstellar radiation in clouds predict an at tenuation 

factor comparable to what is observed (see BP). However, a detailed understanding of the relation 

between far-IR brightness and Av depends on several characteristics of molecular clouds which are 

yet unknown, and which may vary from cloud to cloud. First ,  the penetration of the interstellar 

radiation depends on the degree of inhomogeneity of the clouds, and the effective extinction at 

which the molecular mat te r  is. If clouds are inhomogenuous on very small scale as indicated 

by high resolution observations of nearby clouds (Falgarone and P~rault 1989) the extinction 

measured from star counts with a resolution of typically a few arcmlnutes (i.e. a few 0.1 pc for 

the nearest clouds) may not be representative of this effective extinction. Second, the effect of 

the attenuation of the ISRF on the faroIR emission depends on the optical properties of the dust 

grains which emit at 100/~m. The more these dust gralns absorb in the UV and blue par t  of the 

ISRF spectrum the faster the 100#m - A~ saturates. Further, for grains in thermal equilibrium 

a weaker radiation field implies a smaller temperature which could reduce the fraction of the 

emission which falls in the IRAS band (see BP). 

The 100#m and 13CO emission are also well correlated. Results and references for these 

analyses are listed in Table 1. The straight comparison between 100#m and W13CO leads to 

good linear correlations. Lander et al. (1988) found for the B5 cloud an even tighter correlation 

by comparing the 13CO emission with the i00/~m optical depth. The lat ter  is derived from the 

100/~m brightness uslng the color temperature between 60 and 100#m as the dust temperature.  

In Bb, the 60~m/100~m color ratio decreases from the edge to the center of the cloud. However, 

as pointed out by Lander et al., the physical interpretation of this new correlation is unclear 

because the values of rl0o~m derived on the basis of the 60/100#m color temperature leads to 

a rloo~m/Av ratio an order of magnitude smaller than the ratios predicted by interstellar dust 

models (Draine and Lee 1984) and than the ratio one may derive from the sub-ram observations 

of dust at  high galactic latitude by Lange et al. (1989). The most probable explanation of 

this discrepancy is that  the color temperature is not the physical temperature of the dust  grains 

emitting at 100#rn because a fraction of the 60~rn emission comes from a population of grains 

which does not emit at 100/~rn (Draine and Anderson 1985, Boulanger et al. 1988, Laureijs et 

al. 1989). The improvement in the correlation may then be fortuitous: the color temperature 

correction approximately compensating for the saturat ion of the 100#rn - Av relation at high Av. 

From the numbers in Table 1 we derive an average ratio IO0#m/W13CO of 2(MJy/sr)/(gkrn/s). 
In dark clouds W(lsCO)andAv correlate for Av > 0.5 - lmag with slopes ranging from 1.0 to 

2.7(Kkrn/s)/rnag (see review by Gu~lin and Cernlcharo 1988). For the few clouds where 100#m 

has been compared with both WI'~CO, and A~ the 100#rn - W13CO correlation leads to a 

slightly smaller 100~rn/Av ratio than the direct I00#m - Av comparison. Since the slopes of the 

correlation are measured over a range of Av higher for lO011rn-W1sCO than for 1 0 0 # r n - A v  this 

difference probably results from a flattening of the 100#rn - N x  relation with increasing column 

density. 

The comparison of the II~AS data  with Av and 13C0 data  shows that  the 100~rn brightness 

is a good tracer of dust and gas column density in nearby clouds not associated with high mass 
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star formation up to an Av of about 3 magnitudes. These analyses, however, are presently 

limited to a few clouds because A~ and lsCO measurements have only been obtained over limited 

areas of nearby molecular complexes. On the other hand the main nearby clouds have been 

almost completely mapped in 12C0 with the Harvard-Columbia 1.2 m telescope (Dame et al. 

1987). These CO observations with an angular resolution of 8' or 30' depending on the cloud 

(see Dame et al.) were used to compare the extended structure of the CO and far-IR emission 

of nearby clouds. Away from star-forming regions a linear correlation is found between 100/~m 

and WCO. The clouds for which this comparison was done are listed in Table 2. Examples 

of 100/~m-CO diagrams have been presented by BP and Boulanger(1988). The ratios between 

100~m and CO brightness derived from this analysis are given in Table 2. They range between 

0.7 and 2.5(MJy/sr)/(Kkrn/s) with an average value of 1.4(MJy/sr)/(gkm/~). For each of 

the clouds in Table 2 we studied the correlation between 100~rn and H I emission in the close 

vicinity of the cloud. The slope of this correlation (Table 2) does change from cloud to cloud. 

These changes probably trace variations in the intensity of the ISRF and/or the dust-to-gas 

ratio. A straight comparison between the average lOO/~m/WCO and 100#m/N/i'1 ratios leads to 

an average NH2/WCO ratio of 0.7/A 102~ where A represents the ratio between 

the molecular and atomic value of the 100/~m emissivity per nucleon. As explained earlier, A 

is smaller than one because the interstellar radiation is attenuated inside molecular clouds and 

possibly because the grains are colder and emit a smaller fraction of their emission in the 100/~m 

band of IRAS. The results of the 100#m - Av correlation (Table 1) gives values of A in the range 

0.3 to 0.7. Assuming that these values obtained for a few clouds are representative we derive an 

average estimate of X = N~2/WCO in the range 1.1 to 2.1.102~ smaller than 

the value of 2.6102~ derived from "7 ray data for giant molecular clouds in the 

inner Galaxy by Bloemen et al. (1986), but comparable with the value of 1.5"102~ 
advocated by MacLaren et al. (1988). Low values of X have also been obtained for high Galactic 

latitude clouds (de Vries et al. 1987, Weiland et al. 1986). For Orion, the only nearby cloud for 

which an estimate of X was derived from ? - r a y  data (Bloemen et al. 1984), the IR and i f - ray  

estimates of X are 0.9/A and 2.6"lO~~ These two estimates agree if A = 0.34 which 

is within the range of values one may derive from the comparison of the lO0/~rn/A~ ratios in Table 

1 and the lO0/~rn/NHt ratios in Table 2. There is a significant scatter in the IO0#m/WCO listed 

in Table 2. Since these differences are not reflected in the corresponding lO0~rn/Nttl they do 

not result from variations in the intensity of the ISRF or the dust abundance and could reflect 

changes in the X ratio from cloud to cloud. 

3. Abundance of Small Particles 

In this section we inter-compare the emission of molecular clouds at the four IRAS wavelengths 

12, 25, 60, and 100/~m. The emission observed at these four wavelengths comes from different 

particles. While the 100#m probably comes from large dust grains in equilibrium with the 

radiation field, the 12 and 25#m emission, and possibly part of the 60/2m emission come from 
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transiently excited particles (see review by Puget and "L~ger 1989). The IR colors of clouds bear 

information on the abundance and the optical properties of these particles. 

The sensitivity of IRAS observations was sufficient to detect the emission of molecular clouds 

at the 4 wavelengths for a wide range of colors. After subtraction of the zodiacal light IRAS images 

show that the mld-IR (12 and 2S~rn) and the 100~rn emission are distributed very differently. 

Some clouds or pieces of clouds have no mid-IR emission while other clouds in the same region show 

brightness ratios between the mid-IR and 100/~m higher than the average colors measured on ]urge 

scale in the Galaxy. For example upper limits of the color ratio R(12,100) = Iv(12~m)~Iv (100/~m) 

as low as 0.003 and values as high as 0.16 have been obtained for clouds in the Chamaeleon 

region (Boulanger et al. 1988). For comparison the average R(12,100) color ratio in the solar 

neighborhood is 0.042 (BP). Color measurements obtained for small areas (size N 0.5pc ) of clouds 

in Taurus, Ophiuchus, Chamaeleon, Ursa Major have been reported by Boulanger et al. (1989). 

In all clouds large variations in the R(12,100), and R(25,100) color ratios are seen on scales as 

small as the resolution of the measurements, 0.5 pc. For dark clouds the R(60,100) colors also 

varies across the clouds and its variations are correlated with that of R(12,100). For high latitude 

clouds the R(60,100) is rather uniform. 

Systematic color variations from the edge to the center of a cloud have been reported by 

Chlewicki et al. (1987) for a cloud in Chamaeleon and by Beichman et al. (1988) for B5 in 

Perseus. For these clouds R(12,100) decreases by a factor of about 3 to 4 from the edge to the 

center. Beichman et al. and Laureijs et al. (1988) have interpreted this limb-brlghtening of 

the 12#m emission as an excitation effect in the context of a model wherein small grains absorb 

mainly in the UV and consequently are excited only in a shell at the surface of the cloud. In 

many clouds, however, the color variation do not correlate with the opacity of the cloud, as 

traced by the 100#rn brightness. Three cuts across filaments in Taurus are presented in figure 1 

to illustrate this statement. These cuts were taken from IRAS images of Taurus after zodiacal 

subtraction. Their center lle within a few degrees from each other. For alI three cuts the peak 

100#m brightness is between 10 to 12MJy/sr which for the lO0/~m/Av values given in Table 1 

correspond to a total Av of about 1.5rnag. Despite a similar peak 100/~rn brightness the three 

filaments have completely different colors and color morphology. The first filament shows no 

color variation. The second filament shows two components a low brightness envelope + a central 

peak~ corresponding to a narrow filament in the images, with very different colors. In the third 

cut there is a continuous variation of the colors from one side to the other. Color values for these 

cut are summarized in Table 3. Both the large amplitude of the color variations and the varying 

morphology of the color variations cannot be explained by the excitation effect mentioned earlier. 

This leads us to the conclusion that there are large variations of the abundance of small particles 

in nearby clouds. 

The physical origin of these abundance variations is unclear. A possible explanation for 

depletion is that the small particles coagulate or condense on large grains in the densest part of 

clouds. However, the time-scale for condensation on large grains is large compare to the mixing 

time scale of molecular matter: ~ ~10 s yrs over 0.5 pc (Omont 1986). The small particles probably 
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play an important role in the heating and the chemistry of interstellar gas (d'Hendecourt and 
L~ger 1987, Lepp and Dalgarno 1988a and b). Also, they probably account for a large fraction 

of the opacity of clouds in the UV. Therefore, variations in the abundance of small particles 

probably induce important changes in the physics and chemistry of clouds. 
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T A B L E  1, I v ( l O O / ~ m ) -  A .  a n d  *SCO C o m p a r i s o n s  

Cloud Iv(lOO~m)IA. I~(lO0/~m)/W(13CO) References 

(MJylsr)lmag. (MJy/sr)/(Kkm/s) 
(1) (2) 

B5 5. 1.8 
BI8 ... 1.3 
Chamaeleon 7. 2.8 
High Latitude Cloud 9 . . . .  
I = 314 ~ b = --25 ~ 
Heiles 2 5 . . . .  

" . . .  2.2 

L1642 8.3 ... 

Langer et al. (1989) 
Snell et al. (1989) 
Boulanger (1987) 
de Vries and Le Poole (1985) 

Cernicharo and Gudlin (1986) I 
Snell eta[. (1989) L Laureijs et al. (1987) 

(1): slope of the 100/~m - A, correlation 
(~): slope of the 100~.: - w(~co) correlation 

T A B L E  2. l~(100/~m) -- W C O  C o m p a r i s o n s  

C l o n ~  ~.(lOO~m)lWO0 L(IOO~)IN~ 
(MJYl=)/(~=/s) (MJYl.r)/(XO~~ 

( 1 )  ( 2 )  ( 3 )  

An_riga 0.8 1.0 
Cepheus 0.7 0.75 
Chamaelon I 1.3 1.3 
Chammeleon II 0.8 1.3 
Lupus 1.2 1.9 
Mon R2 1.2 1.0 
Northern  Orion Filament 1.9 1 .0  

Orion A 2.2 1.3 
Orion B 2.5 1.3 
Southern Orion Filament 1.6 1.0 
Taurus 0.8 1.0 

(i): See Dame et =I (1987) for references about CO observations 
(2): slope of the 100/~m - W C O  correlation 
(3): slope of the 100/~ra - NH I correlation in the vicinity of the cloud 

T A B L E  3. ]11 C o l o r s  

2 r~ i rr~ I ~ rr~ Cut  Color Morphology Positions ~ ~ 

(1) (2} 
Constant Colors 0.037 0.05 0.18 

Hot Envelope + Cold Central Peak Envelope 0.10 0.11 0.22 
Peak < 0.01 < 0.015 0.05 

Variation from one side to the other A 0.04 0.04 0.17 
B 0.02 0.02 0.13 
C < 0.009 < 0.009 0.10 

(3) 0.042 0.054 0.21 

(1): cuts 1,2, and 3 are presented in Figure la ,  b, and c respectively 
(2): Positions A, B, and C along cut 3 ~re indicated in figure lc 
(3): Average Colors of high galactic cirrus from BP listed for comparison. 
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Figure  1: floo~,m (solld llne) and  I12~,.~ (dot ted Hne) across three filaments in Taurus .  fl2~,.~ 

is scaled by 20 in cut  1 and 3, and  10 in cut  2. The  centers of the cuts I ,  2, and  3 are cz = 

4h48rnS05 6 = 25~ ' ,  ~ = 4h34m075 6 = 24~ ', a = 4hlSm44~ 6 = 24~ ' ,  respectively,  f25.m 

and leon,,  are not plot ted to keep the  figure clear but  all colors are given in Table 3. 
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P H Y S I C A L  C O N D I T I O N S  IN  D A R K  C L O U D S  

Philip C. Myers 
Harvard-Smithsoni~m Center for Astrophysics 

Cambridge, Massachusetts, USA 

SUMMARY 

We discuss physical conditions in interstellar molecular clouds with visual extinction Av 
1-10 magnitudes, based primarily on observations of spectral lines of CO and NHs. 

Diffuse clouds with Av ~ 1 mag have kinetic energy density which is primarily nonthermal, 
and is comparable to that of the "intercloud" gas; diffuse clouds have too little mass to 
bind their internal motions by gravity; their incidence of low-mass cores and low-mass 
stars is rare. Dark clouds with mean Av ~ 3 mag have kinetic energy density which is 
primarily nonthermal, like diffuse clouds; but much greater than that of the intercloud 
gas, unlike diffuse clouds. Dark clouds are generally gravitationally bound. They axe often 
surrounded by a number of diffuse clouds; in dark clouds low-mass cores and low-mass 
stars are COmmOn. Loto-ma88 cores have mean Av ~I0 mag. Their kinetic energy density 
is mainly thermal, unlike their surrounding dark or diffuse clouds, and much higher than 
that of the intercloud gas. Cores are generally bound, and are frequently associated with 
low-mass stars. Several lines of evidence indicate that the nonthermal energy density in 
most molecular clouds is largely magnetic. 

1. I n t r o d u c t i o n  

Dark interstellar clouds are molecular clouds evident by their absorption and/or reflection of 
optical starlight. They are useful ~laboratories ~ in which to study the physics of molecular clouds 
and star formation, because they are relatively numerous, near to the Sun, detectable in many 
molecular lines, and easily resolved by centimeter-and millimeter-wavelength telescopes. In this 
paper we summarize physical properties of three "types ~ of dark clouds distinguished by their 
mean visual extinction Av: "diffnse ~ cJouds with Av ~ 1 mag, "dark ~ clouds with Av ~ 3 mag, 
and "low-mass cores ~ with Av ~ 10 mag. We discuss the clouds in terms of their ability to 
bind their internal motions by self-gravity; their relative energy densities in kinetic, magnetic, and 
gravitational form; and their stellar content. 

Our knowledge of cloud properties is derived mainly from maps and spectra of molecular 
emission lines, made with radio telescopes operating at centimeter and millimeter wavelengths. At 
present, most available information comes from filled aperture (%ingle-dish ~) telescopes. Single- 
dish maps are made one plxel at a time, by serially stepping the telescope beam in a two-dimenslonal 
grid, with beam spacing usually equal to the FWHM beam width. The smallest visible angular 
scale is that of the diffraction-limited beam, or 0.2-2 arcminutes for most telescopes, depending on 
line frequency and diameter of the primary reflector. For a cloud at 500 pc, the smallest visible 
linear scale is then 0.03-0.3 pc. The largest visible angular scale is set by the step size and the 
number of times the telescope beam is stepped: this depends on many factors, including the signal- 
to-noise ratio of the spectral line, the available observing time, and the strategy adopted by the 
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observer. A ~minimal" map strategy is to map the emission to define the half-maximum intensity 
contour, e.g., one beam beyond the half-maximum contour. This method can underestimate the 
extent of a cloud, especially if its emission consists of multiple peaks separated by deep valleys. 
Such a pattern of emission is often called a ~complex" or ~cloud complex." Most molecular cloud 
line maps are 3-30 beams in extent, or 0.1-10 pc for clouds at 500 pc. 

We rely here on data from observations of the 2.6 mm J = 1 -+ 0 rotational line of 12CO to define 
molecular clouds, and on data from observations of the 1.3 cm (J,K) = (1,1) rotation-inversion line 
of NH3 to define ~cores, ~ or condensations within clouds. Use of these lines is convenient because 
they are extensively observed. However, other lines, such as the rotational lines of 13CO, ClsO, 
and CS, also reveal molecular cloud properties. We emphasize that in a given cloud the density, 
column density, line width, size, temperature, and mass indicated by a line varies from one line to 
the next, primarily because each line traces a different mean density of collision partners (mainly 
H2 molecules and He atoms) needed for excitation. In turn, this density defines a size scale, over 
which the quantities derived from the line observations are averages. The CO and NH3 lines are 
useful because they trace size scales separated by a large factor - 101-3 - and because these size 
scales reveal several aspects of cloud physics and star formation. For a discussion of "clumps ~ with 
an intermediate size of ~ 1 pc traced by the 13CO line, see Elmegreen (1985). For a discussion of 
cloud structure in terms of hierarchical organization, see Scalo (1988). 

2. P h y s i c a l  P r o p e r t i e s  

Table I summarizes properties of diffuse and dark clouds as revealed by 12CO line observations 
(e.g., Magnani, Blitz, and Mundy 1985; Keto and Myers 1986; de Geus, Bronfman and Thaddeus 
1989), and of low-mass cores, as revealed by NHs line observations (e.g. Myers and Benson 1983, 
Beuson and Myers 1989). We distinguish "low-mass ~ cores from "massive" cores such as the 
Kleinmann-Low nebula in Orion, which have significantly greater density, temperature, mass, and 
velocity dispersion than do low-mass cores, and more massive stars. The characteristic size R is 
the FWHM size of the emission line map. For diffuse and dark clouds, the mass M within R 
is obtained by integrating the column density in each beam over the map area within R. The 
mean number density within R is obtained from M, R, and a model of a uniform sphere. The 
FWHM line width Av is due mainly to Doppler shifts in the molecular motions and is generally 
greater than the thermal width by a significant factor. The gas kinetic temperature T is derived 
from the brightness temperature of the line: the laCO J = 1-+ 0 line is optically thick, so the 
line brightness is clo6e to the transition excitation temperature, which in turn is a measure of the 
kinetic temperature. For diffuse clouds, T is much less certain than for dark clouds. 

Table  1 

P h y s i c a l  P r o p e r t i e s  of  Diffuse Clouds ,  D a r k  Clouds ,  a n d  L o w - M a s s  Cores 

Type Av Tracer R n M Av T 

(mug) Line (pc) (cm -3) (M| (km s - I )  (K) 

Diffuse 1 

Dark 3 

Low-Mass Core I0 

lzCO 1-0 0.3-3 30-500 0.5--100 0.7-1.5 10? 

1~CO 1-0 3-10 102-3 103-4 1-3 10 

NHa (I,I) 0.05--0.2 104-5 0.3-10 0.2-0.4 I0 
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The diffuse clouds have mean visual extinction < 1 magnitude and can be seen on Palomar 
Sky Survey photographs by their faint reflection of starlight. They are most easily recognized 
at high galactic latitude, where they reflect the diffuse starlight from the plane. Diffuse clouds 
can vary appreciably in their molecular content; they have been classified as "CO-rich" and "CO- 
poor" by Lada & Blitz (1988). Those discussed here are known by their CO properties. Some 
diffuse clouds are much larger than the representative value ~ 1 pc given in Table 1. A few diffuse 
clouds are known to have low-mass cores from their NHs emission (L1489 and Bernes 48, Myers 
& Benson 1983; and MBM21, Stacy, Myers & de Vries 1988). A few are also known to have 
associated low-mass stars. Also, a larger number of diffuse clouds have small, opaque knots on 
optical photographs, indicating the probable presence of low-mass cores. 

Dark clouds have mean extinction of several magnitudes and are therefore recognized more by 
their absorption of background starlight than by reflection. Like the diffuse clouds, dark clouds have 
a great range of size and visual appearance. The properties given in Table 1 refer to the well-studied 
complexes in Taurus and Ophiuchus. Many smaller and more isolated dark clouds ("globules ~) are 
also known (Lenng 1985). Dark clouds also vary widely in the number and distribution of their 
cores and stars: the Taurus-Auriga complex has more than 100 visible T Tauri stars (Cohen & 
Kuhi 1979; Herbig & Bell 1988) and a comparable number of pre-main-sequence stars detectable 
via their x-ray emission (Walter et al. 1988). In contrast, the dark cloud complex in Aquila, whose 
most prominent member is Lynds 673, has only a few T Tauri stars (Herblg 1962) and NH3 cores 
(Benson & Myers 1989). The proportion of massive (OB) stars in nearby dark clouds is low: a few 
examples are AB Aur in Taurus-Auriga; BD+30~ in Perseus; HD 147889 in Ophiuchus; TY CrA 
in Corona Australis; and HD 200775 in Lynds 1172. It is unclear whether the general tendency for 
low-mass clouds to make low-mass stars reflects a difference in relevant physical conditions such 
as magnetic fields, temperature, density structure, and ionization between low-mass and massive 
clouds, or rather merely a difference in the mass available to make stars of all types. 

For low-mass cores the properties in Table 1 are based on NH3 line observations. Here R and 
Av are determined from maps and spectra as before; while r~ and T are generally deduced from 
excitation analysis of the (J,K) = (1,1), (2,2), and higher-excitation lines; and M is obtained from 
r~, R, and the model of a uniform sphere. Low-mass cores are known in dark and diffuse clouds 
within a few hundred pc from the Sun. They are remarkable in their narrow, nearly thermal line 
widths, and in their relationship to low-mass stars. In 12 low-mass cores without stars analyzed 
by Benson (1986), the mean kinetic temperature is T -- 10 K, and the mean FWHM line width is 
Av -~ 0.27 km s - I .  Hence, the ratio of nonthermal to thermal velocity dispersion for a molecule of 
mean molecular weight (2.3mH, allowing for 10% Helium) is only 0.5. In contrast, the same ratio 
is 14 for a massive core with Av -- 2 km s -1 and T -- 50 K. Low-mass cores in dark clouds have 
associated low-luminosity (L < 10 L| I R A S  sources in about half of the ~ 100 cases examined 
by Beichman e ta / .  (1986). This propensity of low-mass cores to form low-mass stars, and the 
similarity of the mass within the typical NHs core line map to 1 M| suggest that the typical 
molecule in a starless core has a relatively high likelihood of adding its mass to that of a forming 
star. Thus molecules in low-mass cores are ~destined for stardom," and low-mass core properties 
are often considered as initial conditions for models of low-mass star formation (e.g., Shu, Adams 
& Lizano 1988). 

3. C loud  energe t i c s  

Table 2 presents a comparison of energy densities and equilibrium magnetic field strengths 
for the objects described in Table 1. These comparisons reveal that diffuse clouds have internal 
pressure comparable to that of the intercloud medium; that dark clouds and low-mass cores are 
gravitationally bound; that the kinetic energy density of diffuse and dark clouds is primarily 
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nonthermal; and that many clouds and cloud cores probably have nearly equal magnetic and 
nonthermal kinetic energy density. For each object in Table 1, representative values of the listed 
cloud parameters were used to calculate the "nonthermal kinetic energy" density 

K N T  ~ 3rrlns 

where m is the mean molecular mass, 2.3 m/~; the "thermal kinetic energy" density, 

(1) 

and the gravitational potential energy density 

3 G M m n  
Uc - 5---T-- (3) 

Here each ~kinetic energy ~ density is twice the true kinetic energy density, as in the virial 
theorem, and all notation follows that of Myers & Goodman (1988a). Each energy density in 
Table 2 is expressed in terms of 104 cm-ZK times Boltzmann's constant, a measure of the energy 
density of the intercloud medium. This value lies within a factor N 3 of most estimates (Kulkarni 
& Heiles 1987). The equilibrium magnetic field strength 

(4) 

is calculated by equating the magnetic and nonthermal kinetic energy terms of the virial theorem. 

Table  2 

Obse rved  E n e r g y  Dens i t ies  a n d  E q u i l i b r i u m  M a g n e t i c  F ie ld  S t r e n g t h s  

of  Diffuse Clouds ,  D a r k  Clouds ,  a n d  Low-Mass  Cores 

Object Energy Density Equilibrium 
Magnetic 

Nonthermal Thermal Gravitational Field Strength 
Kinetic Kinetic 

- -  (1.38 X 10 -12 erg cm -3) _ _  (/~G) 

Diffuse Cloud 2 0.3 0.08 6 

Dark Cloud 40 3 50 30 

Low-Maas Core 20 60 70 20 

Note - Each energy density is calculated from typical wlues of cloud and core properties in Table 1, 
according to equations (2)-(4) of Myers and Goodman (1988b). Each ~kinetic energy" density is 
twice the three-dimensional kinetic energy density, as in the virial theorem. Each energy density is 
given in units of 1.38 x 10 -z2 erg cm -8, or 104 times Boltzmann's constant, taken as a measure of 
t h e  intercloud energy density. The equilibrium magnetic field strength is (4~ x nonthermal kinetic 
energy density) 1/2. 
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The energy densities in Table 2 increase monotonically with increasing number density from 
those of diffuse clouds to those of low-mass cores. Among these, only the diffuse clouds have kinetic 
energy density comparable to the intercloud value. The diffuse clouds are also distinctive in that 
they are the only objects fax from gravitational binding: their kinetic energy density exceeds their 
gravitational energy density by am order of magnitude. Thus, the typical diffuse cloud is not bound 
by self-gravity (Magnani, Blitz & Mundy 1985), but may be close to pressure balance with the 
intercloud gas (Keto & Myers 1986; Elmegreen 1988). 

In contrast to the diffuse clouds, dark clouds and low-mass cores appear to be gravitationally 
bound, in that K N r  + KT lies within a factor 2 of Uc. But the relative values of K~VT and K r  
indicate that  dark clouds and low-mass cores have different means of support.  Thus, the low-mass 
cores are supported against gravity primarily by thermal motions, while dark clouds are dominated 
by nonthermal motions. 

The equilibrium field strengths in Table 2 are similar, within factors of 2-3, to available magnetic 
field strengths, suggesting an important  role for magnetic energy in cloud dynamics and evolution. 
For diffuse clouds the equilibrium field strength is 6 #G, within a factor 2 of most estimates of 
the "background" field strength throughout the Galaxy (Heiles 1987). This similarity implies 
that diffuse clouds which are in "pressure balance" with the intercloud gas may be largely in 
magnetic pressure balance; and that  diffuse clouds which are overpressured and expanding may 
not expand freely, but  instead may be retarded or constrained by various magnetic interactions. 
The equilibrium field strengths in dark clouds, giant clouds, and low-mass cores, 20-30 #G, axe also 
remarkably similar. A possible explanation for this similarity involves "photoionization-regulated 
star formation" (McKee & Lin 1988). Some five Zeeman effect measurements of field strength in 
these objects have been reported,  and these lie within a factor 2 of the equilibrium values (Crutcher, 
KazAs & Troland 1987; Myers & Goodman 1988a; Goodman eta/ .  1989). Similarly, some five field 
strengths, typically ~ 100 #G, are known for large massive cores, and more than ten, typically 

3000/zG, axe known from OH masers for small, massive cores. In each case the observed field 
strength appears within a factor 2 of the equilibrium value (Myers & Goodman 1988a). 

If the available measured field strengths in dark clouds, giant clouds, and low-mass cores 
described above axe representative, the empirical trends between nonthermal velocity dispersion 
er Nr ,  cloud size R, and cloud density n first discussed by Larson (1981) have a simple explanation. 
The nonthermal kinetic energy density, the gravitational energy density, and the magnetic energy 
density are then essentially equal, so equations (1), (3), and (4) yield 

= ( G'~ i/4 B1/2R 1/2 

and 
= ( 5 ~ 1 / 2  B 

n ~,~: 4,rmR" (6) 

These equations can be expected to match the observed correlations, provided that  the relative 
range of B is small compared to the relative range of R. Since the correlations axe known for three 
decades in R, from 0.1 to 100 pc, even a factor of 30 scatter in B allows a discernible correlation 
(Myers & Goodman 1988b). 

4, D i scus s ion  

The foregoing material suggests that in many molecular clouds the magnetic energy density is 
comparable to the nonthermal kinetic energy density; and those clouds with relatively high extinc- 
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tion and relatively frequent star formation are also gravitationally bound, i.e. their gravitational 
energy density is also comparable to their kinetic and magnetic energy densities. 

Recently, an important new piece of evidence has arisen. Sensitive CO observations in Cha- 
maeleon (Keto and Myers 1986), Taurus-Auriga (Ungerechts and Thaddeus 1987), and Ophiuchus 
(de Geus, Bronfman and Thaddeus 1989; Loren 1989) show that the bright, large, dense, star-rich, 
and bound parts of each complex are accompanied by numerous faint, small, rarefied, star-poor, 
and unbound regions. These diffuse clouds associated with dark clouds are similar in size, extinc- 
tion, and velocity dispersion to the more isolated diffuse clouds discussed by Magnani, Blitz, and 
Mundy (1985). 

This pattern of dense, bound gas surrounded by less dense, unbound gas is similar to the 
situation of dense low-mass cores inside diffuse clouds, discussed in Sections 1 and 2, except for a 
factor of ~ 10 difference in size scale. Together, these examples suggest that we now have some 
evidence for a kind of a critical radius, which divides gravitationally bound gas from gravitationally 
unbound gas in a cloud or cloud complex. If so, the discussion above implies that a three-way 
equipartition (magnetic, kinetic, and gravitational) applies inside the critical radius while a two- 
way equipartition (magnetic and kinetic) applies outside. 

How do these patterns of energy density develop and evolve.'? Since gravity is a central force, 
one may speculate that  the self-gravitating regions develop from the "inside out" and enlarge 
as more mass accretes onto them. This process is then similar in some ways to the "inside-out 
collapse" discussed by Shu (1977), but with some interesting differences: (1) it cannot be a runaway 
collapse, since the self-gravitating dark cloud shows no kinematic evidence of global collapse, and 
contains stars much older than its free-fall time; (2) the magnetic field is energetically significant, 
and must therefore play an important role in the dynamical evolution; and (3) the geometry of the 
dark cloud is highly complex, with many local maxima of density; and nonspherical, with many 
filamentary elements. It will be valuable to study the prevalence of this bound-unbound structure 
in more dark cloud complexes. 

I thank G. Winnewisser and the other members of the Organizing Committee for their invita- 
tion to speak, and for their kind hospitality. 
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High Latitude Molecular Clouds 
and the IR Cirrus 

U. Mebold 
Radioastronomisches Institut der Universit~t Bonn 

Auf dem H~gel 71,D-5300 Bonn i, FRG 

1. ~ t ~ o _ ~ t  ~.~ 

This paper reviews interpretations of line observations of high 
latitude ([bIk25~ diffuse (Av~l.5 mag) molecular clouds. These 
clouds are infrared emitters and are part of the so-called "IR cirrus" 
(cf. Low et al. 1984). The high latitude diffuse molecular clouds, 
which may also be called "diffuse cirrus molecular clouds", are to be 
distinguished from the classical diffuse clouds. The latter are CO- 
poor (N(CO)/N(H)<I0 -8) compared to the diffuse cirrus molecular clouds 
which have N(CO)/N(H)>I0 -s . This review will not be complete and the 
well known high latitude dark clouds (Avkl.5 mag) like L134, which are 
typical of low latitude dark clouds, will not be discussed at all. 

The discussion of the galactic cirrus can be dated back as far as the 
publication of the "Catalog of Bright Nebulae" by Lynds (1965). The 
nebulae listed in that catalog (LBN hence foreward) are part of the IR 
cirrus and appear to be good tracers of molecular gas. Sandage (1976) 
interpreted these nebulae as dust clouds which scatter the light from 
the galactic plane back to the observer. He could reproduce the 
observed brightness by adopting dust grains with an albedo A = 0.5 and 
isotropical scattering properties (G = 0.0). The problem of their 
distance was raised e.g. by Minkowski et al. (1972) who noted a 
spatial association of some of these nebulae with "high velocity 
clouds", probable halo population objects. A spatial association of a 
large fraction of the high latitude LBNs with large scale HI- and 
radio continuum loops (cf. Heiles and Jenkins 1976, Wesselius and 
Fejes 1973) suggested that they are the tips of dusty "ice-bergs" in 
large-scale gaseous filaments. The first detection of molecules in 
high latitude diffuse nebulae (LBN406/412/415) was made by Goerigk et 
al. (1983). They used CO to trace molecular hydrogen because the HI 
observed in these nebulae fell short by a factor of i0 to explain the 
minimum extinction estimated from star counts. 

The link between the dust in the LBNs and the dust to be expected in 
the large-scale HI filaments was established by the discovery with the 
IRAS satellite of the IR cirrus by Low et al. (1984). This discovery 
established the possibility of deriving distances of these large scale 
filaments by studying lines of sight to stars which do or do not show 
interstellar absorption lines or extinction. This allows to study the 
physics, chemistry, kinematics, and dynamics of these features and 
their interaction with the galactic disk far up into the halo of our 
galaxy. 

2. S urv_~ey-type w o_r_k 

A survey of the CO molecule in a fairly complete sample of high 
latitude diffuse nebulae was published by Magnani, Blitz and Mundy 
(1985, MBM hence foreward). They observed 57 clouds at Iblk25~ by 
sampling every fifth antenna beam within one cloud. The clouds cover 
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about 50 square degrees of sky and are distributed fairly regularly 
over the area selected. From the effect of differential galactic 
rotation on the clouds they estimate an average distance of D=I00 pc 
and an average displacement from the galactic plane of <z>=6Q pc. This 
small distance is a consequence of the selection criterion that the 
clouds have "a noticeable drop in star density". Therefore most of the 
clouds appear to be disk population objects. Mean diameters of the 
clouds are <s> = 1.7 pc. Their masses, derived from the standard 
conversion factor XWCO=2.5,102~ mol(cmZKkm/s) -I , range from 0.6 to 300 
Mo with a mean of 40 M0 . The so-called X-factor, denoted by XWCO here, 
is defined as the ratio of the molecular hydrogen column density, 
N(Hz) (cm2), and the '2CO line integral, WCO(Kkm/s). The gravitational 
stability of the clouds was estimated by comparing the virial velocity 
dispersion, over, with the observed velocity dispersion, a~, . Ratios 
of uo~,/uvlr = 1 - 20 indicate that most of these molecular clouds are 
gravitationally unbound systems, i.e. transient phenomena. 

Similar conclusions are reached in a study of 15 high latitude, 
southern sky (225o~i~320 ~ b~20 ~ CO clouds by Keto and Myers (1986). 
Their clouds are similar in most respects to those of MBM, but have 
simpler structures, smaller sizes, and lower masses, possibly because 
of differences in selection. They supplement their CO data by 
extinction estimates from star counts. A comparison of the total gas 
column densities - or the masses - of the clouds estimated from the 
,2CO line integral and XWCO = 3-102o mol(cm2Kkm/s) -I , from the 
extinction and the standard gas-to-dust ratio N(H~) (cm -2 ) = 
9.4-10a~*Av (mag), and from the assumption of virial stability confirms 
the result of MBM that the clouds are gravitationally unbound systems. 
They argue, however, that the clouds may not be expanding systems but 
rather may be confined by the pressure of the surrounding intercloud 
medium. If the 12CO line parameters in their Table 1 (note that the 
line integral, I(12CO), in that Table and in the subsequent discussion 
is low by a factor of =2.35) are used to calculate XWCO from their 
extinctions and the standard gas-to-dust ratio, a range of XWCO values 
of 4.3-102~ 2 XWCO ~ 0.64.102o mol(cm2Kkm/s) -* is found. Values as low 
as 0.3-1020 mol(cm2Kkm/s) -I are found (de Vries 1988), if that part of 
the extinction, which is due to the HI gas, is considered separately. 

As transient objects, the high latitude diffuse clouds are physically 
and chemically in a non-steady state. So these clouds may be ideal 
objects to study formation and destruction processes for molecules and 
dust. We will therefore emphasize determinations of molecular 
abundances in these clouds, inparticular of the XWCO-ratio. 

Using the extinctions, which Magnani and de Vries (1987) derived from 
starcounts for a subset of the sample of the MBM clouds, adopting the 
standard gas-to-dust ratio N(H) (cm-2)=l.4.1021.As (mag), and ignoring 
the true HI content of the clouds, i.e. assuming N(H)=N(H2), Magnani 
et ai.(1988) deduce XWCO=3.2(§ mol(cm2Kkm/s) -I . Note that the 
scatter found here, as well as that found in the data of Keto and 
Myers (1986), is not caused by observational uncertainties, but is 
real. This indicates that large differences do exist in the 
astrophysical conditions - e.g. radiation field or chemical abundances 
- prevailing in these clouds. By calibrating the WCO values of MBM by 
*~CO lines these authors derive a column density ratio 
N(CO)/N(~2)=I.2.10 -4 . From OH and H2CO line observations they find 
N(OH}/N(H~)=2-10 -s and N(H~CO)/N(Hz)=3-10 -9, values which are clearly 
above normal and about normal, respectively, compared to dark clouds. 
Considering that we are discussing diffuse clouds, these column 
density ratios are surprisingly large. Lada and Blitz (1988) compare 
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them to the classical diffuse clouds (N(CO)/N(H2)<I0 -~) and call them 
"CO-rich". 

Heithausen et al. (1987) discovered the 6-cm absorption line of H~CO in 
4 out of a sample of 15 CO clouds in the area 125~ ~ 35~ ~ 
Mebold et ai.(1987) report the first detection of NH3 in diffuse 
galactic cirrus clouds and derive column density ratios N(NHs)/N(H2CO) 
= 1 to 0.06, <N(NH3)/N(H2)>=0.5.10 -8 , and <N(H2CO)/N(H2)>=7.10 -8 . The 
latter two ratios are well below and well above, respectively, the 
typical ratios for dark clouds in the galactic disk. The difference 
between the N(HzCO)/H(Hz) ratios found by Magnani et al. (1988) and 
(the larger one) by Mebold et al. is caused by the difference in the 
estimates of N(H2). The H2CO column densities (N(H~CO)=3.1-10 .2 cm -2) 
are similar but Mebold et al. use an extinction estimated from star 
counts, the standard gas to dust ratio, and the 21-cm line 
observations of de Vries et al. (1987) while Magnani et al. (l.c.) used 
the CO observations of MBM and the standard X-factor. 

In summary, the results discussed in the present section indicate that 
a) the true scatter found for the XWCO ratio in the high latitude 
diffuse molecular clouds is larger than a factor of six and b) the 
molecular abundances in a small fraction of these clouds are 
surprisingly large for diffuse clouds. They may even be larger than 
the molecular abundances in dark clouds. 

Investigating individual clouds in high galactic latitudes one takes 
advantage of negligible confusion by superposition effects along the 
line of sight. In the plane one tends to derive global properties of a 
mixture of clouds and physical conditions along the line of sight, 
which are hard to rationalize. We will here reconsider the molecular 
abundance ratios of isolated high latitude clouds with the aim to 
check the averages discussed in the previous section. 

Special efforts have been made to determine distances to some of the 
cirrus molecular clouds in order to get reliable estimates of their 
astrophysical properties. The method used is to find out whether 
stars, which are projected against the clouds, are in front of or 
behind the clouds. The presence or absence of interstellar extinction 
and/or absorption lines at the velocity of the CO emission and the 
analysis of these observations yields distances and column densities 
for the individual clouds discussed below. The results are collected 
in Table I; WCO or XWCO values are included only when they are given 
in the quoted publication. 

The two so far "nearest" molecular clouds, MBMI2 and MBMI6, have been 
studied in the interstellar NaI D, CaII K, and CH 4300 A lines by 
Hobbs et al. (1986) and Hobbs et al. (1988). They find that CH is 
overabundant by at most a factor of i0. Adopting the standard gas-to- 
dust ratio, assuming that N(H)=N(Hz), and using the CO results from 
MBM and Magnani et ai.(1988) and the extinction from Magnani and de 
Vries (1987) for MBMI6, they derive the column density ratio 
N(CO)/N(H2)kN(CO)/N(H)=10 -4 and classify these clouds as "CO-rich" 
diffuse clouds. If a large fraction of the observed extinction is 
associated with HI-gas, N(Hz) is over estimated and these clouds might 
be even more CO-rich than the dark clouds in the galactic disk. 
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The cloud LI569/MBMI8 has been studied by Franco (1988). Using his 
extinction estimates, the standard gas-to-dust ratio, and the MBM CO- 
data, one finds XWCOk3"I02~ mol(cm2Kkm/s) -I for that cloud. 

The previously unknown high latitude molecular cloud MCLD(56,-44) has 
been studied by de Vries and van Dishoek (1988). From the data 
summarized in Table 1 they find an XWCO-ratio close to the standard 
value (XWCO=2.0.102~mol(cm2Kkm/s)-1) , and classify this cloud as 
beeing similar to a classical diffuse cloud, but having slightly 
increased molecular abundances (N(CO)/N(H2)=I0 -5) because of a reduced 
UV radiation field, slightly larger H2 column densities, and possibly 
a smaller gas phase carbon abundance (5r 

The cloud LBNI05/MBM40 has been studied by Lilienthal et al. (1988; 
1989) in the interstellar NaI D lines. Since this cloud is associated 
with the North Polar Spur, the available 21-cm and '2CO line data with 
the =9 arcmin resolution deserve further analysis. 

The Ophiuchus dark clouds have been discussed by de Geus (1988) on the 
basis of a ~zCO line survey carried out with the i.2-m Columbia 
University telescope in Chile, extinction derived from Walraven 
photometry towards the stellar members of the Sco-Cen OB association, 
21-cm line data observed with the NRAO 43-m telescope, and IR 100um 
and 60um data observed with the IRAS satellite. The author derives 
XWCO =10 *9 mol(cm z Kkm/s)-* from WCO, 7, oo, the dust optical depth at 
100~m, and the assumption that 7100/N(HI) = 7.00/N(H~). This is one of 
the smallest XWCO-values in the literature so far. 

Table I: Distances and Column Densities of High Latitude Clouds 

name,pos, authors distance, column density 
(l~ ~ method or column density ratio 

MBM 12 Hobbs et 65 pc E(B-V)=O.I mag at WCO = 
(150,-34) ai.1986 Na D lines = 1 K km/s level 

<N (NaI) >=22- I0 ~ i cm-2 
<N(CaII)>=6. i011cm-2 
<N(CH)>~4.5. i012cm-2 

MBM 16 Hobbs et 60SdS95 pc 
(172,-38) ai.1988 Na D lines 

<N(NaI)>=I7. i011cm-2 
N (CaII) =i. 3. 101 * cm- 2 
N(CH) K6.9- 1012cm-z 

LI569/MBMI8 Franco,1988 
(189,-37) 

130 pc 
(uvby~) 

<E(B-V)>=0.2 mag outside 
the WCO=0.5 K km/s level 

MCLD 
(56,-44) 

de Vries d<210 pc E(B-V) = 0.3 mag 
van Dishoeck VBLUW phot., N(NaI) k 8- 10 Iz-cm -~ 
1988 abs.lines N(CaII) = 8- 1012 cm -2 

towards N(CH) = 3.5"1018 cm -2 
HD 210121 N(CH +) = 6.0. I0'2 cm-2 

N(CO) = 1.0. I0 *s cm -2 
N(HI) = 2.102o cm -2 

LI05/MBM40 
(48,+45) 

Lilienthal 
1988 

80 pc N(NaI) =1.5"10 *2 cm -2 
NaI D lines 

Oph clouds de Geus 125 pc 
(352,+17) 1988 VBLUW phot 

XWCO = 10*gmol(cm 2Kkm/s)-* 
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The discussion of the individual clouds in the present section 
confirms that the molecular abundances of the diffuse molecular clouds 
in the galactic cirrus are well below those of the classical diffuse 
clouds and compare better to the abundances of the dark clouds or 
cloud complexes in the galactic plane. It is evident again that XWCO 
spans a large range: 6-102~ .9 mol(cm2K km/s)-*. As the mean of 
these values of XWCO (see above) is close to the most recent value of 
the standard X-factor, XWCO=2.3.10 z~ mol(cm2Kkm/s) -I , it is tempting 
to interpret the dark clouds for which this value applies (cf. the 
article of H. Bloemen in the present volume) as systems with a mixture 
of physical conditions that produce the observed range of molecular 
abundance ratios. 

A new method of deriving XWCO has been introduced by de Vries et al. 
(1987). If the IR emission per nucleon in atomic, ~I, and in pure 
molecular clouds, ~2, is known, I~00 can be used to derive XWCO e.g. 
by correlating Ii00 and WCO. In the present section determinations of 
1100 per nucleon in HI clouds, ~,=I, 00/N(HI), and per nucleon in 
molecular clouds, ~ z = 1,00/2-N(Hz), are reviewed. For a cloud 
consisting of a mixture of HI and H2 gas I20. is then given by 
1,00=~,-N(HI) + ~2-N(H2). Determinations of either ~, or aH2 by the 
direct or indirect use of a gas-to-dust ratio will not be considered, 
because one of the aims of this exercise is to supply evidence for a 
different gas-to-dust ratio in the molecular and the atomic parts of 
at least some high latitude diffuse molecular clouds. 

Determinations of ~, for high latitude regions, which probably do not 
have molecular gas, are in the rather narrow range between 0.7 and 
1.0-10 -2o MJy/sr cm 2 (Boulanger et al. 1985, McGee et al. 1986, Fong 
et al. 1987, de Vries et al. 1987, Heithausen and Mebold 1988). The 
two low latitude regions for which Tereby and Fich (1986) drive ~i = 
0.64 and 0.42-10 -2o MJy/sr cm 2 probably sample a mixture of atomic and 
molecular gas. Determinations of ~2 from extinction and the standard 
gas-to-dust ratio for dark clouds generally give values which are 
between 0.3 and 0.5-I0 -z~ MJy/sr cm m (cf. Cernicharo and Guelin 1987 
etc). This indicates agi>~2, i.e. the IR emission per nucleon for 
atomic regions is larger than that for molecular clouds. Evidence for 
~, <~2 is, however, presented at the end of this section. 

de Vries et al. (1987) derive ~, and XWCO from an I,,0-N(HI)-WCO data 
cube for a cirrus molecular cloud complex associated with a large, 
high latitude loop structure, called the Polar Loop. The complex 
subtends an area of about 50 square degree at the sky and is centered 
at (l,b) = (140~ The authors assume that I,.0 is proportional 
to the total number of hydrogen nuclei along the line of sight 
1,00=a-(N(HI)+2-N(H2)), i.e. they assume ~,=~2=a. They calibrate a 
in regions where WCO=0, i.e. a=~,. Further, using N(Hz)=XWCO-WCO, 
they derive XWCO from the two coefficients a and b in the equation 
II.0=a'N(HI)+b-WCO, i.e. from b=2.a.XWCO. They find a = 1.0-I0 -z0 
cm2MJy/sr and the rather small value XWCO=0.6-10 z~ mol(cm2Kkm/s) -* . 

Using essentially the same data but supplementing them with 
extinctions derived from star counts, Heithausen (1987) and Heithausen 
and Mebold (1988) find that the standard gas-to-dust ratio 
N(H)=N(HI)+2-N(H2)=I.7-10Z*-Av is valid for these cirrus molecular 
clouds and that a linear relation exists between 1,00 and Av or N(H). 
From an analysis of the 3-D data cube they find further that 1,00 per 
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HI atom in the CO-free regions, ~ (WCO=0), equals that per HI atom in 
the CO emitting regions, ~, (WCO=0) = ~z (WCO>0). Since the HI and the 
Hz gas are probably well mixed in these clouds, ~z (WCO>0)=~z and the 
assumption ~,=~2 of de Vries et al. (1987) is justified. Heithausen 
and Mebold (1988) finally point out that the linear relations found 
between Av, N(H), and II00 imply directly a = ~x = ~2. So the gas- 
to-dust ratio in the Polar Loop molecular clouds appears to be the 
same for the atomic and the molecular parts of the clouds and appears 
to be close to the value found by Bohlin et al. (1979). 

A similar analysis has been performed for the Draco nebula, a high 
latitude molecular cloud that is located k500 pc above the galactic 
plane and is colliding with an HI high velocity cloud, (see the paper 
by Herbstmeier et al., this volume). It shows that ~, + ~2, namely 

2 = 2.5.~, . This is apparently opposite to the results quoted at 
the beginning of the present section. Anyhow, once ~2 is known, XWCO 
can be derived from II0, = ~i -N(HI) + ~=.XWCO-WCO and the observed 
quantities N(HI) and WCO. Herbstmeier et al. find for the Draco nebula 
XWCO=2-10 Ig mol(cm2Kkm/s) -~ . This X-factor is even lower than that 
found by de Vries et al. (1987) or Heithausen and Mebold (1988). 

Tentative interpretations of the results for the Draco nebula are 
dicussed by Herbstmeier et al.(in the present volume). High resolution 
IzCO and '3CO line mapping (Rohlfs et ai.1988, Heithausen and Mebold 
1988) indicates that clumping, optical depth, or excitation effects 
are probably not responsible for the large ~2 and the small XWCO 
values. However, saturation effects of the HI emission could possibly 
cause problems and are to be studied in the future. At present 
Herbstmeier et al. prefer to explain the large CO abundance by 
enhancement in slow shocks (Rohlfs et al., 1988) and the large value 
for ~2 by a relatively large number of very small grains (<30 nm) 
with relatively large temperatures (Rohlfs 1988). 

The Draco nebula is extreme with respect to its small X-ratio and is 
extreme with respect to its location in the Galaxy and possibly with 
respect to its most recent chemical history in a low velocity shock. 
Does it make sense to discuss this extreme case in the context of the 
more typical clouds found elsewhere? We regard this peculiarity as an 
apparent one only. This nebula is easily observable as an isolated 
object in high galactic latitudes. Its non-steady-state is probably 
one of vigorous molecule formation and is possibly the ideal case to 
exemplify what the physical conditions are close to shock fronts in 
actively starforming molecular clouds.e 

The other extremes are nebulae which have very large X-ratios. The 
conditions for which an enhanced radiation field destroys CO but 
leaves H2 or dust essentially unaffected are well understood (van 
Dishoeck and Black 1987). Examples are clouds like LBNIII4 in the U 
Sco association (de Geus 1988, Wennmacher 1987). Here CO lines are 
detected only in parts of the cloud while in other parts no CO is 
found although an average extintion of about 1 mag is observed in this 
area. 

It is not difficult to imagine how in a cloud with star formation 
activity the standard X-factor can be obtained as an average over 
regions with physical conditions inbetween these two extremes. Further 
observational effort is required to demonstrate in detail that the two 
extremes are coexsistent in star forming dark clouds. 
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The diffuse high latitude molecular clouds, also called diffuse cirrus 
molecular clouds, are, from the statistics of larger samples (see 
section 2) and from distance determination of individual clouds (see 
section 3), disk population objects (<z>=60 pc). So far only one 
cloud, the Draco nebula, is known to be well outside the z-range of 
disk clouds (zk500pc). Their average size is about 1.7 pc and their 
masses are in the range of =i to= 300 M0, if the total gas column 
density is estimated from the standard X-ratio: XWCO=2.6-102~ 
mol(cm2Kkm/s) -* . For the molecular species detected in the diffuse 
cirrus molecular clouds the following column density ratios have been 
derived: 

N(CO)/N(H2) = 1.2.10 -4 N(OH)/N(Hz) = 2.10-' 
N(H2CO)/N(H2) = (7-0.3).10 -7 N(NH3)/N(H2) = i. I0 -e 

These column density ratios are of the order of - or some times even 
larger than - those found for dark clouds or for giant molecular 
clouds. This is unexpected because the typical extinction in these 
clouds (Av~l mag), which to some extent controls the radiation 
density, is significantly smaller than that in dark clouds. Comparing 
them to the classical diffuse clouds shows rather that their 
extinction is close to (or slightly larger than) that of the diffuse 
clouds but that their molecular abundances are about two orders of 
magnitude larger than in classical diffuse clouds. 

The diffuse cirrus molecular clouds have two peculiarities that 
distinguish them from the dark clouds. These are the excess of a 
factor of i0-i00 of their internal kinetic energy over their 
gravitational energy and the rather large scatter of XWCO=N(H2)/WCO 
between 6.102o and i-I0 Ig mol(cmZKkm/s) -I . The former result led MBM 
to conclude that these clouds are expanding systems while Keto and 
Myers suggest that they are in pressure balance with the surrounding 
intercloud medium. 

We propose as a working hypothesis that the large scatter of the X- 
ratio is caused by the instability of the gravitationally unbound 
clouds: The lower extreme of XWCO indicates a state of growth of a 
molecular cloud e.g. in a low velocity shock which enhances molecular 
abundances. The other extreme of XWCO indicates a state of decline of 
a molecular cloud e.g. by the molecule dissociating radiation field of 
young bright stars or supernovae. The standard value of XWCO = 
2.3.10 z~ mol(cm2Kkm/s) -I may then be understood as an average of all 
possible values of XWCO between these extremes for a cloud which is in 
some kind of equilibrium of molecule formation and destruction. 

It should be possible to reproduce the observed molecular abundances 
in the frame work of present day interstellar chemistry by non-steady- 
state models, for which the boundary conditions are adapted to the 
observations (e.g. Av~l mag in a normal interstellar radiation field, 
shock enhancement of molecular abundances) and the equilibrium 
conditions for molecule formation and destruction are offset such that 
either formation or destruction dominates. Then the time dependence of 
the molecular abundances can be followed and compared to the 
properties of the sample of the diffuse cirrus molecular clouds that 
are known today. In this sense the galactic cirrus may hold the key 
tests to the validity of current chemical models of interstellar 
molecules. 
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Physical Conditions in Molecular Clouds: 

Sub-mm and far-IR CO Observations 

J. Stutzki 

Max Planck Institut f~r Physik und Astrophysik, Institut f~r 

Extraterrestrische Physik, D-8046 Garching b. M~nchen, F.R.G. 

Sub-mm and far-IR spectroscopic observations probe a very differ- 

ent regime of temperature and density of molecular clouds compared to 

mm-wave observations. In addition, transitions of new species, e.g. 

rctational transitions of light hydrides (NH3, Keene, Blake and Phil- 

lips 1983; HCI, Blake, Keene and Phillips 1986) or the fine structure 

lines of [CI] and [CII] become observable only at these higher 

frequencies. 

This article concentrates on the excitation of the sub-mm and 

far-IR CO lines. The newly discovered heavy rotor transitions in the 

submm, tracing extremely high densities, are discussed briefly in the 

article by Harris et al. in this volume. Recent observations of the 

fine structure lines of [CI] and [CII] and their astrophysical inter- 

pretation are discussed in Stutzki et al. 1988b. 

I. Submm and Far-IR Observations of Carbon Monoxide 

Table 1 summarizes the present body of data on short-submm and 

far-IR CO observations. It shows that almost all sources are strong 

emitters in the mid- and higher-J CO transitions, with observed 

brightness temperatures often similar or even higher than in the low-J 

mm-wave transitions. The typical cold clouds (section I. in Table i) 

are of course difficult to detect in mid-J CO transitions simply 

because the temperature is too low. The most striking result from 

Table 1 is the presence of bright submm CO emission with line widths 

comparable or even narrower than observed in the low-J mm-wave lines, 

but brightness temperatures which are often higher (section II. and 

III. in Table i). In addition, many of the luminous outflow sources 

are very bright in the submm-and far-IR CO lines (section III. in 

Table i.), implying that a large amount of very warm, dense material 

is in the outflow (Jaffe, Genzel, and Harris, 1987; Jaffe et al. 1988, 

Stacey et al. 1989). 

In the following, I will discuss Why these observations imply the 

presence of a very warm, dense component of molecular gas, whose 

existence is usually overlooked by mm-wave observations of CO. 

53 



II. Excitation of Submm and Far-IR Transitions of CO 

All excitation calculations discussed in the following where made 

in escape probability approximation for a homogeneous, spherical cloud 

(see Stutzki and Winnewisser 1985). Though certainly a simple approxi- 

mation, it serves well for a rough discussion of the important, basic 

characteristics of the excitation. Three parameters characterize a 

cloud in this model: the kinetic temperature Tkin, the H 2 volume 

density n(H2), and the quotient of column density and linewidth 

N(CO)/AV. The CO column density below is given for the case of Av = i0 

km/s, but the results can easily be scaled to different linewidths by 

scaling the column density appropriately. 

Fig. 1 shows the calculated main beam brightness temperature and 

the optical depth of the 12CO transitions up to J=10~9 for physical 

conditions typical for the bulk of the molecular material in a dense, 

massive cloud core. At these high densities and column densities the 

CO transitions are thermalized (up to J=9, where the critical density 

of the transitions becomes greater than the assumed density of 104.5 

cm -3) and optically thick. The linear decrease in main beam brightness 

temperature with J is due to the Rayleigh-Jeans approximation, which 

results to first order in the subtraction of hu/2k from the excitation 

temperature of the transitions (which in turn equals the kinetic tem- 

perature). At higher temperatures, however, the population is dis- 

tributed over enough rotational states, that the emission in the low- 

est-J transitions starts to get optically thin, even for the high col- 

umn density of 1019 cm -2 (compare Fig. 6). 

Cloud Core 
log[n(H,)/cm-S]=4.5, log[N(CO)/cm-2]=19, Av=IO km/s 

T~b[K] c o  log (T) CO 

II , , , , I , I , II 2 

. . . . .  

I- \t 
o- , ,  ,o 

J.ppir Juppir 

Fig. i: 12CO main beam 
brightness temperature 
Tmb and optical depth 
as calculated in escape 
probability approxima- 
tion for a homogeneous 
spherical cloud. The 
parameters chosen are 
typical for the bulk of 
the material in giant 
molecular cloud cores. 
Note that even in the 
thermalized limit (Tex 
=Tkin) the brightness 
temperature decreases 
with increasing J 
because of the Rayl- 
eigh-Jeans approxima- 
tion. 
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The weak CO J=7~6 emission observed from some of the typical cold 

cloud cores (Table i) may be explained in this way as thermalized, 

optically thick emission from cool gas (Tki n = 20 K) with a density 

high enough to still populate the J=7 state. 

In many cases the narrow line width mid-J CO emission observed can 

not come from the bulk of the molecular cloud: the observed brightness 

temperatures of e.g. the CO J=7~6 line often imply a minimum kinetic 

temperature of the emission region of 80-100 K, substantially warmer 

than the material observed in the lines up to J=4~3. A possible expla- 

nation may seem to be that some of the material in the cloud core is 

warmed up slightly by embedded IR sources or some other mechanism. 

However, any explanation that puts the warm material in the cloud 

core has the serious problem of how to avoid self-absorption in cooler 

outside layers of the cloud (which is not observed). Fig. 2 illus- 

trates that even for the case of a rather low volume and column den- 

sity cloud envelope, containing only a few percent of the total column 

density from Figure i, the optical depth in the mid-J transitions is 

still substantial, and will not allow the radiation from the warm core 

to escape the cloud. Even small amounts of medium temperature and den- 

sity material will completely obscure the CO emission from the warm 

core. The lack of self-absorption in the observed CO J=7~6 spectra of 

W49 and W51 thus indicates the presence of a pressure (nxT) disconti- 

nuity in these sources (Jaffe, Genzel and Harris, 1987). On the other 

hand, the deep self-absorption dip in the outflow spectrum towards 

DR21 (Fig. 3, Jaffe et al. 1989, White et al. 1986) demonstrates the 
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Fiq. 2: Same as Fig. i, 
but for a low density 
cloud envelope contain- 
ing only 3 percent of 
the total column den- 
sit~ of N(CO)=I019 
cm -~. Note that the 
mid-J CO lines are 
still optically thick 
and will absorb out any 
warm emission from the 
cloud core. 
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importance of self-absorption effects in some sources, and actually 

yields very detailed information on the physical parameters of the 

absorbing layer. 

The widespread presence of strong submm CO emission without self- 

absorbed profiles indicates that the warm molecular gas is often 

located in the outside layer of the clouds or on the surfaces of 

clumps. The narrow line width in many sources, the correlation with UV 

intensity and the overlap with [CI] and [CII] emission regions make 

photodissociation regions on clump surfaces in a clumpy molecular 

cloud core a likely candidate for the origin of the observed warm, 

quiescent CO emission (Harris et al. 1987, Stutzki et al. 1988a, Gen- 

zel et al. 1988). Fig. 4 shows as an example of this class of sources 

a typical CO J=7~6 spectrum from NGC 2024. In this source the narrow 

linewidth, which at some positions is only marginally wider than the 

thermal linewidth at the minimum kinetic temperature of about 80 K 

(derived from the observed brightness temperature in the case of ther- 

malized emission filling the beam), definitely rules out any shock 

related heating mechanism. 

CO J=7-.6 (806 GHZ) 
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Fiq. 3: CO J=7~6 
emission from DR21 
(Jaffe et al. 1989). 
Note the very wide 
emission out to veloci- 
ties of • km/s and 
the very deep, narrow 
self-absorption spike 
in the line center. 

Fiq. 4: CO J=7~6 
emission from NGC 2024. 
Note the peak Tmb of 
80 K implying a minimum 
kinetic temperature of 
i00 K in the emission 
region (in the case of 
thermalized emission 
filling the beam) and 
the narrow width (FWHM) 
of 2 km/s. 
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In all sources where far-IR CO lines are also detected, the com- 

parison between the submm and far-IR line intensities indicates tem- 

peratures of a few hundred K, densities around 104.5 cm -3, and CO 

column densities around 1018 cm -2 (e.g. Harris et al. 1987). Fig. 5 

illustrates the sensitive dependence of the relative line intensity 

between far-IR and submm CO lines on temperature and density. The rel- 

ative intensity of only two lines determines roughly the product 

n(H2)XTkin, i.e. the pressure in the emission region. Additional 

information from other lines then constrains the physical parameters 

in more detail. 

At the high temperatures typically observed in the submm and 

far-IR CO emission regions the population is spread over that many 

states (and the population difference between subsequent states in the 

rotational ladder is that small) that even the mid-J submm transitions 

have an optical depth near unity, despite the rather high typical CO 

column density of about 1018 cm -2. As shown in Fig. 6 the brightness 

temperatures observable are thus substantially lower than the kinetic 

temperature of the emission region. In addition, beam filling factors 

of typically 0.2 to 0.3 in a clumpy cloud have to be invoked to 

explain the observed, still lower, main beam brightness temperatures. 

Due to the low optical depth in the low-J transitions the emission 

of this warm, dense component is very insignificant in the mm-wave CO 

transitions. This is true even in cases of extreme column density and 

density (Fig. 6b) and explains why CO observations up to J=3~2 fail to 

detect this warm, dense component. 
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Fig. 5: The relative 
integrated intensity 
for submm and far-IR CO 
lines is a good indica- 
tor of n(H2)xTki n (or 
pressure) in the emis- 
sion region, as shown 
here by variation of 
the relative line 
intensities with tem- 
perature and density. 
The mid-temperature 
cases on the left are 
representative for the 
warm, dense component 
in giant molecular 
cloud cores like MI7 
(Harris et al. 1987), 
the highest density 
cases on the right 
match the observations 
of the warm, quiescent 
gas in Orion (compare 
Stutzki et al. 1988b). 
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III. Heatinq Sources for the Warm, Dense Gas 

Shocks are certainly important for heating the warm molecular 

material observed in luminous outflow sources. The narrow linewidth of 

the submm CO emission now found in many molecular cloud cores, how- 

ever, requires either a very high efficiency of rather low velocity 

shocks for heating the material, or even excludes shocks as a possible 

heating source (Harris et al. 1987). UV radiation can directly heat 

molecular material in photodissociation regions (PDR's) to the 

observed high temperatures. The origin of the quiescent submm and 

far-IR CO emission in PDR's is also favoured by recent [CII] and [CI] 

observations, as discussed by Stutzki et al. 1988b. However, one 

should note that all theoretical PDR model up to now fail to explain 

the large amount of warm molecular material observed by about an order 

of magnitude. 

r e a l i s t i c  c a s e  
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Fig. 6: Tmb versus J, 
left: for the physical 
parameters found to be 
typical for the submm 
and far-IR CO emission 
regions in giant molec- 
ular cloud cores, and 
riqht: for the unreal- 
istic, extreme case of 
very high density and 
column density, showing 
that even there the low 
optical depth in the 
low-J lines makes the 
identification of this 
component very diffi- 
cult from m m-wave CO 
observations. 
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Introduction 

Molecular clouds are now known to be highly inhomogeneous structures, with density condensations 
on various length scales ranging from giant molecular cloud sizes (-100 pc) to protostellar envelopes 
(--0.001 pc). Our current understanding of these regions is of a process of hierarchical fragmentation, 
which may be linked to the mass function for stellar populations born from a particular molecular cloud. 
The determination of the mass function of individual gas clumps in a cloud is an important probe of the 
future star-forming history of a cloud, and has bearing on fragmentation and the whole star-formation 
process. Until recently, studies of these aspects have been limited as a consequence of the inadequate 
angular resolution of millimetre wave telescopes, and hence searches for evidence of clumping have been 
made using statistical methods which compare spatial and velocity information at a large number of 
positions within a cloud (Kleiner & Dickman 1984), or through the presence of multiple components 
present in spectra from individual positions (Martin et al 1985). More recently, it has become possibIe, 
using high angular resolution, weU sampled maps with high dynamic range, to make direct images of star 
formation regions, allowing us to have a less biased view of the physical processes which operate. 

Towards a number of high-mass star formation regions, there is a close association between the 
neutral gas in the star forming molecular cloud, and ionised gas resulting from the photo-dissociation 
caused by the UV emitted from massive early type stars. At the interface between such an HII region and a 
molecular cloud, is a neutral gas layer which is subject to both an intense radiation field, and to shocks 
arising from the expansion of the ionisation front of the HII region. The gas in these regions is highly 

excited, hot, and may be fairly dense, and as such we expect that the submm-X transitions will be 
moderately strong. In order to study these interface regions, we have made studies of several edge-on 
ionisation fronts lying adjacent to dense molecular clouds. 

Recent theoretical modelling which calculates the energy balance and chemical equilibrium of dense 
molecular clouds illuminated by high uv-fields (Tielens & Hollenbach 1985a,b) and shocks (Draine & 
Roberge 1984), has contributed considerably to our understanding of the physical environment in the 
interface regions between ionised and neutral gas lying at the edge of star formation regions. Similarly new 
observational studies have provided additional impetus to such modelling with the rather surprising 
detection of significant amounts of hot (T - 200-400 K) gas at the edges of clouds, and the anomalous 
excitation of  several molecular species in these interface regions. In addition to the chemical models 
previously mentioned, the interaction of the ionisation shocks with the molecular cloud material can result 
in a strong enhancement of the molecular abundances of some specific species, and lead to dynamical 
effects which will affect the velocity field of the material close to the interface regions, which should be 

detectable with submm-~ spectroscopic techniques. These models have been moderately successful in their 
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general predictions, but not all of the predictions axe supported by recent observational material (Rainey et 

al 1987). 
Using new high angular resolution JCMT 15m observations, covering large areas with both good 

sampling and high dynamic range, it is possible to directly image star formation regions in a relatively 
unbiased way, to study the large scale effects of star formation on a molecular cloud. 

Observations 

The data shown in this paper were obtained with the James Clerk Maxwell Telescope at Mauna Kea, 
Hawaii. For  the CO J=2-1 observations of  $88, which were carried out as part of  the scientific 

commissioning of  the telescope, the rms accuracy of  the surface was estimated to be ~ 75 I.tm. The 

beamsize was measured to be 22 arc seconds, and the value o f  rlfss estimated as 0.75. The later 

observations of  M17 were carried out after improvements to the surface, for which the surface error had 

been reduced to - 38 I.tm rms. The tracking and pointing of the telescope, based on observations of 
planets, was believed to be better than 5 arc seconds. The observations were obtained using a 230 and 345 

GHz cryogenic Schottky system (the so-called 'System Alowe r' and 'System B' respectively), with either 

an autocorrelator or  AOS backend. A more complete description of  this, and other JCMT instrumentation 
has recently been given by White (1988). 

CO J=3-2 Observations of M17 

The observations of  integrated I=3-2 12CO emission close to the interface with the HII region are 
shown in Figure 1. 
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Fig .  1. Integrated CO J = 3 - 2 map of  M17. The contour |evels are spaced every 25 K k m s  - I .  The 
lowest level is 6 Kkms -1. The center position is 18hlTm3~5, --16~ '1 (1950). 

61 



The ridge of  CO emission seen in a more extensive J=l-0  map (White et al in preparation) extends 
approximately 6 arc minutes along a SE-NW direction. The CO J=3-2 map of integrated emission contains 
evidence for several clumps which lie close to a CO peak seen in the lower resolution data of  Rainey et al 
(1987). The eastern edge of the complex is sharply bounded, with the CO emission failing from TR*= 30 - 
40 K to less than 10 K over distances of  20-30 arc seconds (0.2 - 0.3 parsecs). To the east of  this sharp 
boundary of the cloud lies the ionisation bar which is seen most clearly from radio wavelength studies 
(Felli et al 1984). The proximity of an ionisation bar to the neutral cloud material, and the rapid decline in 
CO emission going across the front, suggests that the neutral gas may be dissociated or depleted close to 
the interface region, and raises the possibility of  extemai heating by the OB cluster which ionizes most of 

the M17 region. 

13C0 J = 3-2 Observations of  M17 

The 13CO observations show a rather different spatial distribution to that of the CO maps, in particular 
the emission is more concentrated into a smaller number of resolved clumps, and the eastern edge of  the 
cloud is considerably more sharply bounded, lying about 40 arcseconds ( -  0.5 pc) further into the main 
molecular cloud than is indicated by the CO observations. The map of integrated 13CO emission is shown 
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Fig. 2. Integrated 1 3 C O  J ---- 3 - 2 map of M17. The contour levels are spaced every 12.5 K kms -1. The 
lowest level is 37.5 K kms -1 . 
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CS J=7-6 observations of M17 

Mapping in the CS J=7-6 line, which is a tracer of dense gas (White et al 1983, Snell et al 1984), 
shows only a single intensity maximum, which lies between the two CO hot-spots seen in the CO 
J=l-0 data (White et al, in preparation). The high critical density and compact nature of the emission 
suggest that we are seeing the dense core of the cloud. The CS I=7-6 map is shown in Figure 3 
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Fig. 3. [ n t e g r a t e d  CS J = 7 - 6 m a p  of  M17. T h e  c o n t o u r  levels are  spaced  every  30 K k m s  - 1 .  T h e  
lowest level is 10 K kms -I . 

The fragmentary nature of the M17 Molecular Cloud 

The fragmentary (or clumpy) structure of molecular clouds has long been recognised from theoretical 
studies of the collapse of a gas cloud, and has been inferred from observations of many groups of 
molecular line astronomers in the interpretation of data (particularly that of high excitation lines) (see for 
exampleWilson 1985 and references therein, Snell et al 1983, Martin, Sanders & Hills 1982, Richardson 
et al 1986 a,b). The effects of such fragmentation provide an efficient path for the transfer of angular 
momentum from the overall rotation of the cloud into orbital motions of the remaining fragments, 
throughout the isothermal collapse phase of the star-formation process. The size scales of the 
fragmentation have been too small to observe directly in most molecular line studies conducted to date, 
apart from those in which interferometric measurements have been made of a few lines such as Nil 3 and 
H2CO , with the VLA towards sources such as Orion. The present observations coupled with the more 

extensive observations of White et al (in preparation) have been successful at resolving the M17 cloud 
into up to 22 separate fragments, with typical size scales of 0.25 pc. For molecular cloud material with a 
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mean temperature of 50 K and n(I-l.z) of 105 cm "3, the Jeans length for collapse, lj, is given by 

f T ~.0"5 n(Hz ) ~-0.5 
l/ = l ~ J  { pc 10' cm -3 J 

which for gas of density 105 cm "3, and temperature 50 K, corresponds to lj ~ 0.2 pc, similar to 

that which is actually observed for the characteristic size scale the fragments in the M17 complex. 

The temperature structure of  the M17 Molecular Cloud 

The CO data can be used to map the temperature structure of the cloud. The excitation temperature 
is determined from the relationship (in this case for the J=l-0 transition); 

hv 1 

{ }} Tex = ~ T R 
In 1 + + 0.82 

r I ( 1-exp(-z)) 

The temperature structure of the M17 cloud shows considerable inhomogeneity. The bulk of the gas 
in the main molecular ridge has an excitation temperature > 30K, and in places approaches 70K. The 
temperature maxima are associated with the fragments lying close to the maser group, where T~x ~ 70K at 
(50, -120) in the velocity range 19-20 km s -1 , and towards the southern CO source originally detected by 
Thronson & Lada 1986, close to (-30, -260). 

We have made a series of cross-cuts across the edge of the cloud, moving perpendicular to the 

ionisation bar, which trace the variation of Tex, x (13CO) and N(H2), as determined from the CO J=3-2 
data. In the centre of the M17 cloud, the excitation temperature is typically 60 -70K. Some of the 
individual cross-cuts resolve the edge of the cloud where the antenna temperature changes by a factor of 
two over a distance o f -  40 arcseconds ( - 0.4 pc). However the scans which cross the cloud edge close to 
the position of the maser sources (where the H2 emission is strongest), do not resolve the edge of the 

cloud, the most rapid variability occurring close to (-40, -110). The peak of the distribution of the 21.tm 
molecular hydrogen line lies exactly positioned at the edge of the CO ridge, where the excitation 
temperature of the gas is changing most rapidly. This strongly suggests that the shock plays a direct role in 
the compression, excitation and heating of the gas along the front face of the molecular cloud. The edge of 
the cloud, seen as the point at which the CO antenna temperature drops to half of the on-cloud temperature 
lies at an average of 25 arcseconds into the molecular cloud from the ionisation ridge. 

Relationship to other objects in the cloud 

Comparing the present observations with the B,t and H 2 emission observed in the near infrared 

(Gatlcy ct ai 1986), we find that the B. r (tracing the distribution of ionized hydrogen) lies well to the east 

of the edge of the M17 molecular cloud, whereas the H 2 peaks lie exactly on the sharp rim of the neutral 
molecular cloud seen in CO. This strongly suggests that the B T traces the distribution of ionised gas that 

has already passed through the shock, the position of which is now shown in the H 2 data. This indicates 
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that the shock is strongly interacting with, and modifying the structure of the face of the cloud. Most of the 
fragmentary structure in the cloud as seen in the lower CO J=l-0 studies lies close to the position of the 
two main H 2 peaks. The region of dense (n(H2) ~ 2 x 106 crn "3) gas lies directly adjacent to the H 2 peak 
along a line to the centre of the neutral cloud core. It is at exactly this position close to the H 2 peak that the 
CO J= 3-2 transition is strongest (as opposed to the J= 1-0 transition, which does not have such high 
excitation requirements, which peaks further in to the neutral cloud core). 

CO Observations ofS88 

The HII region $88 is a low emission-measure nebula, located at a distance of ~ 2.8 kpc. About 
20 arc minutes to the SE of the main nebulosity, are situated two bright optical knots. These have been 
studied at radio wavelengths by Felli & Harten (1981), who show that there is emission from a multi- 
component compact HII region. The radio emission comes from two regions, $88-A, and $88-B. The 
more easterly component, $88-B, has a high electron density and emission measure, and lies behind up to 
40 magnitudes of visual extinction. About 40 arc seconds (equivalent to 0.21 pc) southwest of the radio 

knots, a small region of extended H a emission is seen, having a diameter o f -  50 arc seconds. The neutral 
cloud associated with $88 has been studied in a variety of molecular lines, including OH (Turner 1970), 
CO (Evans et al 1981, Phillips et al 1988), H20 (White 1978, Blair et al 1978), and the ionised gas from 
recombination line studies of Hcc and C176a t (Silvergate & Terzian 1978). From observations of the 

velocity structure found in these molecular line and optical observations, there is evidence for outflow of 
the ionised gas relative to the molecular cloud. 

A tota/of 162 CO J=2-1 spectra were obtained during the present observations. The map of peak TR* 
for the CO J=2-1 data shown in Figure 4. 
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Fig. 4. Peak T~(CO J = 2 - 1) map ofS88. The highestcontour, closeto the(0,0) position, is 63 K, 
andtheindividuallevelsarespacedevery 5K. Thecenterpositionis19644m4~5, +25~ 
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The CO J=2-1 emission shows a horseshoe-like distribution, with the CO temperature peak lying at 
(+10,+10), close to the position of $88B. Towards this peak, the CO line temperature, TR* M 62 K, which 

is - 30 percent hotter than the dust temperature estimated by Evans et al (1981) from far-infrared data 
measured with a 37 arc second beam. The two 'legs' of the horseshoe extend up to 2 arcminutes 
southwards, a secondary peak in the western 'leg' having TR* M 47 K. This latter peak is coincident with 
IRS-5, another apparently embedded and intense near-infrared point source (Evans et al 1981). The CO 
J=2-1 emission wraps around the area showing optical Hot emission, which is coincident with a marked 

depression in the CO contours. The rapid fall off in emission at the boundary between the 'legs' and the 
ionised gas is barely resolved with the present angular resolution. There is good general agreement 

between the positions of the 50 and 100 ~trn continuum peaks shown by Evans et al (1981) and the present 
observations, although the peak of the dust temperature distribution lies about 30 arc seconds S of the 
position where we see the highest CO gas temperatures, and where the J=l-0 13CO line peaks (White & 
Fridlund 1988, unpublished Onsala data). 

The map of integrated CO J = 2-1 emission shows a similar horseshoe-like structure to that seen 
previously, although the integrated emission is more concentrated close to the $88B region, the western 
'leg' of the horseshoe is substantially less prominent. The structure of the region is dominated by the 
horseshoe-like distribution of material. From the individual velocity maps, it appears that the material 
along the bar is fragmented into a number of clumps. The dynamical structure is complicated. The main 
blue-shifted clump of gas lies to the northeast, in the highly obscured part of the cloud close to the radio 
knots. Associated with the optical I-Ict emitting region to the southwest of $88B, one small clump, G, of 

blue-shifted emission is also seen, although this comes from an optically opaque region lying at the edge 
of the Hct region. At all other places in the horseshoe and to the southwest, the gas is predominantly 
redshifted relative to the ionised flow. 

A possible geometry for $88 would be to consider that the source is highly fragmented, with 
some of the clumps moving away from the cloud core, as sketched in Figure 5. 
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Fig. 5. Schemntic diagram of clumps in the $88 region. 
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In this scenario, the fragment D, lies close to the core of the molecular cloud (at the position of the 

13CO peak), fragments B and C are fragments coming towards the Earth, and fragments A, E and F, 
moving away. The existence of clumpy structure such as this can also be seen in the observations of other 
disrupted sources such as L1551 (Rainey et al 1987) and NGC 2024 (White et al inpress). This would 
suggest that clump G be associated not with the main flow containing the other clumps, but that it be 
separately excited at the edge of the H a flow. In this scenario, the I-~ region is a cavity on the front face of 
the cloud, in which inhomogeneities in the local density gradients have resulted in a low density region, 
which allows the optical flow to break out of the edge of the cloud. An interesting test of this model would 

be to map the distribution of the 2 Izm H 2 and Br a lines, which would be expected to trace the relative 

distributions of neutral and ionised gas. 
An alternative, although perhaps less plausible model, is that the horseshoe morphology is due to 

material excited along the periphery of an outflow cavity, inside of which the H a region fits. Although 
there axe embedded sources which may be able to heat clumps D and H, the other clumps do not appear to 
have embedded heat sources. AdditionaI energy, such as that available from photoelecuSc heating or 
shocks could be required to explain the temperature distribution which is seen. Studies of other regions 
(Harris et al 1988) have indicated the presence of significant amounts of warm quiescent material lying 
close to neutral-ionised gas imerfaces, which appear to have gas temperatures significantly in excess of the 
temperature of the majority of the local dust. A discussion of the various heating processes is given by 
Hollenbach (1988). The rather limited available body of data on $88 is insufficient to critically and 
quantitatively allow discrimination between the ahernafive models at the present time. 

The CO J:2-1 and 13CO spectra can be used to form a f'zrst order estimate of the local gas 
density and mass of material it: the ridge. We have used a L~ge VeIoeity Gradient (LVG) r~odeI to 

calculate the ratio of antenna temperatures for the CO J=2-1 and 13CO 1=1-0 lines (White & Fridlund 
1988), assuming that the kinetic temperature of the gas is 60 K, as suggested by the CO observations. 
Further, a value for log(X/(dv/dr)) = -4.3 (Phillips et al 1988) is adopted for $88. We find that the total 
mass of material in the main part of the horseshoe (see the map of integrated CO emission) is - 400 Me, 

and that assuming its depth back into the cloud is similar to the width, the particle density, nil2 - 3.5 x 104 

cm "3. This value is consistent with that derived from our previous CO J=2-1 and 3-2 observations, the 

upper limits set by Evans et al (1981), and similar to that estimated for the electron density (> 2 x 104 cm" 

3) by Felli & Harten (1981). This then confirms that this molecular cloud core in which a high mass star 

has formed, has no evidence for the presence of a high density ( nil 2 > a few x 105 cm "3) region, similar to 

that seen towards many other high mass star forming molecular cloud cores. If this density is uniform 
throughout the core region, then the masses of the individual fragments shown in Figure 5 range from a 
few up to a few hundred solar masses. Rotational motion of the cloud surrounding the core, is sufficiently 
small (the velocity gradient is - 1.4 km s "1 pc "I ), that the material is almost certainly gravitationally bound 
to the core. 
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C i r c u m s t e l l a r  E n v e l o p e s  

It. Habing 
Sterrewacht Leiden 

1. Introduction 

Stars become old when hydrogen burning, their source of energy while on the main 
sequence, becomes less efficient. This constitutes an energy crisis, and the star switches 
to helium burning. All stars swell in this process and radiate now through a much larger 
suface area; consequently they become red. In most stars, namely those of not very large 
mass, helium burning increases the energy output by large factors: the stars become 
giants, red giants. The outer layers of the star are less strongly bound: the stellar mass 
has remained the same, but the stellar radius has often increased by a factor of a hundred 
and the gravitational attraction at the surface thus decreased by a factor of ten thousand! 
Although we do no know the precise reasons, it is no surprise that some red giants lose 
matter, or rather, easily eject matter back into interstellar space. A few stars are so 
good at throwing away outer layers that they are completely hidden in a circumstellar 
envelope of very large size (up to say a third of a parsec) and are detectable only through 
their infrared emission. 

I think it to be historically correct to say that our insight into what happens after the 
red giant phase has come from an interplay of observations and theory; infrared and radio 
observations on the one hand and elaborate computer modelling of stellar interiors on 
the other. Here I will discuss only observations of circumstellar envelopes, a subject that 
started in the sixties with the discovery that red giants, and especially the small fraction 
of long period variables, emit more (sometimes much more) infrared emission than an 
extrapolation of the visual spectrum predicted. This was called the infrared excess. The 
first systematic compilation of such objects is found in the Infrared Catalogue (usually 
referred to as "IRC')  by Neugebauer and Leighton (1969). A great surprise was the 
discovery of maser line emission from some of the stars by Wilson and Barrett in 1968. 
This discovery created an interest that was of very long duration, although it may never 
have been considered very fashionable. A good summing up of what had been achieved at 
the eve of IRAS can be read in the review paper by Kleinmann e~ al. (1981). Then IRAS 
came and produced a catalogue containing tens of thousands of stars with circumstellar 
shells-see Habing (1987) for a duscussion of the content of the IRAS catalog in this 
respect. In combination with the new millimeter and submillimeter telescopes that come 
into operation at about the same time (IRAM, SEST, JCMT), the new reservoir of 
infrared active stars has created a flood of articles, revealing one interesting object after 
another. In this review I will not give details, but will refer to two excellent review 
papers by Oafsson (1988, 1989). Instead I want to summarize briefly a few fundamental 
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reasons why I think that the study of circumstellar envelopes is of importance and why 
it will remain so for a few more years. I will also argue that probably we know by 
now examples of all the important types-although undoubtedly some extreme and very 
interesting individual objects are still waiting to be discovered. 

2. Four Lasting Reasons to Study Circumstellar Envelopes 

The first reason to study stars with circumstellar shells is a very subjective one: they 
are intriguing because so much about them can be learned. A main reason is that they 
are so large: I mentioned already that the largest objects have the size of the better 
part of a parsec (and that often means of the order of an arcminute) and they are not 
optically thick at all wavelengths; thus we axe enticed to study their internal structure. 
Interferometry is certainly one of the technique to lay bare how the envelopes are built 
up; radio interferometry in the OH maser lines is a prime example but there are good 
prospects for interferometry at other wavelengths, e.g., in the infrared, such as is being 
developed these days by Townes and his collaborators. OH interferometry has revealed 
that most (> 95%) of the objects are by and large spherical, but recently several bipolar 
objects have been detected; the best known case is OH 231.8+4.2 (Morris er al., 1987). 
It is thought that the stars develop into planetary nebulae, and those, we know, are often 
not spherical, but bipolar, so when does the change occur? In any case, circumstellar 
envelopes are just ripe for detailed investigations with different, new and developing 
techniques, that by themselves will make these objects important for quite a few years 
to come. 

The second reason has to do with the first. Because the objects are so large (up to 
a few arcminutes), we can measure the structure and thus obtain a good qua-,xtitative 
description of the physical conditions. This then will allow us to use circumstellar en- 
velopes as a laboratory for molecular research, intermediate between a true laboratory 
on Earth and the dense molecular cloud, where the structure is very irregular and will 
always remain poorly known. I would therefore like to make a plea for stars with cir- 
cumstellar envelopes as guinea pigs to test out our laboratory insights before we attack 
interstellar clouds and regions of star formation. Especially the large fraction of circum- 
stellar envelopes with more or less spherical outhnes are geometrically simple, and one 
can hope that it will be possible to give an accurate description of the physical condi- 
tions. For example good spherical models already exist of the distribution of dust, and 
of its temperature, models that are based on the analysis of the overall infrared spec- 
trum. The favourite papers of most authors appear to be those by Rowan-Robinson and 
Harris (1983), but I want to draw your attention also to the nice, deep paper by Bedijn 
(1987)-and not only because he is one of my former graduate students. Do not get the 
impression that from these models we know all that is worth knowing; we are still far 
away from a satisfying description: the dynamics of the gas-dust mixture, the formation 
and the properties of the dust, the presence of inhomogeneity (large blobs ejected by 
the star) and the extent by which external photons, notably UV photons, can penetrate 
inward, all these points need much elucidation. 

The third reason to study circumstellar envelopes is the role they play in stellar and 
galactic evolution. In the basic cycle in w~ch stars form out of the interstellar medium 
and finally return a fraction of their material back into that same interstellar medium, 
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the phase of the circumstellar envelopes is critical. How much matter is returned? Is 
it enriched e.g. by carbon or is it almost equal in composition to what went in? What 
grains are ejected, and how many atoms heavier than helium are locked up in the grains? 
And how does the white dwarf emerge, the hard core of the red giant and the only 
part that will not be destroyed during the late evolution? It is becoming clear that 
models of galactic populations, used e.g. to understand the colours of other galaxies, are 
inadequate without the incorporation of red luminous stars, such as are about to produce 
circumstellar envelopes, and that to calculate the further evolution of such a population 
one needs insight into when and how the circumstellar envelope phase occurs. 

My final argument to support the studies of circumstellar envelopes is my own 
favourite. The stars are in a very luminous phase of their existence and are thus strong 
emitters. The energy they radiate away emerges mainly in the infrared and thus is 
not affected at all (or in a very minor way) by interstellar extinction. For probing the 
conditions in the inner part of the Galaxy, these stars are the only ones available, and 
they are close to ideal. I will admit that Baade found several windows that allow us 
some glimpses into the inner parts of our Galaxy, but I often feel that relying on Baade's 
Windows is like driving your car when the windows are frosted over and you have just 
managed to make a few small areas frost free: too small for save driving, but enough to get 
you started when you are in need of time! To support my opinion I refer to two papers-I 
apologize for blowing my own trumpet, for I was quite involved in both: the discovery 
that OH/IR stars very close to the Galactic Center form a system in fast rotation with 
a large velocity dispersion (Lindquist e~ al., 1988) and the demonstration that one can 
obtain a very well defined synoptic view of our Galaxy, complete with a galactic bulge, by 
selecting stars with strong circumstellar shells (thus selecting intrinsically strong infrared 
emitters) from the IRAS catalogue (Habing et al., 1985). The accurate measurement of 
the radial velocity for many of these stars via the 1612 MHz maser line of OH now enables 
us to get, for the first time, a detailed insight into the dynamics of a flattened elliptical 
system (Dejonghe and te Lintel Hekkert, in preparation). 

3. Do We K n o w  Al l  Types  of  Stars wi th  Circumste l lar  
Envelopes? 

The statement that one knows everything cannot be proven to be right; one can only 
show it to be wrong by turning up examples of an unknown kind. I realize the danger of 
my boast and yet I think that we may well have categorized and recognized alt the major 
types of objects with circumstellar envelopes in the IRAS catalogue. IRAS surveyed the 
sky in four photometric channels centered at 12, 25, 60 and 100 #m. The smallest number 
of point sources were found in the last channel, and most of these appear to be galaxies; 
for stellar purposes the important channels are the first three. Three photometric mea- 
surements invite you to make a colour-colour diagram, and many people have made such 
diagrams (in the margin I notice that it is remarkable in how many ways one can do this; 
although each diagram can be transformed by a linear transformation into any other, 
the number of scales used in the vertical and in the horizontal direction is very large and 
almost always it takes some effort, and quite a few mistakes coupled with frustration, to 
compare the results of one author with the other). Now in making this diagram several 
people have noticed that certain types of objects have preferences for certain areas, van 
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der Veen has checked this point in quite some detail and finds that he can understand 
the full diagram, or rather that he can explain why each area is populated by the objects 
one appears  to find there (van der Veen and Habing, 1988). Admittedly van der Veen's 
explanation is largely qualitative, but it suggests that by and large we understand what 
there is in the IRAS point source catalogue. One has to remain careful. As an example, 
take the location of carbon stars in the ~agram: most of them are found in a well defined 
area, but there are interlopers in areas reserved for other objects. 

Let me finish with a brief summary of one of the most beautiful surprises, the story 
of  which is a true detective story, worthy of old Conan Doyle: the case of the Frosty 
Lion, IRAS 09371+1212. This object at high galactic latitude (in the sign of Leo, hence 
its nickname) is a strong source with very unusual colours. There had been speculation 
that it might be a galaxy, but it was firmly placed inside our own when 1 - 0 CO line 
emission was discovered at a low radial velocity. The major puzzle it posed to authors 
(Forveilie eg al., 1987) was the strength of the 60 #m detections. After some consideration 
they argued that such a spectral shape could not be produced by a continuum spectrum; 
whatever emitted the radiation must contain a strong spectral feature. Hence they 
postulated that we might see here emission from a band at 45 #m from water ice-a band 
long known in the laboratory and only inconclusively detected in the Orion Nebula. First 
evidence supporting the hypothesis came from the detection by several groups of a very 
strong ice band at 3.05 #m; one of the discoverers (Geballe) is reported to have said: I 
never saw such a strong one in my life. And finally in the spring of this year the decisive 
direct observation of the spectral band was made from the Kuiper Airborne Observatory. 
At this meeting Omont is going to show you this spectrum. Returning to my argument: 
IRAS 0937+1212 is an extraordinary example of a star losing matter. In one sense it is 
of a known kind; yet the conditions are so exceptional that it deserves special attention. 
Our insight in the contents of the IRAS point source catalogue may be almost complete, 
but  more surprises like the Frosty Lion will turn up. 
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MOLECULAR LINE SURVEYS 

ARe Hjalmarson 
Onsala Space Observatory, S--439 00 Onsala, Sweden 

In the conference program this review has been placed in between the physics and the chemistry of 

interstellar molecular clouds. My duty must he to answer questions like: "Are molecular line surveys 

at all useful?" and "What new has resulted from this extensive consumption of telescope time?". I do 

hope to convince you that the line surveys have been productive not only in terms of thousands of 

new lines but rather because of the rich harvest of new molecules, much improved molecular 

abundances, new molecular physics and much improved molecular cloud physics. 

IntrOduction. 

Today some 80 molecules have been identified in interstellar/circumstellar clouds (see Table 1), 

mainly via observation of more than 2000 lines in the frequency range 0.7 to 3800 GHz. A few 

asymmetric top rotors contribute with a very large number of lines, e.g. HCOOCH3 (>200), CHBOH 

(>150), (CH3)20(>70), CHBCH2CN(>I00 ) and SO2(>100). Some 100 lines are due to CH3CN. The 

number of U--lines (U = unidentified) tabulated is several 100. To remind ourselves about the richness 

of some molecular spectra it is useful to note that e.g. HCOOCH3 has some 10000 transitions in the 

band 1--600 Gl-Iz. 

Identification of new moleculr 

In Table I molecules discovered accidentally (since their signatures appeared in broad band spectra 

during otherwise aiming observations) or via spectral line surveys have been underlined. About 30% 

of the interstellar molecules have been identified in this way, rather than via dedicated searches at 

laboratory measured frequencies of species selected for one reason or another. The compounds 

discovered in this unbiased way to a large extent are "non--terrestrial" ones. The earliest examples 

were the molecular ions HCO + and N2H +, the isomer HNC, the radical C2H and also the strong SiO 

(v=l, J=2-1) maser f rom a vibrationally excited state - subsequently verified by terrestrial laboratory 

spectroscopy, where the required sensitivity could be achieved only by means of integration at the 

approximately known transition frequency of the interstellar molecular candidate. 

For many of the more recent discoveries due to spectral scans "high resolution (107:1) spectroscopy in 

space" - together with terrestrial spectroscopy - has been cmxial for the identification and 

determination of molecular parameters, e.g., C3H, C4H, CsH, C6H, C3N, C2S, C3S and CH2CN. Here 

the high frequency resolution is achieved by means of the very narrow spectral lines from the 

quiescent dark cloud TMC-1 - our remarkable interstellar carbon chain source. 
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Table 1. INTERSTELLAR MOLECULES 

Simple molecules: 

H 2 CO NH 3 CS 
HCC SiO Sill 4 * SiS 
C 2 HNO ? CH 4 * OCS 
PN S__Q20 H20 H2S 
NaC( * AOC( * KC( * A(F * 

Nitriles, acetylene derivatives, and related molecules: 

HCN HC~3C-CN H3C-C-=C-CN 
H3CCN H(C~C)2-CN H3C--C~C-H 
CCCO H(C~2)a42N H3C-(C~C)2-H 
CCCS H(C~C)4---CN H3C--(C~C)2~N 
HC_=CH * H(C_=C)5-CN H3CNC ? 
H2C=CH2 * 

H3C-CH2-CN 
H2C--CH-CN 
HNC 
HNCO 
HNCS 

Aldehydes, alcoholes, ethers, ketones, amides, and related molecules: 

H2C=O HaCOH HO42H=O H2CNH 
H2C=S H3CCH2OH H~C-O-CH O H3CNH 2 
H3C-CH=O H3_CSH H3C-O--CH3 H2NCN 
NH2~H=O H2C=C=O 
HC2CHO (CH3)2C=O ? 

Ions: 

CH + HCS + H2D+ ? HCNH+ 
HN2 + SO + HOCO+ HOC + ? 
H30 + ? HCO + 

Cyclic molecules: 

C3~H 2 Si~C2 _* c-C3H 

Radices: 

CH ~ CN HCO 
OH C-C31-1 C3_N_N NO 

C_4I-I NS SO 
~H_ C__~S _H~CCN 
C6_H_H HSiC7 or HSC7 * 

* Detected only in envelopes around evolved stars. 
Molecules discovered accidentally or via spectral line surveys are underlined. 
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The identifications of the cyclic molecules C3H2 (abundant in interstellar as well as in circumstellar 

sources) and SiC2 (only detected in circumstellar envelopes) and of the metal halids NaC(, AOC(, KC( 

and A(F (in the IRC+I0216 envelope) are other notable achievements based upon spectral line 

surveys. 

The increasing sensitivity resulting from cryogenic receivers and larger telescopes, access to new 

frequency bands and some focusing on other sources than Sgr B2 and Orion A has kept the detection 

rate of  new molecules at the average level of about 4 per year. In this context it may be appropriate to 

stress that nowadays also dedicated searches for specific molecules (with known frequencies) 

normally require mult i- l ine detection and match-up to expected line patterns to really prove an 

identification. Although this is somewhat similar to a spectral line survey it is also clear that in such 

dedicated searches one is allowed to spend considerably more integration time per frequency band 

than is ever possible in a spectral scan. Therefore the molecular abundance levels reached in searches 

for specific molelcules often are lower than is achievable in line surveys. Here the advantage of a 

broad band survey rather is to allow pattern recognition among remaining U-l ines  - after the 

"cleaning up" of all transitions from already known species. 

Some 30 new molecules have been identified since 1980 - half of them are results from spectral 

scans. Of  these latter species 12 are due to line surveys in the circumstellar envelope of  the carbon 

star IRC+10216 and in the dark cloud TMC-1.  Deep dedicated searches at known transition 

frequencies in T M C - I  also have lead to the discovery of a number of carbon chain species as get 

unique to this source - C30, CH3C3N, CH3C4H, CH3CsN, and HC2CHO. 

Of  the 80 species known today some 55 have been seen in the Sgr B2 molecular cloud complex, 40 in 

the Orion A molecular cloud, 45 in T M C - I  and 35 in IRC+10216. It may be interesting to note that 

T M C - I  contains 14 carbon chain species not (yet) observed in Orion A and Sgr B2. T M C - 1  and 

IRC+I0216 have 24 species in common, 15 of which are carbon chains (CO, and perhaps HCO +, are 

the only common O--species). 

HiJzh frequency ~pectral scan~ - towards the confusion limit 

I will here briefly comment on existing spectral line surveys. Line densities and estimates of 

confusion limits are compiled in Table 2. 

The OSO spectral scan (Johansson et al. 1984, 1985) covered the frequency range 72-91 GHz 

towards Orion A and IRC+10216. The result for Orion A was some 200 lines from 24 already known 

interstellar molecules + Htx, [3, ~, 5 and Hect. About 100 lines were astronomically new transitions. 

The existence in Orion A of HCOOCH3, HNCO, CHzCHCN and H2CCO was proved. The fraction of 

U--lines was below 10%. In IRC+10216 our result was 45 lines from 12 known species, including the 

detection of the In'st (and as yet only) molecule containing the methyl group in this source, CH3CN. 

In addition 14 U-l ines  were reported. We tentatively assigned 4 of the U-l ines  as close doublets of 

the radical C3H - later on verified by a match-up of  many doublets due to this species observed in 
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IRC+I0216 and in T M C - I  ("high resolution spectroscopy in space" resulting in well-resolved 

hyperfme splitting) in combination with laboratory spectroscopy (Thaddeus et al. 1985a, Gottlieb et 

al. 1985). 

The OVRO molecular line survey (215-263 GHz) of Orion A (Sutton et al. 1985, Blake et al. 1986) 

resulted in some 800 lines from 29 known molecules. 80% of the lines were assigned to SO2, CH3OH, 

HCOOCH3, (CH3)20, CH3CN, CH2CHCN, and CH3CH2CN - a result very much relying on 

supporting laboratory spectroscopy. The existence of HCOOH and (probably) CH3CHO in Orion A 

was proved. The remaining number of U-lines is low - only 4%. 

The AT ~ T Bell Laboratories survey of some 60% of the spectrum between 70 and 150 GHz towards 

the Sgr B2 molecular cloud (Cummins et al. 1986) contains some 450 lines from 40 molecules, 

including 30 U--lines (about 7%). The identifications of the new interstellar species CH3SH , HNCS, 

HCS + and HOCO + were results published much earlier, but relying upon the large spectral coverage. 

A number of molecules have so far only been detected in Sgr B2. One reason certainly is that 

compared to Orion A a much larger volume is sampled. For the same telescope and observing 

frequency the area sampled in Sgr B2 is (8.5 kpc/0.5 kpc)2= 250 times larger. This also means that 

large variations of  physical and chemical conditions may be expected. Such source structure has 

indeed been observed by means of  the Nobeyama 45 m telescope and by the VLA (Goldsmith et al. 

1987, Vogel et al. 1987). It appears that a multi-position spectral line survey at sufficiently high 

angular resolution could be very rewarding both in terms of new molecules and for our understanding 

of  cloud chemistry/physics. 

A rather sensitive NRAO line survey of Sgr B2 and Orion A from 7 0 - I  15 GHz has become available 

only very recently (Turner 1988). For Sgr B2 some 800 lines have been catalogued some 20% of 

which are U-lines. The Orion A spectrum contains 900 lines of which 25% are U-lines. Although 

some of the many lines may result from a "more optimistic attitude" it is convincingly clear that this 

line (and U-l ine)  density is much higher that found with the Bell Laboratories 7 m telescope towards 

Sgr B2 and with the Onsala 20 m telescope towards Orion A. In case of Sgr B2 the (11/7)2 - 2.5 

times higher sensitivity to spatially unresolved sources of the NRAO Kitt Peak 11 m telescope could 

contribute. In case of  Orion the higher sensitivity to extend molecular cloud emission of the NRAO 

telescope may be a reason. A comparison of the OSO and NRAO survey results reveals that for 

emissions from compact cloud components the intensities scale roughly as (20/11) 2 - 3. In fact quite a 

few of the OSO HCOOCH3 & (CH3)20 lines are not (clearly) seen in the NRAO scan. This also 

applies to most of  few the OSO U-l ines  (from compact sources?). On the other hand very few of the 

NRAO U-t i t~s  are visible in the OSO spectra and may therefore emanate in the extended ridge 

clouds. A clue in this direction may be that in the OSO data U85339 (now known to be due to C3H2) 

has a factor of  3 lower intensity, while the poinflike emissions are a factor of  3 stronger, compared to 

the NRAO data. 

An NRAO submillimeter survey of  Orion A emission lines in the range 330-360 GHz (Jewell et al. 

1988) appeared while this review was written. Some 180 lines from 19 molecules were detected, 30 of 
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which (17%) were denoted U-lines. Here SO2, CH3OH and CH3CN account for 45% of the lines 

while in the OSO and OVRO scans this fraction is only 20 and 25%. 

The very sensitive IRAM (30 m telescope) spectral scan of the carbon star IRC+10216 still is 

unpublished, although pieces have appeared in papers on identifications of new molecules. A brief 

report (including relevant references) was given at the recent meeting in Kona, Hawaii (Lucas and 

Gu6lin 1988). The survey covers over 90 GI-Iz of frequency space (80-116 GHz, 130-174 GHz and 

also some bands below 80 and around 230 GHz). About 500 lines were detected, most of which for 

the first time. Some 220 arise from new molecules (C~H, C6H, c-C3H, CzS, C3S, Nat( ,  KCf, A(Cf, 

AeF) or new isotopic variants. About 100 U-lines remain. A large number of lines from vibrationally 

excited (known) molecules have appeard, among them 40 from C4H. The average line density is about 

5 per GHz, considerably higher at low frequencies (>10 per GHz, as estimated from published 

spectra) and decreasing with increasing frequency. 

Table 2. Observed line density vs confusion limit 

Observatory Frequency Line a Observed Confusion b) 

range width line density line density 

Source (GHz) (MHz) (per GHz) (per GHz) 

OSO/ORI 72-91 8 11 125 

NRAO/ORI 70-115 20 

OVRO[ORI 215-263 25 17 40 

NRAO/ORI 330-360 40 6 25 

BELL/SGR 72-115 20 10 50 

125-144 8 

NRAO/SGR 70-115 t8 

OSO/IRC 72-91 9 3 110 

IRAM/IRC 80-116 11 >10? 90 

130-174 

a) Estimated mean full line width 

b) 1000/Line width (a) 

From Table 2 it appears that we are already approaching the spectral cortfusion limit in the OVRO 

215-263 GHz survey of Orion A. In fact Sutton et al. (1984) estimate that 40% of the observed broad 

band flux at 1.3 mm is due to line emission. In the NRAO 70-115 GHz survey of Sgr B2 the 

observed line density is only a factor of 3 lower than the confusion limit. In the other surveys 

tabulated there is still spectral space to accomodate a fivefold increase of the line density. 

However, at increasing sensitivity we also may envisage - from our present experience - difficult 

enemies in our hunting for new molecules, which can only be defeated by extensive support from 
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laboratory spectroscopy - isotopic variants and high energy ground, vibrational and torsional states of 

already known molecules, e.g. CHaOH, HCOOCH 3, (CH3)20, CH3CH2CN and CH2CHCN. In this 

spirit some 40 U-lines in the I R  line survey of IRC+10216 recently have been assigned to 

transitions in the lowest bending state (VT) and the overtone state (2v7) of C4H (Guelin et al. 1987, 

Yamamoto et al. 1987a). 

Lower frequency spectral surveys of TMC-1 

The very large AOS (acousto - optical spectrometer) system installed in the Nobeyama 45 meter 

telescope has made possible a spectral scan of the 22-24 GHz and 36-50 GHz bands in TMC-I.  The 

difficulty here is the very narrow width of the molecular lines ( -  0.5 km s-l). A number of strong 

U-lines have been reported (Kaifu et al. 1987). They have all been identified by laboratory 

spectroscopy with transitions from the new carbon chain species C2S and C3S (Saito et al. 1987, 

Yamamoto et al. 1987b) 

A rather high sensitivity survey of the spectral region 18.5 to 21.5 GHz in TMC-1 is performed with 

the NRAO 43 m telescope by Irvine and collaborators. In the region surveyed some 10 new (weak) 

lines were detected in a very narrow interval around 20.12 GHz, while the U-line density was very 

low in surrounding frequency bands. Collaborative efforts at Nobeyama now have lead to the 

detection of another 10 (weak) lines near 40.24 GHz. These lines bunches fit in with other U-lines at 

80.48 and 100.60 GHz observed in TMC-I  and Sgr B2 (h-vine et al. 1988). Laboratory work at 

Nagoya University has lead to the identification of the CH2CN radical (Saito et al. 1988). The 

non-existence of strong U-lines in the surveyed spectral band may seem discouraging, but is 

"compensated" by the appearance of the very strong line U18343 just outside the surveyed region. 

This line was accidently discovered during a search for NI-I2C2H and was subsequently assigned to the 

small hydrocarbon ring C3H2 (Mattbews and Irvine 1985, Thaddeus et al. 1985b). 

Cloud physics and chemistry 

The uniformly calibrated spectra and multi--transition data resulting from spectral line surveys have 

lead to much improved knowledge of molecular abundances, especially so since molecular population 

distributions often can be determined (rather than assumed). Since the population distributions depend 

upon the excitation we also get improved estimates of cloud temperatures and densities. In Orion A 

the rather unique spectral signatures (velocity and linewidth) of the different emission regions 

(ambient cloud, warm clump, hot core, outflow) has allowed analysis of each component separately. 

The chemical selectivity between the physically different Orion A cloud components is very 

pronounced. 

Here some relevant references are Johansson et al. (1984), Cummins et al. (1986), Blake et al. (1987), 
Irvine et al. (1987), and Turner and Ziurys (1988). A comparison of IRC+I0216 abundances with 

interstellar ones is provided by Irvine et al. (1985). 
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Concluding remarks 

It is important to stress that for complex species abundance limits often are not very good although 

intensity limits may seem low. The reason is population partition among many available energy states. 

Since our searches are still limited by sensitivity and not yet by spectral confusion we should 

remember that absence of evidence does not mean evidence of absence. 
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T H E  S T R U C T U R E  A N D  K I N E M A T I C S  OF 
M O L E C U L A R  C L O U D S  F R O M  L A R G E  

S C A L E  M A P P I N G  OF M I L L I M E T E R  L I N E S  

J o h n  Bally, A n t o n y  A. S ta rk ,  and R o b e r t  W.  Wi l son  
AT&T Bell Laboratories, Holmdel, N. J. 07733 

and 
Wil l iam D. Langer  

Princeton University, Princeton, N. J. 

I N T R O D U C T I O N  

We have used the AT~zT Bell Laboratories 7-meter diameter offset Cassegrain ram-wave 
antenna (100" diameter beam size) to map the structure and kinematics of molecular 
clouds in the 12CO and 13CO J = 1 - 0  and CS J = 2 - 1 l i n e s .  By us ingasensl t ive  
SIS receiver ( T s s B  = 60 to 190 K) and a strategy of dedicated observing, we have 
accumulated a data base containing about 300,000 spectra with a typical (rms) noise 
level of order 0.3 K in 0.25 MHz resolution channels. About 85% of this data is in the 
x3CO line, about 10% is in the CS line, and the remaining 5% is in the 12CO llne. The 
largest data cubes are images of the Orion B molecular cloud (80,000 13CO [Fig. 1] and 
15,000 CS spectra), a 3' grid of the Galactic Plane from ~ = 5 ~ to 116 ~ (Stark et al. 1987) 
containing about 80,000 13CO and 10,000 12CO spectra, the Orion A cloud (33,000 13CO; 
4,000 lzCO; 4,000 CS spectra; Bally et al. 1987a), the NGC 1333 region (33,000 13CO 
and 5,000 CS spectra), Mon R2 (30,000 13CO spectra) and the Galactic Center region 
(15,000 CS and 10,000 13CO spectra; Baily et aI. 1987b, 1988). A variety of smaller 
regions, including $255, LkHa 208, the Pleiades, L723, ON-I, M16, and others have 
been mapped. This data represents work utilizing about 70% of the available observing 
time on the 7-meter antenna during the last five years. 

Since the spectra contain more than 64 independent velocity channels of information, 
the cubes with over 15,000 spectra have over 1 million pixels of data. The analysis and 
visualization of such large amounts of three-dimensional data present a major challenge. 
The conventional contour map cannot display all the available information, and the data 
are best shown as images in which color is used to represent the velocity structure. 
These images can be used to analyze the structure and kinematics of molecular clouds, 
to investigate the relationship between the gas, dust, and the stellar objects associated 
with the clouds, and to look for systematic behavior in the cloud properties as a function 
of cloud environment. These studies were undertaken with the hope that eventually they 
will lead to a better understanding of cloud formation, evolution, and destruction, of 
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Fig.  I .  A 13CO (1 - 0) image showing the Orion B molecular cloud from VLSR = 7 to 9 km s -~.  
The NGC2024, NGC2023, and Horsehead Nebula regions are at the lower right, while NGC2068 and 
NGC2071 are at the upper  left. About  77,000 frequency-switched spectra,  obtained on a I '  grid, were 
used to construct  this image. Note the "tongue" of gas extending east from the region between NGC2023 
and NGC2024 and the  one degree diameter  l imb-brightened bubble to the south-east of NGC2068. 
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the star formation process, and finally, a better understandir~g of how to use molecular 
studies to probe the evolution and structure of the Galaxy. 

In this discussion, we present only an overview of the main results and defer detailed 
discussion until the maps are published in detail elsewhere. The three main points we 
wish to make are: (1) Molecular clouds consist mainly of filaments, sheets, bubbles, and 
cavities, suggesting that shock waves play an important role in controlling the cloud 
dynamics and morphology. (2) In one cloud, (Orion A) where multi-transition studies 
have been made, the 13CO lines appear to be optically thick. (3) The molecular clouds 
lying within the inner 1 kpc region of our Galaxy containing the Galactic Center are very 
different from the clouds lying in the disk of the Galaxy. 

FILAMENTS,  SHEETS, BUBBLES, AND CAVITIES 

The a3CO isotopic variant of carbon monoxide is about 90 times less abundant than 
the common 12CO species. We expected that the opacity of the 13CO lines would be 
relatively low, allowing observation of emission from most of the radiating volume of 
a molecular cloud. To the extent that the excitation temperature of 13CO is constant 
throughout a cloud and that the (1 - 0) line is optically thin, our images are a measure 
of column density of hydrogen having a volume density above about 1,000 cm -3. 

The images provide an approximate view of the internal structure and velocity field of 
molecular clouds. A striking feature is the high degree of filamentation and the presence 
of cavities and bubbles. Molecular clouds do not have a "relaxed" structure which might 
be expected of an object whose components have survived many dynamic time-scales 
(cloud crossing times). Clouds can not be modeled as a "gas" consisting of individual 
particles, in this case cloud cores, whose motion is responding to the overall gravitational 
potential of the entire cloud. 

The bubbles and filaments cover a large range of size scales, from the resolution limit 
(0.2 pc in Orion) to sizes comparable to the extent of the clouds themselves (about 30 pc). 
Some of the filaments are 50 to 100 times as long as they are wide, are very straight, and 
probably have a string-like topology. Other structures are curved and may be sheets of 
matter which appear filamentary due to the effects of limb brightening. This topology can 
be easily generated by shock waves propagating through the cloud; the existence of sheets 
is an indication that shocks play a dominant role in the dynamics of molecular clouds 
and determine the cloud morphology. The most likely source of shocks are the stars 
which axe born from the molecular clouds themselves. On a small scale, the energetic 
outflows frequently found to be associated with star-formation (e.g., Armstrong 1988) 
may energize the bubbles and cavities and may disrupt individual star-forming cloud 
cores. On larger scales, ionization, interaction with main-sequence stellar winds, and 
the eventual demise of massive stars in supernova explosions can supply enough kinetic 
energy to modify cloud structure. 

A third process that may be important is the dynamical effect of the heating pro- 
duced by non-ionizing UV radiation in the surface layers of clouds. Stars of spectral 
type between B3 and late A radiate copious amounts of energy at longer UV wave- 
lengths which heat gas in dissociation regions to hundreds or even thousands of degrees 
by photo-electrons ejected from dust grains and by molecular dissociation heating. The 
thermal expansion of gas away from the cloud boundary layer effectively converts the 
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energy in the radiation -field to kinetic energy of motion. The 10 pc scale bubbles in 
Orion, and the large scale bubble seen in the IRAS images of the region surrounding the 
Pleiades star cluster, may have their origins in this mechanism since there are no known 
stars capable of producing winds or ionization and none of the properties of supernova 
remnants are observed. 

In the Orion region, most of the non-sheet-like filaments, as well as the cometary 
shape of the Orion A cloud, are aimed towards the center of the Ori I OB association. 
This 2 x 107 year old group is located near the center of the Orion super-bubble, whose 
eastern edge coincides with Barnard's Loop. The large scale distribution, morphology, 
and kinematics suggest that the molecular gas in Orion may have been extensively shaped 
by the interaction with the super-bubble. This interaction may be responsible for the 
compression of the northern part of the Orion A cloud and the western edge of the Orion 
B cloud, which are now experiencing OB star formation. 

The main Orion A filaments are aligned with the major axes of about a dozen optical 
outflows identified in this region by Reipurth (1988). Uchida (private communication) has 
suggested that magnetic fields may be responsible for both the existence and support of 
the filaments and for the co-alignment of outflows produced by stars forming out of cores 
condensing from the filaments. In this model, the filaments are cylindrical tubes of gas 
containing an axial magnetic field whose strength is sufficient to control the gravitational 
collapse. 

1 3 C O  I S  O P T I C A L L Y  T H I C K  O V E R  9 5 %  O F  T H E  S U R F A C E  

O F  T H E  O R I O N  A C L O U D  

A poster by Castets et al. at this meeting illustrates a surprising result of a four-transition 
study of the Orion A cloud: the 13CO lines are opeically thick over most of the cloud area. 
This conclusion comes from the observation that at most positions (a notable exception is 
the Orion A core near the BN-KL region), the 13CO J = 2 - 1  line profiles and intensities 
are identical to the J -- 1 - 0  llne profiles and intensities. Nevertheless, the 12C0 lines are 
typically three times stronger than the 13CO lines; this is the observation that has lead to 
the "standard" picture in which the 13C0 lines are optically thin under the assumption 
that the excitation temperatures of 12C0 and 13C0 axe equal and uniform throughout 
the cloud. 

One possible explanation of our observations is that the 13 CO lines are subthermally 
excited. Our CS J = 2 - 1 observations, however, indicate that the gas in most of the 
region studied has sufficient density to thermalize the 13C0 lines. This leaves two alter- 
natives: either the excitation temperature at the depth into the cloud where v( 1~ CO) -- 1 
is about three times lower than the excitation temperature where r(12CO) -- 1, or the 
beam filling factor of the 13CO-emitting region is much less than that of the 12CO- 
emitting region. The first alternative is reasonable for externally heated clouds. Since 
the interstellar UV radiation penetrates about as far as r(12CO) = 1 (for a line width 
of 3 to 5 km s -1 at 30 K), the 17CO lines are formed in the warm outer parts of the 
cloud, while the taCO lines, which penetrate deeper into a typical cloud probe a zone 
having a much lower gas temperature. The observation that 13CO is thick implies that 
the "standard" picture of the excitation conditions in CO-emitting gas must be revised, 
with potentially important implications for the interpretation of all CO data. 
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G A L A C T I C  C E N T E R  C L O U D S  A R E  D I F F E R E N T  

Extensive CS and 13CO mapping of the inner 10 degrees of the Galaxy (Bally et aL 1987b 
and 1988) have shown that the molecular clouds in this region of the sky differ from those 
in the Galactic disk. The clouds are found to be much denser in the inner Galaxy since 
J = 2 - 1 CS emission is much brighter and more widespread than anywhere else in the 
Galaxy. In addition, the clouds have intrinsic linewidths of around 20 to 40 km s -1 , about 
an order of magnitude larger than for typical clouds near the Sun. These two properties 
may be a consequence of the strong shear produced by the differential rotation of the 
Galaxy (Stark et al. 1988; see Gusten 1988). For a cloud to remain gravitationally bound 
against the Galactic shear, it must be much denser than a typical cloud near the Sun. 
In order for such a cloud not to collapse rapidly under its own self gravity, it must be 
in rough virial equilibrium, which for the high mean densities implies a large linewidth. 
What supports these clouds against collapse? A milligauss magnetic field would do; 
such a field has been inferred-in this region from observations of the non-thermal radio 
filaments seen in this part of the sky. 

The overall distribution of the molecular gas is very asymmetric in both Galactic 
longitude and in velocity. The only other known population of objects having this dis- 
tribution in the sky are the radio filaments, which suggests that the filaments and the 
molecular cloud populations may be closely coupled in some way. The so called "arched 
filaments," located north of Sgr A, exhibit radio recombination line emission at the same 
velocity as the -30  km s -1 molecular cloud. Further evidence for a close association 
between a particular filament and a particular cloud is given in Bally and Yusef-Zadeh 
(1989). The distribution of the clouds on the sky and in velocity, when combined with the 
presence of large "forbidden" velocities not permitted by purely circular motion about 
the center, suggests that much of the molecular gas may be located in a pair of dust 
lanes, similar in nature to the dust lanes associated with the nuclear regions of galaxies 
with a stellar bar. The dust lane model can explain both the asymmetric distribution 
of the gas in velocity and the presence of forbidden velocities, since in such a lane, most 
of the individual particles (molecular clouds) move about the center on elongated orbits. 
A consequence of this scenario is that in the inner 500 pc to 1 kpc region of our Galaxy, 
the stellar distribution may be tri-axial. This possibility provides the most natural and 
compelling explanation of the gas properties and can be eventually tested by detailed 
studies of the stellar distribution and dynamics of the inner Galactic bulge. 
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THE POPULATION AND DISTRIBUTION OF MASSIVE STARS EMBEDDED IN GALACTIC 
MOLECULAR CLOUDS 

Ed Churchwell I), D.O.S. Wood 2) 

I) Univ. of Wisconsin, currently MPIfR, Bonn, F.R.G. 
2) Univ. of Wisconsin, currently Center for Astrophysics, Boston, U.S.A. 

1. Summary 

We d e s c r i b e  a n e w  t e c h n i q u e  to  s e l e c t  a n d  c o u n t  t h e  n u m b e r  o f  O s t a r s  in  t h e  

G a l a x y  t h a t  a r e  s t i l l  e m b e d d e d  in  t h e i r  n a t a l  m o l e c u l a r  c l o u d s .  T h e  s a m p l e  o f  

u l t r a c o m p a c t  HII r e g i o n s  m a p p e d  by  Wood a n d  C h u r c h w e l l  (1989)  a r e  u s e d  to  c a l i b r a t e  

t h e  FIR c o l o r s  o f  e m b e d d e d  O s t a r s  a n d  to s h o w  t h a t  t h e y  a r e  t h e  o n l y  g a l a c t i c  

o b j e c t s  w i t h  t h e s e  c o l o r s  t h a t  c a n  be  d e t e c t e d  w i t h  IRAS t h r o u g h o u t  t h e  e n t i r e  g a l a x y .  

We e s t i m a t e  t h a t  t h e  p r e s e n t  n u m b e r  o f  e m b e d d e d  O s t a r s  (or  O s t a r  c l u s t e r s )  in  t h e  

G a l a x y  i s  in  t h e  r a n g e  1650  to  3300;  a n d  t h e  f r a c t i o n  o f  e m b e d d e d  O s t a r s  i s  ~0.1 b u t  

<0.2 o f  a l l  O s t a r s .  T h e  c u r r e n t  r a t e  o f  m a s s i v e  s t a r  f o r m a t i o n  in  t h e  g a l a c t i c  d i s k  i s  

e s t i m a t e d  to  be  Z 3 x l 0  - ~  0 s t a r s / y r .  

2. Introduction 

Ultracompact (UC) HII regions are formed by O and early B stars that are still 

embedded in their natal molecular cloud. All UC HII regions have 100~m flux densities 

I0S-104 times greater than that of the maximum radio continuum (see Wood and 

Churchwell 1989, hereafter WC) and they are point sources for IRAS. This implies that 

the stellar luminosity is converted to far infrared (FIR) radiation close to the star, 

which requires that the star be embedded in a dense, dusty medium. They also display 

sharp ionization fronts in radio continuum images which implies a dense, neutral, 

confining medium. 

UC HII regions, therefore, represent recently formed O and early B stars that are still 

embedded in their natal molecular cloud. If one could count all of them, it would 

provide a direct estimate of the present rate of massive star formation In the Galaxy 

as well as an estimate of their contribution to the global energetics of the galaxy. 

Here, we describe a technique to select and count embedded O stars. 

3. Selection Criteria 

The spectra shown in WC illustrate that the IR flux distributions of UC HII regions 

are very similar from one object to another independent of the morphologies of the 

ionized gas. This implies that the FIR colors of UC HII regions (i.e. embedded 0 and B 

stars) should be confined to small areas in FIR color-color plots. To test this 

hypothesis, we have plotted the FIR colors of those UC HII regions mapped by WC that 

have measured FIR flux densities at all four bands in the IRAS Point Source Catalog 

(PSC). Not only are they tightly confined in FIR color-color plots, but, more 

importantly, few other types of objects share the same FIR colors. This is illustrated 
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in Figures I and 2 where the FIR colors of the known UC HII regions mapped by WC 

(solid dots) are compared with those of sources in the PSC lying in a narrow strip 

from RA=13h00 m to 13h10 m over all declinations (crosses, 527 objects) and those in a 

2"x2" box centered on the Galactic plane at longitude 40" (open squares, 209 

sources). 
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In both figures, it is obvious that very few of the randomly selected objects lie in the 

same region as the sample of known UC HII regions. The largest differences between 

the sample of known UC HII regions and the randomly selected samples occur for flux 

density ratios at wavelengths 60/12 and 25/12/Jm. 

Guided by these results, we have searched the entire PSC for all sources with the 

same FIR colors as the known sample of UC HII regions. The search criteria were: 

F(60)/F(12)a19.91, F(25)/F(12)~8.70, flux quality at 25 and 60#m~2 (i.e. no upper limits 

at these wavelengths allowed), and objects found in catalogs of stars and galaxies 

were not included. These criteria select objects with FIR colors lying to the right of 

the vertical dashed line and above the horizontal dashed line in Figure 2. An upper 

limit at 12~m can only shift a point further to the upper right (i.e. to redder colors). 

The final number of objects selected using this two color criterion is probably 

incomplete because: I) some of the sources rejected for having an upper limit at 60#m 

or 25~m might have appropriate colors; 2) the PSC is incomplete for the most distant 

early B stars a t  12#m and to a lesser extent at 25#m; and, 8) heavily confused 

portions of the Galactic plane are not included in the PSC. Based on the number of 

sources found when we relaxed our upper limit rejection criteria and by the fact that 

even in the Galactic plane, the PSC is probably 86% complete for sources with flux 

densities ~10Jy (IRAS Explanatory Supplement, p. VIII-10), it is doubtful that the 

actual number of embedded OB stars is underestimated by more than a factoe of two. 

The FIR colors of some embedded low-mass stars are similar to those of embedded 

massive stars, but they have much lower luminosities and can only be detected by 

IRAS out to fairly small distances from the Sun. We, therefore, believe that our sample 

of FIR color selected sources are dominated by embedded O and early B stars, although 

there is some contamination by a small number of nearby, embedded, low mass stars. 

4. The Sample 

A total of 1708 objects 

criteria. 
' ~ ' I ' I ' I ' I 

= 

, I , i i I L [ , [ 
Iz4 ILs I~ 13 |3~ 134 

Log v (Hz) 

(-0.7% of the entries in the PSC) satisfy the above 

Fig.3 The FIR flux density distribution (median 
flux density in each IRAS band) of the IRAS 
sources known to contain UC HII regions is 
compared with that for embedded OB star 
candidates selected by FIR colors. The solid dots 
are for the UC HII region mapped by WC. The 
solid squares are for the FIR color selected 
embedded OB star candidates. 
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In F igure  3, we p lo t  t h e  med i an  f lux  d e n s i t y  in each  of t h e  IRAS b a n d s  for t h e  color 

s e l e c t e d  sample  of embedded  m a s s i v e  s t a r  c a n d i d a t e s  (f i l led s q u a r e s )  a nd  for t he  

known UC EIII r eg ions  mapped  wi th  t h e  VLA (fi l led c i rc les) .  Th i s  f i gu re  d e m o n s t r a t e s  

two I m p o r t a n t  po in t s :  1) t he  two color c r i t e r i a  h a v e  s u c c e s s f u l l y  I de n t i f i e d  s o u r c e s  

wi th  s p e c t r a  s i m i l a r  to t h o s e  a s s o c i a t e d  wi th  known UC HII reg ions ;  and ,  2) t h e  color 

s e l e c t e d  c a n d i d a t e s  h a v e  tR f l u x e s  t h a t  a re  a b o u t  a n  o rder  of  m a g n i t u d e  l e s s  t h a n  

t h o s e  of t h e  rad io  sample  of UC HII r eg ions .  The  PSC is  more s e n s i t i v e  t h a n  t h e  VLA 

s u r v e y  of WC which  was b i a sed  toward  more luminous  objects .  

4.1 Galactic Dis tr ibut ion  

The d i s t r i b u t i o n  in  ga l ac t i c  c o o r d i n a t e s  of  t he  color s e l e c t e d  sample  of embedded  O 

s t a r  c a n d i d a t e s  is  shown  in F igure  4. As expec ted ,  t he  s o u r c e s  a re  t i g h t l y  con f ined  to 

t h e  Galac t ic  p l a n e  and  are  found  p r imar i l y  in t he  f i r s t  and  f o u r t h  q u a d r a n t s .  
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Fig.4 The galact ic  d is t r ibut ion  o f  the 1708 embedded OB s t a r  candidates  se lec ted  by 
color from the PSC. 

A h i s t o g r a m  of t h e  d i s t r i b u t i o n  wi th  ga l ac t i c  l a t i t u d e  is  p lo t t e d  in F igure  5. 

The d i s t r i b u t i o n  is  c e n t e r e d  a t  l a t i t u d e  0 ~ to w i th in  a s ing le  bin  ( l ess  t h a n  0.2 ~ and  

i t  f a l l s  off  e x p o n e n t i a l l y  away  from t h e  p l a ne  wi th  an  a n g u l a r  s c a l e  h e i g h t  of 

0.6~177 ~ ( the  d a s h e d  c u r v e  in Fig.5).  At  a d i s t a n c e  of 8.5kpc,  t h i s  a n g u l a r  s c a l e  

h e i g h t  c o r r e s p o n d s  to a z d i s t a n c e  of ~90pc, in  good a g r e e m e n t  wi th  t h e  s c a l e  h e i g h t s  

of OS s t a r s  and  m o l e c u l a r  c louds .  

The d i s t r i b u t i o n  of s o u r c e s  shown in Fig.4 is  v e r y  s imi l a r  to t h a t  of  t he  mo lecu la r  

c louds  mapped by Dame e t a l .  (1987). E s s e n t i a l l y  e v e r y  major mo le c u l a r  c loud complex 
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i d e n t i f i e d  in t h e i r  composi te  ga l ac t i c  p l ane  map is a lso i d e n t i f i a b l e  in Fig.4.  

100 Fig.5 A h i s togram o f  the  ga lac t i c  
l a t i t u d e s  o f  the  embedded  OB s t a r  
candidates .  The dashe d  Hne is  the  

75 function ll2el bl /o.6 ". 
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This  i l l u s t r a t e s  t h a t  t h e  s e l e c t e d  ob jec t s  a re  bo th  a ga l a c t i c  p l ane  p o p u l a t i o n  and  

a s s o c i a t e d  wi th  mo lecu la r  c louds ,  a s  expec t ed .  Both the  gaps  and  t he  c o n c e n t r a t i o n s  of 

t h e  CO em i s s io n  in t he  ga l ac t i c  p l ane  a lso  a p p e a r  as  gaps  and  c o n c e n t r a t i o n s  in Fig.4. 

The  LMC and  SMC ( 1 , b ~ 2 8 0 " , - 3 5  * and  =300 ~ - 4 5 * )  are a lso  a p p a r e n t  in Fig.4. We f ind  

58 objec ts  in t h e  LMC and  13 in t he  SMC; e xc lud ing  t h e s e ,  t he  h igh  g a l a c t i c  l a t i t u d e  

s o u r c e s  ( Ib l>15" )  c o n s t i t u t e  a v e r y  smal l  f r a c t i o n  of the  t o t a l  sample .  The re  are  only  

18 objec ts  wi th  b>15" and 37 wi th  b<-15*  (i.e. -3% of t he  s o u r c e s  a s s o c i a t e d  wi th  t h e  

ga l ac t i c  p lane .  

4.2 The Fraction of Massive Stars Embedded in Molecular Clouds 

We can roughly estimate the fraction of 0 stars that are still embedded in their 

n a t a l  m o lecu l a r  c louds  by compar ing  t h e  n u m b e r  of v i s ib le  O s t a r s  in  t h e  so l a r  

ne ighboorhood  wi th  t he  color s e l e c t e d  sample  i f  we a s s u m e  t h a t :  1) mos t  of  t he  OB 

s t a r  c a n d i d a t e s  a re  O s t a r s  b e c a u s e  t he  IRAS sample  is s e n s i t i v i t y  l imited;  2) t h e y  are  

un i fo rmly  d i s t r i b u t e d  over  t h e  ga lac t i c  disk;  and,  3) t h e  disk h a s  a r a d i u s  of  15kpc. 

Monte Carlo s i m u l a t i o n s  were c a l c u l a t e d  for  s e v e r a l  poss ib l e  d i s t r i b u t i o n s  of  I640  

so u rce s  and  compared  wi th  t he  o b s e r v e d  d i s t r i b u t i o n  in t h e  (1,b) p lane ;  a un i fo rm 

d i s t r i b u t i o n  in t h e  ga l ac t i c  p l ane  wi th  a v e r t i c a l  sca le  h e i g h t  o f - 1 0 0 p c  p roduced  t he  

b e s t  r e s u l t s  of  a n y  of t he  models  t e s t e d .  According  to Conti  e t  al. (1983),  t h e r e  are  

436 O s t a r s  w i th in  2.5kpc of t h e  Sun t h a t  a re  not  embedded in or h i d d e n  beh ind  

molecu la r  c louds .  We f ind  a b o u t  1640 embedded  OB s t a r  c a n d i d a t e s  in t he  Ga laxy  from 

th e  IRAS color s e i e c t e d  sample  ( exc lud ing  t h o s e  in the  SMC and  LMC). Under  t h e  above  

a s s u m p t i o n s ,  one would e x p e c t  to f ind  a b o u t  45 O s t a r s  embedded  In m o l e c u l a r  c louds  

(and u n c o u n t e d  by Conti  e t  al .)  w i th in  2 .5kpc of the  Sun. Thus ,  w i th in  2.Skpc of the  

Sun, abou t  10% of  all  O s t a r s  are  embedded  in molecu la r  c louds.  Due to t h e  probable  

i n c o m p l e t e n e s s  of  our  sample ,  t h i s  f r a c t i o n  could  be as  h igh  as  20% b u t  p roba b ly  no t  

h igher .  This  impl ie s  t h a t  an  O s t a r  t y p i c a l l y  s p e n d s  be tween  10 and  20% of  i t s  ma in  

s e q u e n c e  l i f e t ime  embedded in i t s  n a t a l  mo lecu la r  cloud; we will a s s u m e  15% in t he  

following. 
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4 .3  T h e  C u r r e n t  R a t e  o f  0 S t a r  F o r m a t i o n  

The  r a t e  of  0 s t a r  f o r m a t i o n  in t h e  g a l a c t i c  d i sk  can  be e s t i m a t e d  f rom t h e  r a t i o  

of  t h e  t o t a l  n u m b e r  of  0 s t a r s  in t h e  d i sk  to t h e  a v e r a g e  t ime t h e y  s p e n d  embedde d  

in t h e i r  n a t a l  m o l e c u l a r  c loud.  Since t h e  main  s e q u e n c e  l i f e t ime  d e p e n d s  on  s p e c t r a l  

t ype ,  we m u s t  e s t i m a t e  t h e  t y p i c a l  s p e c t r a l  t y p e  of  t h e  s t a r s  in ou r  s amp le ,  u s i n g  t h e  

WC samp le  a s  a gu ide ,  t h e  a v e r a g e  l u m i n o s i t y  is  e q u i v a l e n t  to a s i ng l e  05 ZAMS s t a r ,  

h o w e v e r ,  i f  t h e  l u m i n o s i t y  is p r o d u c e d  by  a c l u s t e r  of  s t a r s ,  t h e n  t h e  m o s t  m a s s i v e  

s t a r  would  be a b o u t  an  07.5 ZAMS s t a r  (Miller and  Scalo 1979). A d o p t i n g  t h e  c l u s t e r  

model,  we f ind  a c u r r e n t  0 s t a r  f o r m a t i o n  r a t e  >3x10 -3  0 s t a r s / y e a r .  I f  a n  05 ZAMS 

s t a r  were  used ,  t h e  r a t e  would  be ~ 7 x l 0  - 3  0 s t a r s / y r .  These  a re  lower  l im i t s  b e c a u s e  

ou r  s amp le  is  i n c o m p l e t e ,  p e r h a p s  by  a s  m u c h  as  a f a c t o r  of  two. 

A t y p i c a l  c l u s t e r  of  s t a r s  w i th  a Mi l l e r -Sca lo  i n i t a l  m a s s  f u n c t i o n  a n d  an  u p p e r  

m a s s  o f  25M 8 (07.5  ZAMS) will  h a v e  - 6 0  s t a r s  and  a t o t a l  of  ~37 s t a r s  w i t h  m a s s  

>SM O. A s s u m i n g  t h a t  al l  s t a r s  >8M 0 e v e n t u a l l y  exp lode  as  s u p e r n o v a e ,  and  t a k i n g  in to  

a c c o u n t  t h e  d i f f e r e n t  l i f e t i m e s  of  t h e  s t a r s  in t h e  c l u s t e r ,  t h e  e x p e c t e d  s u p e r n o v a e  

r a t e  would  be a b o u t  one e v e r y  25yr .  
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Magnetic Fields in In~erstellar Water Masers 

D. Ficblg and R. Gfisten 

Summary  

We report the first detection of Zeeman splitting in the (616 --523) rotational transition of interstcl- 
lax H20 masers. The measurements of Stokes parameter V and I spectra (circular polarization) 
have been performed at the MPIfR 100-m telescope. Depending on the hyperfine transition that is 
actually masing, we derive typical magnetic field strengths of BII,,-40 mG (F:7-6) and ~ 60 mG 
(F=6-5). The relation between magnetic field strength and gas density is discussed. 

Introduction 

Interstellar magnetic fields have been searched for by various techniques. In order to derive the 
strength of the magnetic field, only via the Zeeman splitting of atomic (HI) and molecular (OH, 
SiO) lines the field strength in higher density neutral gas phases can be derived directly (though 
often only the field component along the llne of sight is inferred). 

Magnetic field measurements in the diffuse interstellar phase (n < 100 cm -3) revealed field 
strengths of the order of some/~G (e.g. Troland and Heiles 1982). Recent observations of dark 
clouds (n~ 10 s cm -3) detected fields of some 10 #G (Goodman et al., 1988, this conference) and 
measurements of dense cloud cores (n~ 10 s cm -3) yielded upper l~m]ts of < 70/~G (Fiebig and 
Gfisten, 1988b). The highest magnetic field strengths reported so far, which are on the order of 
some mG (e.g. Gaume and Mutel, Z987), have been found in OH maser re~dous (n ~ 107-s cm-3). 

Provided a correlation between the magnetic field strength and the 10cal gas density holds, 
field strengths on the order of some 10 mG are expected in the high density H20 maser clumps 
(n ,,, 109-11 cm-3). However, the Zeeman llne splitting of the non-paramagnetic H20 molecule is 
extremely small (a few 10 Hz at most) and no successful H20 Zceman experiment has been re- 
ported up to now. 

Theoretical Background 

Maser emission arises from one (or several) of the six hyperfme components of the H20 (616 - 523) 
rotational transition (Fig. la). For the non-paramagnetic H20 molecule, the Zeeman splitting of 
the energy hyperfine levels is mainly due to the interaction of the molecule's nuclear magnetic 
moment with the external magnetic field (B) and hence is weaker by ~103 than that for radicals 
like OH or CCS. In the weak field limit, the splitting energy is given by (Gordy and Cook, 1970): 

with 

AEZ = --(aygj + aIgI)I.ZNMFB 

~(J + I) + F(E + 1) - I(I + 1) 
a: = 2F(F + 1) 

F(F + I) + I(I + I) - J(J + I) 

az = 2F(F + I) 

(i) 

(2) 

(s) 

I(=1) is the nuclear spin, ~N the nuclear magneton and MF the magnetic quantum number; 
g~ ----- 5.585 and the g j  factors g6 = 0.6565 and g5 = 0.6959 are f rom Kulcol ich (1969). For magnet ic  
field strengths of the order of 100 mG, the application of the weak field |~m~t is justified, because 
the Zeeman splitting energy AEz (~ 10-24erg) is small compared to the hyperfme interaction 
energy (~ 10 -21 erg). 
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Due to the selection rules for allowed dipole transitions (AF = O,:l:l ; AMF = O,-4-1) each hy- 
perfine line is split into three groups of lines, each having definite polarization characteristics. 
For a typical maser line (AvL ,,~ 0 .Skms  -~ ~37kHs)  the observed right(llHC)- and left(LHC)- 
handed circularly polarized spectra, corresponding to the cr ~- llne components, will therefore be 
only slightly shifted against each other, Avz ~,, 10-3...10 -4 AVL. 

The difference spectrum TB(LHC)-TB(EHC), which is a Stokes parameter V spectrum, will 
show up as a sine shaped residue, representing the first derivative of the total power spectrum 
(Stokes parameter I). The peak temperature of the V spectrum TB(V) is a sensitive measure o f  the 
magnetic field strength. In order to quantify this dependence we constructed synthetic V spectra 
by convolvlng the basic Zeeman pattern of Fig. l b  with Gaussian profiles os different half power 
widths. The results of these calculations are shown in Fig. 2. The field direction is assumed to be 
parallel to the line of sight. 
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Fig. 2 Peak Amplitude of normalized V spec- 
tra (Te(V)/TB(I)), versus magnetic field strength 
B = BII , for different maser line widths. For reference, 
results for other major hyperfines (Av = 0.5 kms -1) 
are given. 

I n s t r u m e n t a t i o n  and Observa t ions  

The observations were carried out with the M P I ~  100-m-telescope. Its beam width was 41" 
at 22.235 GHz. The K-band receiver was equipped with a stepping septum polarizer to allow 
for circular polarization measurements (Davis et al., 1967; Chen and Tsandoulas, 1973). Careful 
alignment of the feed horn to the optical axis of the telescope reduced beam squint to ~ 1". Be- 
cause of the properties of the polarizer it was not possible to measure also the Stokes parameters 
Q and U. However, in order to ver~y the purity of the incoming radiation, the receiver box was 
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rotated in steps of 90 ~ during subsequent measurements. Spurious, linearly polarized signals in 
the V spectra showed up by reversing the typical V spectrum profile. 

Results 

We surveyed  34 galact ic  in te rs te l la r  H20  masers  a n d  selected those 10 sources t h a t  revealed s t rong 
( >  200 Jy )  a n d  n a r r o w  ( <  i kms -1) l ine emiss ion wi th  least possible b lend ing  b e t w een  ad jacen t  ve- 
loci ty  components. Fig. 3 shows the I and V spectra for W3(2), Orion-KL and $140; the derived 
magne t i c  ileld s t r eng ths  are - 4 3  m G ,  - 3 8  m G  an d  +1 7  raG,  respectively.  

Due to the  wlde velocity coverage a n d  h igh  l , m l n o s i t y  of the  W49N masers ,  good qual i ty  V 
spectra for in total 9 individual velocity features were obtained for this source (4 upper 1~rnlts). 
Fig. 4 shows the full I s p e c t r u m  of W49N and the field strengths derived for the velocity s 
indicated. 

Note, that the numbers quoted depend on the choice of the hyperfme component assumed to 
be masing. All results mentioned refer to the F=7-6 transition. 
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Fig. 3 Total power (I) and difference (V) spectra of three maser sources. Fits of synthetic V spectra to the main 
(Gaussian) velocity component are superimposed. 
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Discussion 

The relation between magnetic i~eld strength and gas density for dii~erent types of interstellar 
sources as found by observations is s-mmarized in Fig. 5. At f~st glance thi# seems to be in nlce 
agreement with theoretical calculations, yielding B ~ n ~, ~ -- 0.5. This might suggest that the field 
remains coupled to the gas even at (exotic) densities of ~ 10 z~ cm -3. But some points of caution 
axe to be considered. 

First, while during the rather short lived maser phenomenon (7"m ~ 10 z-s s) the field seems 
fzozen to the gas, this need not be the case for slrn~lar high density phases d~ing the late star 
formation process. At dcnsltles n ~ 10 t~ cm-3~ ~'m is shorter thou the adiabatic dilfusion tlme scale 
~-=~ ~ 109 s, but during cloud core contraction, ambipolar dilfusion may become important at much 
lower densities (Monschovias et al., 1985; Nakano, 1985). 

Second, the sample of Pig. 5 is inhomogeneous, probing different and not obviously evolution- 
ary related phases of the interstcUar medium. Theoretical predictions on the other hand refer to 
self-gravitating clouds only - a condition that is definitely not satisfied in H20 maser clumps. 

In order to strengthen our conclusions, a more complete sample of H20 maser sources and 
complementary interferometric observations need to be obtained. 
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Fig. 5 Magnetic field strength ver- 
sus gas density, as compiled by 
Troland and Heiles (1986) for dif- 
fuse and dark clouds and Myers and 
Goodman (1987) for OH masers. 
The cross indicating H20 masers 
refers to Bm~ from Fiebig and 
Gfisten (1988a). 
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I R A S  S o u r c e s  b e y o n d  t h e  Solar Circ le  1 

J. G. A. Wouterloot and I. Brand 
Max-Planck-Inst i tut  fiir Radioastronomie, Bonn 

At large galactocentric distances (R), CO surveys are very incomplete due to the 
small number  of clouds and their small angular sizes. IRAS sources with colours of s tar  
forming regions, selected according to criteria by Wouterloot  and Walmsley (1986), can 
be used as a t racer  of molecular clouds. Because the star forming activity per unit  mass 
of H2 is similar at all locations in the outer  Galaxy (R > 8.5 kpc) (Wouterloot  et al., 
1988; Kutner ,  1988), the distribution of these sources will be that  of H2. Using the 30 m 
IRAM telescope and the 15 m SEST, we searched for CO (1 - 0) emission in the direction 
of 1224 sources located in the interval 85 ~ < s < 280 ~ and - 1 0  ~ < b < 10 ~ and detected 
1004 (82%) of them. A velocity coverage of 208 km/s  (IRAM) or 220 km/s  (SEST) was 
used, with resolutions of 0.20 km/s  and 0.11 km/s  respectively. Typical  T~(rms) values 
were 0.7 K (IRAM) and 0.3 K (SEST).  The  distribution in s and b of the non-detections 
is smooth,  suggesting that  these IRAS sources are predominantly extra-galactic. Forty- 
nine IRAS sources in our sample are actually identified as galaxies in the point source 
catalogue. Twenty- three  IRAS sources are identified as planetary nebulae, about  half of 
which were detected. Some of these may actually be compact  HII regions if only because 
of their  high CO temperatures ,  which are atypical for planetary nebulae. 

To associate CO emission at a part icular  velocity with the IRAS source, we made  
use of the line parameters:  For the IRAS sources with only one emission line, we always 
assumed it was associated. In the case of multiple lines, we assumed the one with the 
highest T~ to be associated, unless there was emission at a very large absolute velocity, 
because in the outer  Galaxy (especially at locations well away from the plane) the chance 
superposit ion of a background cloud is very unlikely. 

We calculated a kinematic distance for each CO emission component  using the ro- 
tat ion curve derived by Brand (1986) in slightly adjusted form: (9/220 = (R/8.5)  ~176176 
This curve results in 8 (20  kpc) = 227.3 km/s .  The  distances of the emission components  
associated with the IRAS sources in combination with the IRAS fluxes give LIR. From 
the distribution of luminosities over distances of all sources, we conclude that  sources 
with .LIR > 2300 L |  form a complete sample. 

Figure 1 shows the distribution of the CO clouds projected on the Galactic plane. 
Excluding the objects inside the cone around the anticenter direction where kinematic 
distances are uncertain,  we see that:  (1) there are no clouds fur ther  away than  R = 
20 kpc, and (2) because each cross is associated with an IRAS source, this implies there 
is no star formation beyond that  distance either. If there were any more distant bright 
IRAS sources, we would have detected them. 

1 Partly based on observations collected at ESO, La Silla, Chile 
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Fig. 1. Distribution of CO emission associated with the IRAS sources in our sample (x) and other 
spectral components (o) projected on the Galactic plane. The Sun is at (0, 0), the Galactic center at 
(0, 8.5). The longitude limits of our sample are indicated by the drawn lines; the dashed lines mark a 
4-150 cone around s = 180 ~ where kinematic distances are very uncertain and our data are incomplete. 
Objects inside the dashed circle with a radius of 1 kpc around the Sun have small radial velocities and 
therefore uncertain kinematic distances. 
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Fig. 2. Comparison of the 
scale heights of CO (stars) 
and HI (triangles) as a func- 
tion of R. HI data were 
derived from Burton and 
te Lintel Hekkert (pers. 
comm.). 

There  is a h igher  dens i ty  of po in t s  in  the  second q u a d r a n t  ( a r o u n d  ( - 4 ,  2)) t h a n  in  

the th i rd .  These  are ob jec t s  in  the  Perseus  a rm,  for which there  is no clear equ iva len t  
in the  south.  T h e r e  is a r emarkab le  lack of sources jus t  b e h i n d  the  Perseus  a r m ,  while 

several clouds lie f u r t h e r  b e y o n d  it. Th i s  a rea  cannot  be s tud ied  by  opt ica l  m e t h o d s .  
Similarly,  the  "fingers" (areas  of low fo reground  ex t inc t ion  t ha t  allow one to  see HII 
regions out  to large d i s tances)  are no t  p resen t  in  this plot: there  are d i s t an t  ob jec t s  at  
all longi tudes .  
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We have compared the z distr ibution of IRAS sources/CO clouds in intervals in R, 
as a function of galactocentric azimuth with HI data  by Burton and te Lintel Hekkart 
(pets. communication).  The warp of the Galactic plane is confirmed by the tilt of the 
molecular layer, which increases with R by the same amount  as that  of the HI plane. 
From the scatter  of the z values of all CO components around their mean, we derived 
the scale height as a function of R shown in Fig. 2. The flaring of the gas layer (both  
atomic and molecular) is clearly visible. The CO scale height increases from 80 pc at 
R = 9 kpc to 350 pc at R = 17 kpc; while at R = 9 kpc the HI disk is about  twice as 
thick as the CO layer, the two are almost of equal thickness at R = 13 kpc and beyond. 

For R < 10.5 kpc and R > 13.5 kpc, the surface density of IRAS sources with LzR > 
2300 L|  as a function of R is equal for 85 ~ < g < 165 ~ (North) and 195 ~ < ~ < 280 ~ 
(South) (see Fig. 3). In the interval 10.5 kpc < R < 13.5 kpc, the Perseus arm objects 
cause a peak in the distribution of the nor thern sources. Both North  and South have 
a relative lack of sources around 10 kpc, which in the north may be a t t r ibu ted  to the 
inter-arm region (between the local and the Perseus arms). For R > 13.5 kpc the surface 
density of sources in bo th  hemispheres decreases, but  much slower than  that  derived by 
Sanders e~ aL (1984) because their CO survey is incomplete. 
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Fig. 3. Surface density of 
IKAS sources with LItt> 
2300 L(D for 85 ~ < s < 
165 ~ (North), and 195 ~ < 
l < 280 ~ (South). 

Using the HI data  by Burton and te Lintel Hekkert, we find that  between R = 10 kpc 
and 15 kpc there is no strong decrease in the ratio c~(H2)/cr(HI) if the distr ibution of 
IRAS sources is taken to be that  of the molecular material.  
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The  P r e v a l e n c e  of  N e u t r a l  Gas in  
M a s s i v e  P o s t - M a i n - S e q u e n c e  

Nebu l ae  

J .P.  P h i l l i p s  
P h y s i c s  D e p a r t m e n t ,  Queen  Mary  College,  

Mile End Road,  L o n d o n  E1 4NS, E n g l a n d  

A. Mampaso 
Instituto de Astrofisica de Canarias 

La Laguna, Tenerffe, Spain 

1. I n t r o d u c t i o n  

Of t h e  l a r g e  n u m b e r  o f  p l a n e t a r y  n e b u l a e  so  f a r  i n v e s t i g a t e d  in  t h e  

r o t a t i o n a l  t r a n s i t i o n s  CO, t he  m a s e r  t r a n s i t i o n s  of  OH, t he  q u a d r u p o l e  c o m p o n e n t s  of  

H2, a n d  t h e  21cm h y p e r f i n e  t r a n s i t i o n  o f  HI, o n l y  a r e l a t i v e l y  small  f r a c t i o n  a p p e a r  to 

be  to be  a s s o c i a t e d  wi th  n e u t r a l  g a s  (cf.  S c h n e i d e r  e t  al, 1987; K na pp ,  1987; P a y n e ,  

Ph i l l ips ,  a n d  T e r z i a n ,  1988; a n d  Z u c k e r m a n  a n d  Gat ley ,  1988). Of t h o s e  t h a t  h a v e  b e e n  

d e t e c t e d  in  CO, a to ta l  of  some 10 s o u r c e s  to da t e ,  a v e r y  l a r g e  p r o p o r t i o n  a p p e a r  to  

be c h a r a c t e r i s e d  b y  e x t r e m e l y  h i g h  c e n t r a l  s t a r  t e m p e r a t u r e s ,  a n a m o l o u s  He, N, a n d  C 

a b u n d a n c e s ,  a n d  b i p o l a r  m o r p h o l o g i e s ;  f e a t u r e s  w h i c h  a l so  d e f i n e  t h e  s u b - c a t e g o r y  of  

t y p e  I p o s t - m a i n - s e q u e n c e  (PMS) n e b u l a e  (cf. P e i m b e r t  a n d  T o r r e s - P e i m b e r t ,  1982). 

S u c h  s o u r c e s  a r e  b e l i e v e d  to  d e r i v e  f rom s t e l l a r  p r o g e n i t o r s  h a v i n g  a 

b r o a d  r a n g e  o f  m a s s e s  M z / M  e s i0, a n d  c o n c o m i t a n t l y  l a r g e  she l l  e j e c t i o n  m a s s e s  o f  

order < 9 M e . Similarly, it is also apparant that many of these sources are in 

possession of high velocity, and high mass-loss rate stellar winds. Superficially 

therefore, one might imagine such nebulae to represent prime candidates for the 

detection of neutral (and shocked) material in post-main-sequence sources. 

We report, in the following, the results of a CO J=2*l survey of nine 

type I nebulae with the 12 metre NRAO antenna at Kitt Peak: 

$i Peak 

HII r e g i o n  i s  

TABLE I 

Source  Tr* (K) f3 Vls r (Ira. s a c  - I  ) 

NGC 2346 .41e.  03 3 .5  

M 2-9  <. 12 102.7 

NGC 6302 .75e. 24 -46.0f2 

HB 5 t I -17.9 

NGC 6537 <.20 -4 .  I 

NGC 6629 < . 36 26 .6  

NGC 6751 <.22 -24.8 

NGC 6853 <.21 - 3 2 . 7  

NGC 7008 <. I0 - 6 0 . 9  

temperature ambiguous - see discussion; t 2 The central velocity of the 

Vls r - -31.4 ]cm sac-l; t 3 Upper limits correspond to 2Orm s. 
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F i g u r e  1 S p a t i a l - v e l o c i t y  map o f  NGC 2346 
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F i g u r e  2 S c h e m a t i c  c r o s s - s e c t i o n  o f  
NGC 2346 ,  t o g e t h e r  w i t h  r e p r e s e n t a t i v e  
CO J = 2 ~ l  s p e c t r a .  

2. R e s u l t s  

T h e  r e s u l t s  o f  o u r  s u r v e y  m a y  b e  b r i e f l y  s u m m a r i s e d  a s  f o l l o w s :  

i) T h e  l a r g e r  p r o p o r t i o n  o f  o u r  S O u r c e s  (~ 77 5 )  a r e  f o u n d  to c o n t a i n  n o  e m i s s i o n  

w i t h  T r  z ) 0.1 K ( t a b l e  1), w h i l s t  t h e  c o m p l e t e  s a m p l e  o f  t y p e  I n e b u l a e  m e a s u r e d  to  

d a t e ,  s o m e  14 s o u r c e s  i n  t o t a l ,  a r e  f o u n d  to  be  a s s o c i a t e d  w i t h  e m i s s i o n  i n  n o  m o r e  

t h a n  - 20 ~ o f  c a s e s .  W h i l s t  t h i s  p r o p o r t i o n  a p p e a r s  o v e r a l l  to  be  e x t r e m e l y  low - 

a n d  l e s s  p e r h a p s  t h a n  m i g h t  h a v e  b e e n  e x p e c t e d  - i t  a p p e a r s  n e v e r t h l e s s  to  b e  

c o n s i d e r a b l y  g r e a t e r  t h a n  f o r  t h e  b r o a d e r  s w a t h e  o f  PMS s o u r c e s .  

ii) A t  l e a s t  t wo ,  a n d  p o s s i b l y  t h r e e  o f  t h e  n e b u l a e  a r e  a s s o c i a t e d  w i t h  CO J=2-.1 

e m i s s i o n :  

a)  NGC 2346 d i s p l a y s  wel l  d e f i n e d  c o r e  s p l i t t i n g  o f  t h e  CO p r o f i l e ,  i m p l y i n g  a n  

o v e r a l l  e x p a n s i o n  v e l o c i t y  - 23 km s a c  - 1 ,  w i t h  e v i d e n c e  f o r  a m u c h  b r o a d e r  p l a t e a u  

f e a t u r e  e x t e n d i n g  o v e r  a r a n g e  - 57 km s e c  - 1  ( f i g  1); f e a t u r e s  w h i c h  a p p e a r  to  

c l o s e l y  mimic  t h e  low e x c i t a t i o n  o p t i c a l  l i n e  p r o p e r t i e s  m e a s u r e d  b y  W a l s h  (1983) .  

S p a t i a l - v e l o c i t y  m a p p i n g  t h r o u g h  t h e  c o r e  r e v e a l s  t h a t  t h e  h i g h e r  v e l o c i t y  c o m p o n e n t  

p r e d o m i n a t e s  to  t h e  n o r t h ,  w h i l s t  t h e  l o w e r  v e l o c i t y  c o m p o n e n t  i s  p r e f e r e n t i a l l y  

e n h a n c e d  to  t h e  s o u t h ;  a n  a p p a r a n t  r e v e r s e  o f  t h e  t r e n d  d i s p l a y e d  b y  t h e  h i g h e r  

v e l o c i t y  p l a t e a u  f e a t u r e .  

T h e  r e s u l t s  f o r  t h e  p r i m a r y  e x p a n s i o n  c o m p o n e n t  a r e  r e a d i l y  e x p l a i n e d  

i f  we  a r e  o b s e r v i n g  a t i l t e d  c o l l a r  o f  n e u t r a l  g a s  ( s e e  f i g  2),  a n d  a p p r e c i a b l e  l e v e l s  

o f  e m i s s i o n  c l o s e  to  t h e  c e n t r a l  s t a r ,  w h e r e  t h e  o p t i c a l  s t r u c t u r e  a l s o  d i s p l a y s  a 

s h a r p l y  d e f i n e d  w a i s t ;  a l t h o u g h  t h e  a p p a r a n t l y  d i f f e r i n g  b e h a v i o u r  o f  t h e  p l a t e a u  

f e a t u r e  i s  l e s s  r e a d i l y  e x p l i c a b l e .  An  LVG a n a l y s i s  o f  o u r  J--2-*l r e s u l t s ,  t o g e t h e r  w i t h  

CO J=l~O s p e c t r o s c o p y  t a k e n  w i t h  a s i m i l a r  b e a m s i z e  ( B a c h i l l e r  e t  a l ,  1988),  a l s o  
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T;(I 

suggests that the outflow components are associated with a range of densities 103.5 -0 

>104 cm -3, and concomitantly large velocity gradients de/dr > 500 km sec-lpc -I, 

Under these circumstances, it is tempting to believe that much of the CO emission 

may derive from a similar shock zone to that occupied by H 2 quadrupole emission 

{Zuckerman and Gatlay, 1988). 

b) Our observations of NGC 6302 sugeest a line strength of ~ 2.7 If, some three 

times greater than for J-l-*0 spectroscopy with a larger beam (Zuckerman and Dyck, 

1986). We believe much of this disparity is explainable if the 
- - I  

core emission source is of a size comparable or less than 

that of the present beam (B = 30 arcsecs). Although the 

v e l o c i t y  o f  t h i s  e m i s s i o n  i s  o f  o r d e r  Vls r ~ - 4 6  km s e c  - I ,  

s o m e  15 k m  s e c  - I  d i f f e r e n t  f r o m  t h a t  o f  t h e  c e n t r a l  HII 

reg ionw t h e r e  i s  c l e a r  e v i d e n c e  f r o m  r e c e n t  OH m e a s u r e s  t h a t  

i t  m u s t  b e  d i r e c t l y  a s s o c i a t e d  w i t h  t h e  s o u r c e  ( P a y n e ,  

P h i l l i p s ,  a n d  T e r z l a n ,  1988), 

c) T h e  s p e c t r o s c o p y  o f  HB 5 r e v e a l s  a b r o a d l y  d i s t r i b u t e d  

r e g i m e  o f  c o m p l e x  k i n e m a t i c  a c t i v i t y ,  w i t h  e v i d e n c e  f o r  a t  

l e a s t  f i v e  s e p e r a t e  k i n e m a t i c  c o m p o n e n t s ,  a n d  r a p i d  

variability over small projected distances. Whist the extent 

of this emission (see fig 3) suggests that it may not 

directly derive from the central star, we believe there is a 

prima facie case for supposing the high velocity HI] region 

to be interacting with enveloping ambient gas. 

3. D i s c u s s i o n  

I t  a p p e a r s  f r o m  t h e  a b o v e  d i s c u s s i o n  t h a t  two ,  a n d  

p o s s i b l y  t h r e e  o f  t h e  n e b u l a e  i n v e s t i g a t e d  h e r e  a r e  

a s s o c i a t e d  w i t h  s i g n i f i c a n t  l e v e l s  o f  CO J=2=)l e m i s s i o n .  G i v e n  

however the large envelope masses that these sources are 

w.0 ~.s -z~ presumed to possess, it is pertinent to ask why all 

~,~(Zm see"} such nebulae are not detected. We review below the various 

possibilities: 

Fig 3 N-S CO J=2-~I 1) The molecular envelopes are dissociated. Where this 

traverse through arises because of the central star radiation field, then we 

liB 5. find dissociation periods to be substantially in excess of 

103 years; greater, in most of our cases, than the probable 

evolutionary lifetime. Alternatively, Glassgold and Huggins (1983) have noted that for 

progenitor temperatures T, > 2500 K, the outflow envelope will again be largely 

dissociated. Under these circumstances, however, we might expect to observe 

correspondingly large amounts of 21 cm HI emission or absorption; a feature which 

Schneider et al (1987) have recently demonstrated to be absent down to extremely 

low mass limits. 
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2) The nebulae are completely ionised by the central star radiation field. 

Given the presumed envelope masses of these sources, and probable evolutionary 

lifetimes, it would be rather surprising to encounter such a singular absence of 

neutral material. Spergel et al (1983), for instance, find that the progression of 

ionisation fronts is strongly determined by the ~ t -1 decline in central" star ionising 

flux; an analysis which yields ionisation periods in excess of 2.104 yrs for a 

p r o g e n i t o r  m a s s - l o s s  r a t e  ) 10 -4  M e y r  - I .  

3) The n e u t r a l  zone is ex t r eme ly  h e t e r o g e n e o u s  and  c lumped ,  l ead ing  to 

h igh  leve l s  of beam di lu t ion and  c o r r e s p o n d i n g l y  r e d u c e d  v a l u e s  of a n t e n n a  

t e m p e r a t u r e .  This  p o s s i b i l i t y  c a n n o t  be e n t i r e l y  d i smissed ,  a l t h o u g h  we no te  t h a t  

g i v e n  op t ica l ly  th ick  CO emiss ion  from c lumps  with t e m p e r a t u r e  ~ 50 K, t h e n  an 

e x t r a o r d i n a r i l y  low v a l u e  of d i lu t ion  W K 10 -3 would be r e q u i r e d  to exp la in  t h e  u p p e r  

limit t e m p e r a t u r e s  in table  1, imply ing  c o r r e s p o n d i n g  d e n s i t i e s  n(H2) > 107 cm -3 (for  

an a s s u m e d  a n e b u l a r  r a d i u s  R o -- 0.1pc, mass M(H 2) -- 0.3 Me, and  c lump s ize  

O. lP, o) .  

U n d e r  t h e s e  c i r c u m s t a n c e s ,  t h e r e f o r e ,  we a re  inc l ined  to be l i eve  t h a t  

whi l s t  all of t h e s e  mechan i sms  may play a t  l eas t  some role in q u e n c h i n g  the  o b s e r v e d  

CO t e m p e r a t u r e s ,  a more  i m p o r t a n t  c o n t r i b u t i o n  may a r i se  from t h e  l a r g e  HI ve loc i ty  

g r a d i e n t s  e x p e c t e d  f o r  t h e s e  s o u r c e s  (> 102 km s e c - l p c  -1) - g r a d i e n t s  t h a t  would 

lead to an appreciable reduction in T(CO), and correspondingly reduced values of 

Tr*. Similarly, such high gradients, when combined with large (post-shock) densities 

will be expected to lead to appreciably enhanced gas cooling rates, and low gas 

kinetic (and CO excitation) temperatures. It follows from this, therefore, that whilst 

the present J--2-P1 CO survey has been relatively unsuccessful, further investigations 

to higher sensitivities may result in many more detections. 
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DETECTION OF FAR-INFRARED 13CO LINE EMISSION 

A. Poglitsch l, R. Genzel l, G.Stacey 2 

IMax-Planck-Institut fur Physik und Astrophysik, D8046 Garching 

2University of California, Berkeley CA 94720 

SUMMARY. The first detection of far-infrared 13CO line emission toward 

the core of Orion-KL is reported. About I0 to 30 M o of dense and warm 

(T z 200K) gas are required for the 151~m J=18->17 13CO line flux. 

OBSERVATIONS AND RESULTS 

The data were taken on the NASA Kuiper Airborne Observatory in January 

1988 with the UCB tandem Fabry-Perot spectrometer. A 3-element linear 

array of stressed Ge:Ga detectors with a spatial resolution of 55" was 

employed. The spectral resolution was 32 km s -I FWHM for the central 

detector. In addition to the 13CO J=18->17 transition at 151.4315 ~m, 

we also observed the nearby 12CO J=17->16 line at 153.2669 ~m. 

The results for the central detector are shown in Figure I. The 

J=18->17 13CO line flux is 2.3• -18 W cm -2. The ratio of J=17->16 

12CO to J=18->17 13CO line fluxes is 37• The 13CO flux can be used 

directly for an estimate of the mass of warm molecular gas at the core 

of Orion-KL. For optically thin emission and a 13CO/H2 abundance ratio 

.- g 

- Ioo -50 0 $0  I 00  *lOQ -5Q �9 So I00  

~.sit(km s -1) VLsltlkm s -1) 

Fig.l. Spectra of 
the 151 ~m J=18-17 
transition of 13CO 
(left) and the 
153 ~m J=17-16 
transition of 12CO 
(right) towards the 
position of the 
BN-object in Orion. 
Both observations 
employed the same 
spatial (55" FWHM) 
and spectral (32 
km/s FWHM) resolu- 
tions. Instru- 
mental lineshape: 
modified Lorentzian. 
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of 10 -6 , total gas masses of 5 M o at a gas temperature of 500K and 50 M o 
at 200K are required to account for the 13CO flux. Significant 13CO 

emission was also detected in the 55" north-west off-center detector. 

The 13CO profile is narrower than the 12CO profile. The intrinsic 

width of the 13CO line is ~ 17km s -1, while the 12CO line has a width 

near 27km s -I (FWHM) as determined by MEM deconvolution. 

DISCUSSION 

Our measurements show that the 13CO and 12CO far-infrared lines have 

different line profiles and that the 13CO line flux is significantly 

larger than expected for a single, optically thin 12CO far-infrared 

emission component assuming the standard abundance ratio. 

For quantitative evaluation of possible interpretations we computed 

level populations and line intensities as function of density, tempera- 

ture, and column density in an escape probability radiative transfer 

formalism. We assumed a CO/H 2 abundance ratio of 10 -4 (Watson et al. 

1985) and a 12CO/13CO abundance ratio of 90 (Scoville et al. 1982). 

Model I OPTICALLY THICK Models I1 a,b TWO COMPONENT 

t';it . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  100 PLATEAU I~ ~ X PLATEAU 

" 

I I l  l l I l i I l I i I l I I I I | I I I i i I I l I 

4 8 12 16 20 24 28 32 4 8 12 16 20 24 28 32 

Jupper Jupper 

Model l[c 
I I I i I I l I I I I I I I I I l 

HOT CORE 

::/ ' , , , \  
:t,,, , , , , ,  , ' , , , ,  , \  , ,  

, , ,, , ~  
Jupper 

Fig.2. Representative models of the mm, submm, and far-infrared 
high-velocity CO emission in Orion-KL. All measurements are expressed 
in terms of Rayleigh-Jeans brightness temperatures at line center and 
are converted to a common beam size (i' FWHM). 12CO data are given as 
filled circles, 13CO data as open squares. The model calculations are 
represented by continuous curves for 12CO and by dashed curves for 13CO, 
respectively. The left panel shows the "optically thick" model (I). 
The center panel shows the models for plateau (IIa: thin lines) and for 
shock (IIb: heavy lines). The right panel shows the model for the hot 
core (IIc). 
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The first model we considered assumes a single emission component 

with optically thick 12CO far-infrared lines; it is plotted in Fig.2 as 

model I together with the CO data points . A Temperature of = 200 K and 

a hydrogen density of = 107cm -3 in combination with an area filling 

factor of = 0.3 describe the far-infrared measurements adequately. With 

a CO column density near 5xl019cm -2 the 12CO lines also have enough 

optical depth to account for the difference in 12CO and 13CO line width. 

The model fails, however, to predict the observed submm brightness 

temperatures. 

Model II in Fig.2 is based on three emission components: the high 

velocity plateau emission (IIa) accounts for the mm and submm 12CO 

lines; it represents warm gas (T = 300K) in the outflow from the 

infrared cluster. The shock region (IIb) is hot (T = 700K) and optically 

thin gas which accounts for the far-infrared 12CO lines and the 

high-velocity components of the 13CO line. The hot core (IIc) is a 

region of high column density but low velocity dispersion which is 

exhibited by the narrow peak in the 13CO line profile. The 12CO 

far-infrared emission from this region is optically thick. From the 

decomposition of the 13CO line in a narrow component (hot core) and a 

wide component (shock) we infer a hydrogen mass of = l0 M o in the hot 

core and a 12CO/13CO abundance ratio of 85 • 20, in agreement with the 

standard value. For the 55" NW position, however, we find a 12CO/13CO 

flux ratio of 50 • 20 which is either not consistent with the small size 

(10") of the hot core, or requires a lower 12CO/13CO ratio (cf. Blake et 

al. 1986). A decomposition of the center position line based on a lower 

abundance ratio would still be consistent with our data. 

We therefore have to check wether the observed flux ratio could be 

explained by a very low 12C0/13C0 abundance ratio alone. This, however, 

seems rather unlikely due to the clear difference in line shape between 

the two isotopic lines: the narrow peak assigned to the hot core 

contributes at least 20% of the total line flux; the corresponding 

hydrogen mass in the hot core should not be less than 25% of the value 

for the standard abundance ratio. 
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DEUTERATED WATER IN HOT CORES 

C.M. Walmsley, C. Henkel, T. Jacq 
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A. Baudry 
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A b s t r a c t  

We have used the IRAM 30-m and the Effelsberg 100-m telescopes to observe HDO 

and li~80 in the Orion-KL region and in other hot molecular cores (T~IO0 K). We find 

that deuterium is enriched by factors of 100-1000 over the interstellar D/H abundance 

ratio of I0 -s. Since the temperature in such sources is too high to explain our results 

in terms of equilibrium ion-molecule chemistry, we conclude that the chemistry is far 

from steady-state. One interpretation is that we are observing the constituents of 

steady-state recently evaporated grain mantles. The deuterium enrichment then 

reflects the gas temperature in a previous phase of the cloud evolution where the 

mantles were laid down. 

I. HDO is a substitute for Water? 

W a t e r  Is  n o t o r i o u s l y  d i f f i c u l t  to  o b s e r v e  u n d e r  n o r m a l  i n t e r s t e l l a r  m e d i u m  

c o n d i t i o n s .  T h e  we l l  k n o w n  w a t e r  m a s e r s  f o rm  in  c l u m p s  w h o s e  d e n s i t y  i s  o r d e r s  o f  

m a g n i t u d e  l a r g e r  t h a n  t h a t  o f  n o r m a l  m o l e c u l a r  c l o u d s .  T h e  w a t e r  v a p o u r  in  o u r  

a t m o s p h e r e  p r e v e n t s  u s  f rom o b s e r v i n g  t h e  t r a n s i t i o n s  wh ich  o n e  c a n  e x p e c t  to be  

e x c i t e d  a t  t h e  t e m p e r a t u r e s  a n d  d e n s i t i e s  o f  t h e  m o l e c u l a r  g a s .  As a c o n s e q u e n c e ,  o u r  

o n l y  d i r e c t  k n o w l e d g e  o f  i n t e r s t e l l a r  w a t e r  i s  u n d e r  t h e  h i g h l y  u n t y p i c a l  c o n d i t i o n s  

w h i c h  p r e v a i l  in  t h e  m a s e r  r e g i o n s .  While  i n t e r e s t i n g  in  t h e m s e l v e s ,  t h e i r  o b s e r v a t i o n  

yields no information concerning the molecular cloud water abundance. 

On the other hand, theoretical models (see e.g. Brown et al. (1988)) predict that 

water may have an abundance comparable to that of CO. It is likely to be produced in 

large quantities in shocked gas and in many circumstances is an Important coolant. 

However, the chemical models are very uncertain and a direct observation of the water 

abundance is very desirable. Even if the atmosphere were not present, it would be 

difficult to deduce the water abundance from observations of the water lines 

themselves since they for the most part should be highly optlcally thick. One approach 

to this problem is to observe H21aO (see Jacq et al. 1988) but in this case, one is in 

practise restricted to a single transition 200 K above ground and the derived water 
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column densities are consequently very uncertain, It is therefore of great interest to 

study the deuterated substitution HDO. 

Our program using HDO as a tracer for hot water in hot cores has brought some 

useful results. In the first place, we believe that we have found HDO in Sgr B2, 

G34.3+0.2, W3(OH) and W51d as well as confirming the result of Olofsson (1984) for 

W51 main. In all of these except WS(OH), we have been able to observe at least three 

transitions giving confidence in the identifications. Towards Orion-KL, we have made 

small maps of the HDO emission with angular resolutions of 12-15 arc sec. and 

conclude that the HDO emitting region is extremely compact and coincident with the 

hot core region seen in NH3 maps. An interesting feature of our results is that in 

most sources (again the exception is W3(OH)) where we have found HDO with the 30-m, 

we have also found a feature (see Jacq et al. 1988) in the 203 GHz H2180 llne at Kitt 

Peak. The derived HDO/H20 ratio (assuming a terrestrial abundance ratio for H21SO) is 

of order 10 -3 and we conclude that HDO is highly fractionated in the hot molecular 

clumps where massive star formation is taking place. Moreover, we can assume that the 

HDO rotation temperature is applicable also to H~'80 and hence improve the estimate 

of water column density and abundance. A more detailed account of these results is 

being prepared for publication in Astronomy and Astrophysics. 
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METS,~HOVI MM- WAVE OBSERVATIONS OF 

INTERSTELLAR CLOUDS AND SIO MASERS 

J. Harju, p. Harjunpg~i, T. LiljestrGm, K. Mattila, J. Solasaari and M. Toriseva 
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T~titominm~_ki, SF-00130 Helsinki, Finland 

ABSTRACT. The 13.7 meter radio telescope (see Urpo, 1975) at the Mets~ihovi Radio Research 

Station near Helsmki has been used since 1980 for spectral line observations. The first programs 

were devoted to time variability studies of the interstellar and stellar water masers at 22.2 GHz 

(Mattila et at. 1983, 1984, 1985, 1988). In 1985 a new spectral line receiver was put into operation 

for the 75-115 GYIz band (Malkam~i et al. 1985). Results of  some CO, HCO +, HCN, HNC and 

SiO projects with the Metsahovi radio telescope are presented. 

l. A DENSE CORE AND AN OUTFLOW SOURCE ASSOCIATED WYI'H S 76 

Observations of HCO +, lZCO and 13CO J=l-0 emission have been made towards $76 with the 

Mets~hovi radio telescope (beam width -1'). The HCO + mapping revealed a dense core centered -1 '  

(0.5 pc) SW of  the H~O maser/IRAS point source $76E (0t = 18h53m47 s, 5 =7c49'26"). The 

FWHM extension of the HCO + core is -3 '  (1.4 pc). The t3CO map shows a maximum -1 '  north of 

the HCO + maximum and has a FWHM diameter -5'.  

The CO and 13CO lines show a strong and broad (-8 km s 1) blue-shifted wing component 

centered -1 '  west of the $76E H20-maser/IRAS position (Fig.l). A weaker red-shifted 

wing-component is centered at the same position as the blue wing component. The extension 

(FWHM) of the blue-shifted and red-shifted 13CO wing are -5 '  and 3', respectively. 

2. HCN AND HNC OBSERVATIONS OF DENSE CORES 

We have ~tudied the variation of  the abundance ratio [HNC]/[HCN] in a sample of  dark clouds as 

well as the spatial variation of the intensity ratios of HCN hyperfine components in L810, L1174 

a~d LISS1. We found tha~ the observed HNCAICN intensity ratiox are consistent with the earlier 

result according to which the respective abundance ratio is of  the order of 1 in cold dark c:ouds. 

However, HCN and H2qC disa-ibutions are not identical. In L1551, only the HNC map resembles 

the arrtmonia distribudort (Meaten and Walmsley, 1985). The observed HCN hyperftne ratios @:g, 
2) can be understood in terms of ~cattefing of radiation from the core in the foreground gas. 
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3. HCO + CLUMPS IN Ll155 

The central area of Ll155 (1 = 102~ b = 15~ has been mapped in the HCO + (J=l-0) line 

using the Mets~ihovi radio telescope. The observations reveal two cloud clumps (Fig. 3). The 

roundish NE clump has an almost constant radial velocity VLS R - 2.5 km/s  while the elongated 

western cloud component has a velocity gradient ranging from 0.7 km/s in the north to 1.6 km/s in 

the south. In the clump centers we observed and detected also H13CO + emission (Fig. 4). These 

HCO + maxima coincide with the maxima of the NH 3 (1,1) line area contour map, which we have 

observed with the Effelsberg 100-m telescope. The clump centers indicate thus a density enhanced 

HCO + emission. The third HCO + maximum in Fig. 3 is located in the front between these two 

dense clumps. It may arise from a third dense cloud clump or one can also speculate that the 

enhanced HCO + emission in this front region is due to a collision of the two dense clumps. 

4. SiO MASER PROJECTS AT METSJ~IOVI 

We have chosen 12 late-type oxygen-rich long period variables (mostly Miras) for our 86 GHz SiO 

0=2-1, v=l) line monitoring list, most of which are so bright that optical light curves are available 

of them: o Cet, IK Tan, TX Cam, Ori KL, R LMi, R Leo, RT Vir, U Her, GY Aql, ~ Cyg, R Aqr, 

R Cas. The SiO maser associated with Ori KL is included as a unique object, and because it is a 

strong source suitable for checking system performance. All of these stars are monitored 

simultaneously in the 43 GHz (J=l, v=l) line with the Yebes 14-m telescope in Spain. 

We have used the catalogued optical data of Miras for a search for new SiO (J=2, v=l) 

masers in Miras. The SiO maximum is expected 0...0.3 P after the optical maximum. The newly 

detected sources are: 

name spectral type date phase 

S Cas Se 18.8.85 0.96 
T Cas M7.5 18.12.85 0.08 
Z Cas M7e 17.12.85 0.15 
U UMi M6e 19.12.85 0.19 
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Star Format ion in Bright -r immed Globules: 
Evidence  for Radiat ion-driven Implos ion 

K. Sugitani 
CoUege of General Education, Nagoya City University 

Mizuho-ku, Nagoya 467, Japan 

Three molecular outflows in three bright-rimmed globules, Ori-I-2, L1206, and rim E 
(Pottasch 1956) in IC1396, have been discovered (Fig. 1). These outflows are associated 
with cold IRAS point sources without optical counterparts, good candidates for recently 
formed stars. The IRAS sources are located just at the peaks of lsCO emission, and 
are separated only by 0.1 - 0.2pc from the bright rims. The shock waves preceding the 
ionization fronts, i.e., bright rims, can propagate to the positions of the IRAS sources in 
considerably short time scales, i.e., several times 104 yr. This suggests that star formation 
was triggered by the ionization/shock fronts in these bright-rimmed globules. The data 
well match the radiation-driven implosion model for star formation proposed by Klein 
et al. (1980), and Sandford et al. (1982). Therefore, I consider that these are the first 
direct evidence for star formation induced by the radiation-driven implosions. 

Densities and star formation efficiencies of the bright-rimmed globules were exam- 
ined in order to reveal the influences of the radiation-driven implosions, compared with 
isolated dark globules and dense cores in dark clouds with similar mass range. The densi- 
ties derived from the lsCO data are all higher than 104 cm -s. The ratios of globule mass 
to luminosity of the associated IRAS sources Mcto,~a/Lirt, 0.1 - 0.3 Mo/Lo, are much 
lower than those of the isolated dark globules and the dense cores, 3.3 - 16 M|174 On 
the Mcloud/Lm versus density diagram of Fig. 2, the bright-rimmed globules are located 
toward the lower right corner. This suggests that the radiation-driven implosions cause 
the globules to have higher densities, and consequently higher efficiency of star forma- 
tion, than the isolated dark globules or the dense cores in dark clouds. That is, more 
luminous, and perhaps more massive, stars were formed in the bright-rimmed globules. 
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CO OBSERVATIONS IN THE DIRECTION OF SUPERNOVA REMNANTS 

N. J u n k e s  1, E. F t i r s t  1, W. Re ich  1, Y. F u k u i  2. K. T a t e m a t s u  2 

1 M a x - P l a n c k - l n s t i t u t  f f i r  R a d i o a s t r o n o m i e  
A u f  dem Hfigel  69,  D - 5 3 0 0  Bonn  1 

F e d e r a l  Republic of G e r m a n y  

2 D e p a r t m e n t  o f  A s t r o p h y s i c s ,  F a c u l t y  o f  S c i e n c e  
N a g o y a  U n i v e r s i t y ,  C h i k u s a - k u ,  N a g o y a  464,  

J a p a n  

S u m m a r y  

We have mapped selected Supernova remnants in the I15 GHz line of ]2CO(I-0) 
with the KOSMA-3m-telescope. At this frequency the beamsize of 3.6 arcmin allows 
mapping large-scale CO structures across the remnants and to study the interaction of 
SNR's wlth ambient molecular gas. 13CO observations at selected positions have been 
made to derive column density and mass of the molecular clouds. 

We present preliminary results for the two SNR's G18.95-I.I and G54.4-0.3. They 
are extended SNR's in the first quadrant of the Galactic plane. In spite of distance 
ambiguity and confusion due to unrelated molecular clouds in the l ine-of-s ight  there 
is evidence for a correlation of radio continuum (Allcm), infrared (IRAS 60#) and 12CO 
emission for these supernova remnants. 

G54.4-0.3 shows a striking alignment of the radio continuum shell and CO 
emission at 40 km.s -I 

I. Introduction 

Up to now only a few Supernova remnants are known, which are interacting with 
molecular clouds. Earlier observations were severely undersampled. Large-scale CO 
surveys of SNR's have been restricted to the second and third quadrant to avoid the 
confusion in the first quadrant caused by the large number of unrelated molecular 
clouds along the l lne-of-s ight  as well as the distance ambiguity. 

There are some convlncing examples for SNR - cloud interaction: Broad molecular 
llne emission (ilnewidth ~ I00 km-s - l )  was detected in IC443 and is interpreted as 
postshock molecular gas caused by the SNR shock wave i l l .  A similar feature has not 
been found for any other supernova remnant. Another remnant which possibly shows 
S N R  - cloud interaction is the Cygnus loop. Radio and optical intensities of the shell 
are enhanced near the posltlon of two small molecular clouds [2]. Small samples of 
probably interacting supernova remnants were analyzed in HI- [3] and CO- [4] llne 
e m i s s i o n .  

By c o m p a r i n g  o b s e r v a t i o n s  m a d e  in  HI, m o l e c u l a r  l i n e s ,  r a d i o  c o n t i n u u m  a n d  
i n f r a r e d  e m i s s i o n ,  we h a v e  f o u n d  m o r e  e v i d e n c e  fo r  SNR - c loud  i n t e r a c t i o n  a n d  
p r o p o s e  two m o r e  c a n d i d a t e s .  

2. O b s e r v a t i o n s  

We o b s e r v e d  s u p e r n o v a  r e m n a n t s  in  t h e  J = l - 0  t r a n s i t i o n  o f  12CO w i t h  t h e  
K O S M A - 3 m - t e l e s c o p e  [5 ]  in  J u l y  1987 a n d  J u l y / A u g u s t  1988.  T h e  HPBW of  t h e  t e l e -  
s c o p e  a t  a f r e q u e n c y  o f  115 GHz is  3 ' 6 .  We u s e d  a coo led  S c h o t t k y  m i x e r  r e c e i v e r  w i t h  
200K DSB n o i s e  t e m p e r a t u r e  a n d  a h l g h - r e s o l u t i o n  a c o u s t o - o p t i c a l  s p e c t r o m e t e r  w i t h  
32 kHz c h a n n e l  s p a c i n g  a n d  64 MHz b a n d w i d t h  y i e l d i n g  a r e s o l u t i o n  o f  0 .08  km. s  - 1 .  

T h e  s o u r c e s  we re  m a p p e d  in  a r a s t e r - s c a n  mode  w i t h  3 '  g r i d  s p a c i n g  a n d  a b o u t  4 
m i n u t e s  i n t e g r a t i o n  t i m e  p e r  p o s i t i o n .  We u s e d  t h e  p o s i t i o n  s w i t c h i n g  mode  w i t h  o n e  to  
two ON's  p e r  OFF d e p e n d i n g  on  w e a t h e r  c o n d i t i o n s .  T h e  s p e c t r a  h a v e  b e e n  c o r r e c t e d  
for  a t m o s p h e r i c  a t t e n u a t i o n .  C a l i b r a t i o n  w a s  c h e c k e d  by  r e g u l a r  o b s e r v a t i o n s  o f  Or ion  
A a n d  DR21 g i v i n g  an  e r r o r  o f  l e s s  t h a n  12%. We s u b t r a c t e d  l i n e a r  b a s e l i n e s  a n d  
c o n v o l v e d  t h e  s p e c t r a  to a r e s o l u t i o n  o f  0 .7  km.s  - 1  to i m p r o v e  t h e  s i g n a l - t o - n o i s e  
r a t i o  (RMS < 0 .4K) .  
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k in .s -1 .  

3. The  Sou rce s  

G 1 8 . 9 5 - I . 1  is an  u n u s u a l  c o m p o s i t e - t y p e  s u p e r n o v a  r e m n a n t  w i th  f i l a m e n t a r y  
s t r u c t u r e  and  v a r y i n g  s p e c t r a l  i ndex  [6] .  At t h e  pos i t i on  of  t h e  r e m n a n t  t h e r e  is a 
d i s t i n c t  d e p r e s s i o n  in HI e m i s s i o n  (Fig. l a )  a t  a r ad ia l  v e l o c i t y  of  -18  km-s - 1 .  At t he  
e a s t e r n  s ide  of  t h e  r e m n a n t  HI emis s ion  as  well  a s  IRAS 60p e m i s s i o n  is e n h a n c e d  in 
an a r c - l i k e  s t r u c t u r e .  Our  CO o b s e r v a t i o n s  conf i rm th i s  f e a t u r e  in t he  s ame  v e l o c i t y  
i n t e r v a l  (Fig. l c - e ) .  Mapping the  comple te  r e m n a n t  is n e c e s s a r y  to d e t e r m i n e  the  CO 
s t r u c t u r e  a s s o c i a t e d  w i th  t h i s  r e m n a n t  (cf. Fig. lb ) .  

G 5 4 . 4 - 0 . 3  (HC40) is an  e x t e n d e d  s h e l l - t y p e  s u p e r n o v a  r e m n a n t  [7 ] .  T h i s  s o u r c e  
was  s e l e c t e d  a f t e r  a n a l y s i n g  i n f r a r e d  d a t a  in t he  d i r ec t i on  of  t he  r e m n a n t .  We found 
s e v e r a l  IRAS p o i n t  s o u r c e s  ( co lour  t e m p e r a t u r e  =30 K) on the  she l l  of  t he  r e m n a n t .  
High r e s o l u t i o n  12CO o b s e r v a t i o n s  wi th  t h e  30m IRAM t e l e s c o p e  d e t e c t e d  smal l  CO 
c louds  (--2' d i a m e t e r )  a t  t h e s e  p o s i t i o n s  in a v e l o c i t y  r ange  of  3 4 - 4 0  km.s - 1 .  

We o b s e r v e d  a l a rge  a r e a  a c r o s s  t h e  r e m n a n t  wi th  t he  K O S M A - 3 m - t e l e s c o p e .  The 
r e s u l t i n g  c h a n n e l  maps  w i th  v e l o c i t i e s  b e t w e e n  36 and 44 km's  -1  a r e  s h o w n  in Fig. 
2 b - d .  T h e r e  is  a s t r i k i n g  a l i g n m e n t  b e t w e e n  t h e  CO f e a t u r e  a t  t h i s  v e l o c i t y  and  the  
s t r u c t u r e  of t h e  r e m n a n t  in rad io  c o n t i n u u m  (Fig. 2a).  The CO e m i s s i o n  is e n h a n c e d  a t  
t he  o u t e r  b o r d e r  of  t h e  r e m n a n t  and  s h o w s  a s h e l l - l i k e  s t r u c t u r e .  A s s u m i n g  a p h y s i c a l  
r e l a t i o n  b e t w e e n  t h e  SNR and  t h e  CO e m i s s i o n  we can d e r i v e  a k i n e m a t i c  d i s t a n c e  of  
3.5 or  8 kpc ( a c c o r d i n g  to d i s t a n c e  a m b i g u i t y ) .  A rough  e s t i m a t e  for  t h e  column 
d e n s i t y  g ive s  N H = 1022 cm - 2  [8] .  The m o l e c u l a r  cloud h a s  t h e r e f o r e  a m a s s  of  3.104 
M O (3.5 kpc) or  1.5.105 M O (8 kpc) .  Model c a l c u l a t i o n s  s u g g e s t  t h a t  t h e  f o r m a t i o n  of  
t h e  CO she l l  r e s u l t s  f rom a s t e l l a r  wind. The  S u p e r n o v a  r e m n a n t  e x p a n d s  i n t o  the  
bubb l e  ins ide  t h e  she l l .  To d e r i v e  a model of  SNR-c loud  i n t e r a c t i o n  for  G 5 4 . 4 - 0 . 3  we 
will combine  o u r  CO r e s u l t s  wi th  o b s e r v a t i o n s  of  o t h e r  m o l e c u l e s  (OH) and  radio  
c o n t i n u u m  as  well  a s  IR d a t a  a t  d i f f e r e n t  w a v e l e n g t h s .  

A de t a i l ed  a n a l y s i s  is in p r e p a r a t i o n .  
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D E N S E  C O R E S  A S S O C I A T E D  W I T H  D I F F U S E ,  
H I G H - L A T I T U D E  M O L E C U L A R  C L O U D S  

J. G. Stacy, P. C. Myers, and H. W. de Vrles 
Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts USA 

S u m m a r y  

We have identified an unusual class of diffuse, high-latitude molecular clouds (HLC's) which 
contain dense ammonia cores. We present preliminary z2CO and NH3 observations of two 
diffuse, high-latitude clouds, Bernes 48 and MBM 21, which contain dense cores and, in at 
least one case, an associated IRAS source. These results raise fundamental questions regarding 
core and star formation in molecular clouds. 

1. O b s e r v i n g  P r o g r a m  

We have surveyed an extensive catalog of positions toward hlgh-latitude molecular clouds 
(HLC's) for evidence of ammonia emission indicative of dense molecular cores and potential star- 
forming regions. Our preliminary results (Stacy, Myers, and de Vries 1988) indicate that two 
apparently distinct types of HLC contain dense ammonia cores. The first type appears to be 
related to the well-known opaque dark clouds, with which they share similar properties. The 
second, however, represents a highly unusual, "CO-rich" class of diffuse molecular cloud. To 
date we have detected ammonia emission in five HLC's of the latter type. We report here on 
complementary z2CO and NH3 mapping observations of two diffuse clouds which contain dense 
cores, one associated with the reflection nebulosity Bernes 48 (Bernes 1977), the other with cloud 
number 21 in the catalog of Magnani, Blitz, and Mundy 1985 ( -MBM).  All obserwtions of the 
NHs (1, I) line at 1.3 cm wavelength were conducted with the 37-meter radio telescope of the 
Haystack Observatory (lt.5 HPBW at 23.7 GHz), while z2CO (J=l--*0) observations at 2.6 mm 
were conducted with the CfA (formerly Columbia) 1.2-meter telescope (8!7 HPBW at 115 GHz). 
Ammonia and CO maps were obtained at grid spacings of 1!0 and 7.~5, respectively. Typical 
observing parameters for the Haystack and CfA telescopes can be found in Myers and Benson 
1983, and Dame eta/ .  1987. 

2. D i f fuse  C l o u d s  w i t h  D e n s e  Cores  

The optical reflection nebulosity Bernes 48 (1,b=11177,2071) is located on the northern pe- 
riphery of the Lynds 1228 dark cloud. A young stellar object, IRAS point source 21004+7811, 
is coincident with the position of an ammonia core previously mapped by Benson 1983, and 
Benson and Myers 1988. L1228 is listed as a point detection (cloud number 161) in the z2CO 
"intermediate-latitude" catalog of MBM. The Bernes 48 cloud is part of an extended complex of 
opaque and diffuse clouds, which may be a local "spur" of interstellar material extending from the 
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Table  1. Estimates of Core/Cloud Virial Mass Fractions 

Object 1 b d R 

(degrees) (pc) 

T*, V L S R  AVoba(FWHM) M/Mvir~a~ 

(K) (kin s-') 

B E R N E S  48 111.7 20.1 200 

core 0.1 

cloud 0.3 

0.29 -7.5 0.75 0.5 

1.2 -7.6 2.3 0.015 

M B M  21 208.4 -28.4 200 

core 0.08 

cloud 0.36 

0.11 4.80 0.70 0.9 

4.6 4.75 1.2 0.07 

C o l u m n s :  1: Object name; 2,3: Galactic longitude and latitude of peak position; 4: 
Assumed distance in parsecs; 5: Mean radius to half-maximum intensity contour; 6: 
Antenna temperature at map peak position (CO for cloud, NHa for core); 7: Mean center 
velocity with respect to the LSR; 8: Observed velocity width, used to derive total intrinsic 
line widths for virial mass estimates; 9: Ratio of derived mass to estimated virial mass 
(assuming a homogeneous sphere). 

Galactic plane in Cepheus toward the north celestial pole. CO mapping of the L1228 complex is 
currently in progress with the CfA 1.2 m telescope. Strong ammonia detections have been recorded 
in nearby opaque regions of the L1228 complex, as well as in another diffuse cloud to the north of 
the Bernes 48 nebulosity. 

The MBM 21 diffuse cloud (/,b=20874,-28~ originally listed as a point detection in the CO 
catalog of MBM, has been fully mapped in 12CO with the CfA telescope. A weak ammonia core 
is coincident with the CO peak position, and has been mapped m NHz (1, 1). This cloud may also 
contain a young stellar object, as IRAS point source 04591-0857 is located within the half-maximum 
CO intensity contour of the MBM 21 cloud, approximately 4t.5 west of the ammonia core; its exact 
relationship to the ammonia core, however, remains to be established. The MBM 21 cloud is a 
member of a long, filamentary complex of diffuse and opaque clouds, which can be clearly seen in 
reflection, possibly due to the presence of the nearby supergiant star Rigel (d~200 pc), located 
approximately 5 ~ to the east. Two other diffuse clouds in this complex have also been detected in 
ammonia. 
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3. I m p l i c a t i o n s  for  S t a r  F o r m a t i o n  

The unambiguous detection of NH3 emission from diffuse HLC's demonstrates that  even these 
apparently tenuous, ~Iow-extinction" objects can harbor small, dense cores. As summarized in 
Table  1, the est imated masses of these cores are within a factor of two of the virial masses indicated 
by their observed line widths, implying that  the cores are likely to be self-gravitating objects. This 
is in marked contrast, however, to the masses estimated for the "parent" diffuse clouds, which 
are only a few percent of the value needed to maintain the clouds in gravitational equilibrium. 
These results indicate that dense cores, and potentially stars, can exist as discrete substructures 
within clouds that are not gravitationally-bound. The dilemma posed for molecular cloud physics 
is obvious: How do such tenuous and low-mass objects form self-gravitating concentrations of 
molecular gas with densities of order ~10 4 particles cm -z ,  comprising a significant fraction of 
the total cloud mass? Further,  what mechanisms or instabilities are likely to trigger core/star  
formation in such objects? Note that  the time scales usually assumed for core collapse and star 
formation are at least an order of magnitude greater than the free expansion times deduced for 
HLC's (tezp ~ 10 ~ - r  yrs), suggesting that  other ~exteraal" confinement mechanisms, possibly 
magnetic fields, play a dominant role in such objects. 

Both the Bernes 48 and MBM 21 diffuse clouds are small, relatively isolated members of much 
larger, more extended cloud complexes containing large populations of both diffuse and opaque 
clouds. It is highly desirable to compare the properties of dense cores found in diffuse clouds with 
those found in the more well-studied dark clouds. The Bernes 48 and MBM 21 complexes, therefore, 
are ideally suited for such a comparative study. Numerous candidate regions have been identified 
for further investigation, several of which have already yielded postitive detections. Finally, we 
note that  the transparent  nature of the diffuse class of HLC, combined with their large angular 
extent in some cases, poses part icular difficulties in selecting appropriate regions for ammonia 
observations. Observations of molecular tracers sensitive to intermediate-density gas (e.g., 13CO) 
would greatly facilitate the search for dense cores by more precisely identifying promising target 
regions. 
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1European Southern Observatory, La Silla, Chile 

2Onsala Space Observatory, Sweden 

ABSTRACT 

During the first observing period with SEST we have looked for molecular outflows 
around a number of prominent southern Herbig Haro objects. We present here pre- 
liminary observational results for three of them, HH46/47, HH56/57 and HH120. A 
more detMled analysis will be presented in forthcoming papers. High spatial resolu- 
tion radio data at miltimetre wavelengths are essential to complete our picture of the 
physical conditions in the observed regions which so far has been based exclusively 
on optical and infrared data obtained at ESO and elsewhere. 

I n t r o d u c t i o n  

Herbig Haro objects are shock excited emission nebulae intimately connected with the 
energetic outflow phenomena occuring during the formation phase of stars. 

Whereas there is ample observational material on southern HH objects from optical 
and infrared observations, the examination of their vicinities at millimetre and submil- 
limetre wavelengths with high enough spatial resolution to resolve the structures of their 
associated molecular outflows has only recently been made possible with the commis- 
sioning of the new 15m Swedish ESO submillimetre telescope (SEST) located at ESO's 
site on Cerro La Silla, Chile. The telescope has been desrcribed in detail by Booth et al. 
(1988). 

We present first results from radio observations of the J = l - 0  transition of the 1; CO 
and 13 CO molecule of three prominent groups of southern Herbig Haro objects, namely 
HH46/47, HH120 and HH56/57. The first two are both situated in small, isolated dark 
cometary globules in the Gum nebula, whereas the latter is found in a molecular cloud in 
Norma and has drawn particular attention after a flare up of a FU Orionis type star at 
its NE edge had been reported (Graham and Frogel, 1985) at the position of an earlier 
detected infrared source (Reipurth and Wamsteker 1983). 

From our data we are able to calculate outflow masses and energetics, which should 
add to our understanding of these remarkable objects. 
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Resul ts  

In the case of HH46/47 we were able to detect red wing emission emanat ing from the 
position of the infrared source towards HH46C, i.e. into the globule. The  blue lobe of 
the outflow is weak compared to the red. This is what we would expect  if the outflows 
are mainly material  sliding down the inside of a wind blown cavity, as the blue side of 
the flow clearly has burst  through the surface of the globule, and little of a cavity is 
remaining. In Fig. 1 the wing emission is plotted on top of the integrated 13CO emission. 
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Fig.  1. HH46/47 I~CO red (short dash) 
and blue (solid line) wing emission plotted 
on top of contours of integrated 13CO in- 
tensity (dotted line). Offsets are given in 
arcminutes. The position of  the infrared 
source is marked by a filled triangle and 
the open squares from NE to SW mark 
HH47A, HH46 and HH46C, respectively. 

For HH120 (Fig. 2), the blueshifted emission is smeared out over a big area and 
does not reveal the typical appearance of a clearly defined lobe. Still, the amount  of 
blueshifted gas is comparable  to the mass contained in the well outlined red lobe. Our 
13CO spectra show a well defined cloud core at the location of the infrared source, with 
V L S R  = 6.0 km/s .  

Finally, our map  of the region around HH57/56 (Fig. 3) displays the clearest case of 
a bipolar molecular outflow. Both lobes are well defined. However there are two closely 
separated energy sources in the region, HH57 IRS and Re 13, and it is difficult at our 
resolution to determine the relative importance of the two sources. The  well defined 
southwestern blue lobe appears to emerge from Re 13, and it is flowing along the line 
defined by HH56 and Re 13. A less massive blue lobe is south of HH57 IRS and lies on 
the line between HH57 and the infrared source. The red lobes from these two flows blend 
northeast  of the sources. 

In all three cases the velocity of the outflows reach only modest  values and the 
resulting mechanical luminosities are correspondingly low. It should be noted, however, 
that we have used mass-weighted velocity averages in our calculations. If one used the 
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Fig. 3. Same as Fig. 2, but for 
HII56/57. The positions of the 
HI[57 infrared source at (0,0) and 
of Re 13 are marked by filled trian- 
gles. The open squares mark HH57 
and HH56, respectively. 

m a x i m u m  detected velocities and took into account  project ion effects, which are certainly 
present  but  unknown,  the luminosities could easily be greatcr  by an order of magni tude ,  
as the velocity enters quadratically. We also neglected low-velocity mater ia l  hidden in 
the line cores. This  will p resumably  affect the energetics less, but  could increase the 
outflow masses by 40% to 70% (Bally and Lada,  1983). 
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In all of the  three regions we are p robab ly  witnessing low-mass s tar  formation:  only 
low-mass stars  are expected to form within cometary  globules of dimensions as small  as 
ESO 210-6A or CG30, whereas in the case of HH57/56 th~ fact tha t  the exciting s tar  is 
of FU Orionis type  indicates tha t  it is p robabiy  an object  of no more  than  one to two 
solar masses.  

Table 1: Outflow Characterist ics 

Outflow o~195o ~195o Tex Av T~ M L 
(K) (km/s )  (years) (M| ( L e )  

HH46/47  08h24m16.4 s --50~ 15.7 3.0 7" 104 0.16 0.2- 10 -2 
HH120 08h07m40.0 s --35~ 13.2 3.5 2" 105 4.51 1.5" 10 -2 
HH56/57  16h28m56.8 s -44~  9.5 4.0 1.1 �9 105 5.2 5.9" 10 -2 
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Methyl cyanide (CH3CN) in molecular cloud cores 

Per Bergrnan and Ake Hjalmarson 
Onsala Space Observatory, S-439 00 Sweden 

We have been investigating the physical and chemical conditions in the molecular cloud 
cores of W51, G34.3+0.2, and NGC 7538 by using the symmetric top molecule methyl 
cyanide (CH3CN). All observations have been made with the Onsala 20 metre telescope 
and the observed transitions were CH3CN(J=6-5, K=0-5) at 110 GHz. 

CH3CN is a prolate symmetric top molecule and its rotational energy is a function of 
two principal quantum numbers, J and K. Due to centrifugal distortion the energy 
difference between adjacent J-levels decreases as K increases. Hence, it is possible to cover 
several transitions with different excitation energies within one spectrum. It is this fact that 
makes CH3CN a good temperature probe. 

Figure 1 shows the spectra of the sources and we see, in the case of W51M, that all six 
K-components are clearly visible. We can directly tell, by the appearance of the K=5 
component, that the kinetic temperature must be fairly high (since J=6-5, K=5 is almost 
200 K above the ground state). Note that the K=5 component is blended with the K=0 and 
K=I components of the isotopic species CH313CN J=6-5. 

The population of each level is determined by the statistical equilibrium (SE) equations 
coupled with the radiative transfer equation. Here we have used the large-velocity- 
gradient (LVG) approximation wich considerably simplifies the solution of the radiative 
transfer equation. The LVG-approximation assumes that the radiative trapping can be 
treated locally in terms of a photon escape probability. This criterion is fulfilled if we have 
a large velocity gradient present in a cloud or a clumpy medium with a large velocity 
dispersion. 

Spherical homogeneous models have been computed for a three parameter grid of 
Tkin, nrt2, and X[CH3CN]/(dv/dr ) using a method described by Goldreich and Kwan 

(1974). The parameters are estimated by comparing the models to the observation. In 
order to ensure that the determination will be independent of the source size and the beam 
efficiency we compare the line ratios of the models to those of the observation. The best-fit 
parameter set are found by minimising the statistic X 2. If)c 2 is close to 1, we have a three 
parameter set that describes the observation well. A confidence region can also be obtained 
from the )C2-values. 

Let us compare the spectra of the sources W51M and NGC 7538, see Figure 1, since 
their shapes are quite different, by looking at the contour plots of the )~2-values at the best- 
fit kinetic temperature, Figures 2a and 2b. A cross indicates the best-fit point and the 
hatched area is the 90 % confidence region. Along a straight line with slope :1 we have a 
constant CH3CN column density and it is this parameter that can be estimated with the 
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highest accuracy for both these sources. In the case of W51M the density nil2 is rather well- 

defined (because the transitions below 100 K are optically thick, x is approximately 2) 
while for NGC 7538, which has a lower optical depth, the density confidence interval is 
very broad. Of course, when the density determination is uncertain the parameters: 
CH3CN abundance (X[CH3CN]), H2 column density (NH2), and the mass (MH2) show the 

same large uncertainties (see Table 1). 
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The rather high optical depths obtained from the LVG-analysis of W5 IM, W51N, and 
G34.3+0.2 makes it impossible to use a simple rotation diagram to estimate the kinetic 
temperature (and H2 column density). Observations of the isotopic species CH313CN have 
confirmed that transitions below 100 K in these cores have an optical depth of the order 2- 
3. The ratio TA(CH3CN)/TA(CH313CN) is =20. Together with the gaussian shape of the 
lines and the small beam filling factors this implies that the CH3CN originates from many 
small clumps within the beam. Furthermore, the obtained CH3CN abundances are a factor 
of 10-100 higher than earlier estimates in this type of source (cf. Irvine et  al. ,  1987). This 
enhancement of CH3CN toward the core may be explained by evaporation of grain mantles 
due to higher temperatures close to regions with massive star formation. 
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Fi_mn'es 2a and 2b 

W51M W51N G34.3+0.2 NGC 7538 
+40 +75 +20 +40 

Tld n (K)  100_20 105_30 75.1o 40_15 
) +0.75 +~.o +0.75 

lo n Hz/Cm -3 5.75.0.75 5.25.1. o 4.25.0.25 4.5 
+3.3 +2.3 +6 

Angle (arcsec) 5.2.0. 8 3.5.1. 3 11-3 

1og(X[CH3CN]) +0.36 +1.0 +0.36 -7.55-0.44 -6.9.0.35 -6.5-1.35 

lolNHz/crri2 ~ g~ ] +0.69 +0.85 +0.7 23.53 -o.61 22.85 -0.80 22.0_0.2 

lo /Nc, ,c~cr r i2  , g~ ) +0.25 +o.5o +0.25 +0.7 16.0 .0.50 15.9-0.25 15.6 .0.75 15.2_ 1.o 
+300 +25 

Mass (M o) 110-60 10.7 3 

Table 1: Physical parameters obtained by the LVG-analysis. 
The errors correspond to 90 % confidence. 
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CO Observations of 2 nd Quadrant IRAS Sources 
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Summary: 

Systematic observation of strong second quadrant IRAS sources at low resolution has 
revealed a surprising number of broad wings frequently associated with other clouds 
along the same line of sight as the IRAS source but undetected by IRAS. 

Observations: 

We have carried out a survey with the Gornergrat millimeter-wave telescope (12CO 
J=l-0 HPBW = 4' at 115GHz) of 54 of the stronger IRAS point sources in the second 
galactic quadrant with a color temperature below 75 K. In almost all cases there was no 
other IRAS source located nearby and S(100m) > S(60m). 

The major surprises were (a) the number of spectra with several, frequently separate, 
emission line peaks; and (b) the very large zero-intensity velocity widths compared to 
gaussian fits with the upper parts of the spectra. In many cases distinct peaks in the 
same spectrum were associated with broad wings when no other IRAS source could be 
found in the region. This leads us to think that flows are not the only source of 
broad-winged molecular (CO) emission. 

60% of the 54 spectra show two or more distinct emission lines while in 29 out of the 
54 cases/b/> 2 ~ As the signals are fairly weak in general, the sources are either outer 
regions of large molecular clouds or small clouds. While emision was generally 
confined to the plane, more than 20% of the lines of sight showed molecular emission at 
heights above 200pc above the plane. 

Perhaps the most interesting feature of the observations is the frequency of broad 
wings in the absence of observed IR sources (see also Blitz et al. 1988). 
Superpositioning of clouds at similar velocities in such a way that wings are seen 
without being part of the cloud believed to be observed could be used to explain isolated 
cases, especially in the galactic plane and most effectively towards the interior of the 
Galaxy. The number of examples and the low noise level of the spectra (rms noise < 
50mK) make another type of explanation necessary. 

Five sources where only one line was present were reobserved with the NRAO 
telescope at Kitt Peak (12CO J=l-0 HPBW = 13. At the higher resolution the lines had 
smaller wings with the half power width remaining the same or increasing. Distinct 
velocity structure also appeared which was unobserved at the Gornergrat resolution 
indicating quite small clumps with high excitation temperatures. The Kitt Peak spectra 
were relatively fiat-topped compared to the approximately gaussian upper halves of the 
corresponding Gornergrat spectra (see figures 1 and 2). 
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Interpretation: 

While this behavior is not completely incompatible with the presence of a bipolar flow, 
it would be surprising given that in all cases the velocity width at the base was larger in 
the low resolution spectra than in the Kitt Peak data. An alternative explanation is that 
the medium is very inhomogeneous (clumpy) even on a very small scale and that these 
clumps are individually very diluted in the 4' beam but many more are present. This, 
along with the increasing influence of the envelope, gives a much more even velocity 
coverage and creates the rather smooth appearance of these line profiles. The base is 
wider simply because a wider range of velocities is found in the larger area covered. In a 
flow one often finds the highest velocities near the center, although there are many 
factors involved. It is quite possible that these inhomogeneities are spawned by flows 
but have lifetimes 10 to I00 times longer than the flow lifetime. 

An additional reason for expecting a non-flow explanation for the frequency of wings 
is that most bipolar flows are smaller than 1 pc and have wing temperatures of 1 to 2 K. 
Such flows appearing in the Perseus arm would not show wings when viewed at 4' 
resolution. Once again one is led towards an explanation whereby more high velocity 
material is found in a large beam, thus yielding detectable wings. 

A series of simulations of molecular clouds as an ensemble of optically thick clumps 
with individually gaussian spectra and mass varying from about 0.02M o to 2Mo most 
closely ressembled the data when the clump to clump velocity dispersion was slightly 
inversely correlated wi'.h the mass (see figures 3 and 4). The spectrum of mass was 
chosen such that N(m) ct m -1.5 as is often taken for larger clouds. The bulk of the 
emission comes from the larger clumps but the wings are created by the smaller higher 
velocity clumps, which seems reasonable if one assumes something close to 
equipardtion of energy. 

We see these clouds as very inhomogeneous or clumpy objects where the 
inhomogeneities come either from past stellar flows or from low-velocity shock fronts. 
This is supported by the fact that simulations of cloud emission using smooth variations 
of density and temperature give lines that are generally much more self-reversed than 
what is actually seen. In the cases where the small cloud is part of a Giant Molecular 
Cloud as opposed to being isolated the clumps need not be bound to the small cloud but 
to the surrouding GMC, thus allowing a considerably wider range of velocities and 
broader wings. Modelization of these emitting clumps indicates that the low temperature 
high velocity wings where no flow is currently present probably result from the 
cumulated emission of the small masses which, through an approximate 
equipartition of energy, have higher velocities than the larger clumps. The mean free 
path of the clumps is less than I pc which makes the equipartition hypothesis more 
plausible, given the relatively short times involved. 
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added, which contributes to the "roughness" of the spec~'a. Figure 4c is 4b smoothed by combining 5 channels Io 
indicate the depe~denco on frequency re~olutinn. 

129 



Dus t  T e m p e r a t u r e  E s t i m a t i o n s  for Da rk  Clouds  in  t h e  T a u r u s  R e g i o n  
Deduced  f rom Cor re l a t i ons  b e t w e e n  l s C O  L i n e  a n d  100 p m  I n f r a r e d  Emis s ion  

H. Weikard 1,2 and G. Duvert 1 

I Groupe d'Astrophysique de l'Observatoire de Grenoble, CEI~MO, B.P. 53 X, 
38041 Grenoble CEDEX, France 

2 I.Physikalisches Institut der Universits zu K61n, Zfilpicher Strai~e 77, 
5000 KSln, FRG 

A b s t r a c t  
13CO column density maps axe compared pixel by pixel with the IRAS 100 pm Sky Brightness 
Images for which no background correction was applied. The combination of an expression for the 
flux density of a dusty object with the relationship between 13CO column density and molecular 
hydrogen density leads to a linear correlation between laCO column density and infrared brightness 
at 100 pm.  The proportionality factor depends only on the dust temperature. The data often show 
this strong linear correlation. We derive estimations for dust temperatures. We obtain "infrared 
offsets" which can differ a lot even for nelghbouring fields in the sky. 

Data 

Using the Bordeaux 2.5 m telescope POM-1 more than 2800 spectra had been obtained from 1980 
to 1985 in the 13CO (1 ---+ 0) line (see Table 1). The half power beamwidth was 4.~4, spectra were 
taken with a 5' spacing. 

Region Reference Number of spectra 

L1489 1 41 
L1495 1 811 
L1506 - L1535 - L1521 (partially) 3 774 
L1534 (Heiles'Cioud 2) 2 452 
L1543 - L1551 257 
L1505 - L1513 - L1517 1 301 
B3O 224 

Table 1 : The regions observed with 
POM-1 and the number of spectra 
resp, pixels examined for this work 
References: 
/!/ Duvert et al. I986 

Cernlcharo and Gu~lin 1987 
Nercessian et al. 1988 

We use IRAS 100 pm Sky Brightness Images from the third coverage (HCON3). The resolution is 
about 5 t. No background removal was tried for these data. 

A s s u m p t i o n s  on  D u s t  and Gas  Proper t i e s  
The flux density of a dusty molecular cloud of mass M is given by (Hildebrand 1983) 

3 Md Q,bs(a,A) S,(Td ) 
F .  = 4 D2pd a 

where D is the distance, Md = Z - M  the dust mass, Pd the grain volumic density, a the grain 
radius, Q.bo(a, A) the absorption efficiency for the grains, and Td the dust temperature. 
Assurning a mixture of silicate and graphite grains (Q,b,/a = 150/cm for a = 0.1 #m (cf. Draine 
1987), Pd = 2.5 g/cm 3) and a dust-to-gas mass ratio Z = 0.01, we get (now in terms of brightness) 

MJy/sr  = 3700 ~ exp \ - - - - ~ d  ] " (1) 

Using N(H=) = 5.105 N(~3CO) (Dickman 1978) we have 

M =8.0N(13CO) ( D )  2 
M--'~ 1015/cm2 ~ (2) 
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Final ly  we combine  expressions (1) and  (2) to get 

N(13C0)  ( 1 4 4 K ' ~  S.(A = 1 0 0 # m )  
10,5/cm2 = 3 . 4 - 1 0  -5 exp \ Td ] ~vI'-Jy--]~ " (3) 

Fu r the rmore ,  we assume tha t  13C0 is thermal ized  at  a gas kinet ic  t e m p e r a t u r e  of 10 K to conver t  

i n t e g r a t e d  in tens i t ies  to  column densities: 

N(13C0)  - 0 . 4 3 5  f T A d v  
1015/em 2 K .  k m / s e c  " 

Procedure and Results 

The (integrated intensity resp. column density) radio maps are compared pixel by pixel with 

the IRAS images (equal weighted least square regression analysis). In some cases pix~is with an 

infrared excess due to point sources are discarded. 
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T h e  ent i re  regions (Table  1) show correla- 
t ion  coefficients be tween  r = 0.58 (B30) and  
r = 0.79 (L1489) (cf. also Fig. 1). However, 
in  every region we find smal ler  fields where 
the  da t a  are s t rongly  cor re la ted  (r  > 0.85, 
see Table  2): Fig. 2 presents  L1543S as an  
example.  

T h e  correlat ions in more  ex t ended  regions 
seem to be  d i sa r ranged  by  an  u n k n o w n  back-  
g round  wi th in  the  IRAS images.  

Fig. 1 : The correlation for the region L1524 - L1529 
(243 pixels): The correlation coefficient is r = 0.58. 
This result is to compare with those for six smaller 
fields in Table 2. 

Field Number of Correlation Slope Infrared offset 
pixels coefficient in (1015/cm2)/(MJy/sr) in MJy/sr 

L1489 34 0.85 0.27 16.0 
B209 135 0.90 0.23 17.5 
B10 130 0.91 0.34 22.5 
L1495E 33 0.88 0.31 24.0 
B213SW 38 0.95 0.39 18.5 
B210N 33 0.90 0.20 19.5 
L1506 91 0.89 0.27 22.0 

L1524NE 43 0.93 0.28 23.5 
L1524SE 23 0.90 0.41 26.5 
L1524NW 36 0.90 0.34 22.5 
L1524SW 24 0.91 0.41 24.0 
L1529 44 0.91 0.37 25.0 
L1529S 47 0.90 0.28 27.5 

L1535 55 0.92 0.19 28.5 
L1521S 51 0.95 0.21 21.0 
L1534N 92 0.95 0.21 27.0 
L1534E 67 0.93 0.16 29.0 
L1534SW 79 0.93 0.23 34.0 
LI543NW 35 0.91 0.32 32.0 
L1543S 41 0.93 0.19 27.5 
L1551NW 33 0.91 0.30 27.5 
L1513 32 0.85 0.23 28.5 
L1517N 38 0.90 0.29 28.0 
L1573SE 35 0.85 0.14 46.5 
B30SE 16 0.92 0.08 43.0 

Table 2 : Preliminary 
results on some selected 
fields 
The slopes and the off- 
sets are determined from 
the mean of the two re- 
gression lines. 
The six fields between 
the two spacings repre- 
sent approximately the 
pixels used in Fig. I. 
Note the difference in 
the infrared offsets for 
neighbouring fields (see 
for example L1534E and 
LI534SW)! 
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Fig.2: The L1543 region and the correlation found in 
the southern part: The short-dashed polygon marks 
L1543S (cf. Table 2). 

a :  Contour map of the 13CO (140) integrated inten- 
sity. The lowest contour (long-dashed) corresponds to 
0.3 K-km/sec, and the contour step is 0.4 K.km/sec. 
b: Contour mapof the 100 ~,m brightness. The lowest 
contour (long-dashed) corresponds to 27 MJy/sr, and 
the contour step is 1 MJy/sr. 
c : The correlation in L1543S (41 pixels): The corre- 
lation coefficient is r = 0.93. 

The  slopes given in Table  2 vary  by  a factor  of at  least  2. This  leads to dus t  t e m p e r a t u r e s  be tween  
15 and  17 K (cf. express ion  (3)). 
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Optical ly  Thick 13CO Emiss ion from the Orion 
GMC 

A. Castets l~ G. Duve r t  l ,  J .  Badly 2, R. W.  Wi lson  2 and  W.  D. Langer  3 
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Abstract 

Moderate resolution (2:5) obsevations of the 13CO J = 1 --* 0 and J = 2 --~ 1 lines in 
the Orion A molecular cloud reveal that laCO is optically thick over all the main 
filament. We present a laCO column density map of this region as deduced from 
both lines using an LVG code. This map reveals several peaks in the main filament 
with column densities greater than 4. l0 is cm -2. 

We present the first multi-transition analysis of the CO emission from an entire molecular 
cloud using J = 1 ~ 0 12CO and a3CO data obtained with the AT&T Bell Laboratories 
7 m antenna and observations of the J = 2 -* 1 12CO and x3CO lines taken with the 
POM2 2.5 m telescope located on the Plateau de Bure. 

The J = 1 --* 0 data were obtained with a 100" beam and sampled every 1'. The 
J = 2 ~ 1 data were obtained with a 2.'2 beam and were sampled every 2~5. We have 
convolved the Bell Laboratories spectra to match the POM2 beam, and resampled it on 
the POM2 map. This four-transition analysis covers a one square degree region centered 
on the BN/KL region of the Orion A molecular cloud. 

Although the observed 12CO J = 2 --* 1 and J = 1 --* 0 profiles are nearly identical 
(with [TA 12CO(2~ 1)]/[TA 12CO(1--*0)] ~ 1.0 for all velocities) as expected for opti- 
cally thick and thermalized emission lines, the observed 13CO line ratios deviate from the 
expected optically thin values suggested by the [TA a2 CO(1 ~ 0)]/[TA x3C0(1 ~ 0)] - 3 
ratio seen towards most lines of sight. 

We find that the ratio [TA 13CO(2 ~ 1)]/[TA13C0(1 ~ 0)] - 1.0 (Table 1), indi- 
cating that 13CO is also optically thick if it is thermalized! Since 12CO is thermalized, 
it is reasonable to expect 13CO to be also, since the optically thinner isotopic species 
probes deeper into what is expected to be the denser interior of clouds. In Orion A, the 
J = 2--* 1 CS line is brighter than 0.5 K over most of the mapped region (Bally et al., 
1987) and I(~3CO)/I(CS) "" 3 to 5 over the "S-shaped" filament, so the gas density is 
sufficient to thermalize even the 13CO J = 2 ~ 1 line. An opacity of order unity implies 
that the excitation temperature of the 13C0 emitting region is two to three times lower 
than the excitation temperature of the 12C0 emitting region. 

Only toward the weU-studied, dense Orion A core containing the BN/KL region do 
we find a ratio [TA 13CO(2--+ 1)] /[TA ~3CO(1 ~ 0)] --- 2, suggesting thin ~3CO emission! 
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Table 1.13CO line parameters at selected offsets in the "S-shaped" filament. The reference position for 
offsets is 5h32m47 ', --5~ ''. v(1--* 0) and r(2---* 1) are deduced from an LVG code. 

Aa A6 AV Tal-0 Ta2-1 Tk TI-0 T2-1 N(I~CO) 
( , )  ( ' )  k m / s  ~ ~ "X c "  -2 

-7.50 -22.5 2.25 8.9 6.80 17.5 1.9 4.8 4.06E16 
-5.00 -22.5 2.75 i0. 8.50 20.0 1.46 4.20 5.03E16 
-2.50 -17.5 2.75 9.4 9.10 25.5 0.72 2.68 3.54E16 
-2.50 -15.0 2.75 ii. 9.10 28.0 1.28 4.11 5.15E16 
-2.50 -i0.0 3.25 5.1 6.50 26.0 0.21 1.16 1.73E16 
0.00 -5.00 3.75 i0. 13.5 56.0 0.13 1.53 4.56E16 
0.00 0.00 3.75 9.1 16.5 62.0 0.04 1.00 4.78E16 
0.00 2.50 2.75 ii. 16.3 53.5 0.14 1.48 4.09E16 
0.00 i0.0 2.50 i0. 11.2 34.0 0.43 2.15 3.19E16 
2.50 15.0 2.00 13. 13.6 32.5 0.74 3.04 4.09E16 
2.50 20.0 2.00 ii. 12.7 26.5 0.7 2.54 3.38E16 

The  13C0 line probes deeper into a cloud than the '2CO line. The  penet ra t ion  
depth, expressed as a column density lying in front of the v -~ 1 surface, is given by 

N , ( cm_2)  = 2.4- 10"  T~o, A V ( k m s - * )  
1 - e x p ( - h v / k T )  ' 

which gives (for both  12C0 and 13CO being optically thick with A V  = 3 km s - ' ,  and 
assuming [H21/['3CO1= 7 . 1 0  s and [H2]/[ '2CO1= 1.0. 104): N ,  = 1.2.1022 cm -2 for 
lsCO and Np = 1.3.  1021 cm -2 for 12CO. (We assume that  Trot = T = 30 K for 
12C0 and 10 K for 13C0.) Thus  the 13CO emission region is effectively shielded from 
external heating by the radiat ion field while the 12CO layer is readily heated,  making 
a large tempera ture  difference between the regions probed by the two isotopic species 
reasonable in the absence of internal  heat ing sources. 

Since the column density deduced from an LVG code is, to a large extent ,  quite 
insensitive to the assumed kinetic tempera ture ,  we use 12CO J =  2---* 1 as a t empera tu re  
probe to determine the l sCO column density map of Fig. 1. This map reveals several 
clumps in the main filament with column densities higher than 4 �9 1018 cm -2. 

A more complete analysis of these observations, including a determinat ion of the H2 
density in Orion, will be published in the coming year. 

R e f e r e n c e  
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D e t e c t i o n  o f  53 n e w  86 G H z  S iO m a s e r s  

a s s o c i a t e d  w i t h  I R A S  p o i n t  s o u r c e s  

L. Haikala  
I. Physikalisches Institut, University of Cologne 

and 
Observatory and Astrophysics Laboratory, Helsinki 

Abstract 

The detection of 53 new SiO v=l ,  J=2---~1 masers in a survey of IRAS point sources 
is reported. The detection rate was 46%. It is argued that a major portion of the 
IRAS point sources with IR properties similar to those of known SiO masers are also 
SiO emitters. 

I n t r o d u c t i o n  

Maser emission (OH, H20, SiO) associated with stars has been known for about twenty 
years. The maser emission takes place in the circumstellar gas/dust envelopes (CSEs) 
around late type stars. These envelopes are strong emitters in the IR region. IRAS 
Point Source Catalogue (IPSC) provides therefore a unique tool for finding new masering 
stars. The position of known SiO maser stars in IRAS colour-colour plots was used as 
a guideline in choosing SiO maser candidates, which were then observed with the SEST 
15 m telescope. 

All the IRAS point sources which have been identified as stars and have good quality 
fluxes at 12 and 25 ~m and at least medium quality flux at 60 ~m in IPSC are plotted 
in Figure la. A selection of SiO masering stars (Engels 1979) is plotted in Figure lb. 
The box shows the criteria used in choosing the maser candidates. In the selection, a 
detection at 100 #m was required to increase the probability of the object's being nearby. 

Observat ions  

A total of 114 southern IRAS point sources were observed in May 1988 at the SEST 15 m 
telescope at SiO v=l ,  J--2-1 (86.242 GHz) frequency in dual beam switching mode. The 
spectral resolution of the KOSMA high resolution AOS used in the observations was 43.3 
kHz (0.15 km s -1 at 86 GHz). The observations covered a velocity range of q-150 km/s 
in the Local Standard of Rest. The noise RMS reached in the survey was 2.5 Jy or less. 

136 



Resul t s  
Fifty-three new 86 GHz SiO masers were found. Of these, 45 had stellar identifications, 
three were previously known non-IRAS IR objects and six had no identification in the 
Point Source Catalog. Two were previously known as 43 GHz SiO masers. The positions 
of the new SiO masers and the nondetections on the IR colour-colour diagram are shown 
in Figures 2 a and b, respectively. Sample spectra of the detected masers are shown in 
Figure 3. No baseline correction has been done. 

D i s c u s s i o n  
The IR properties of the detected and nondetected objects are not different from 

each other. The high detection rate and the known strong variability of SiO masers 
make it probable that a large fraction of the objects that were not detected are also SiO 
emitters at times. This implies that most of the objects in Figure 1 a around the position 
of the known and new SiO masers are in fact SiO masering stars. 

van der Veen and Habing (1988) divided the IRAS colour-colour diagraan into dif- 
ferent regions according to the optical and IR properties of the objects in these regions. 
Excep for U Mic, all the new SiO masering objects lie in the regions occupied by thin, 
O-rich and moderately thick, O-rich CSEs in the division of van der Veen and Habing 
(1988). Only the star U Mic lies clearly in the region of C-rich CSEs. Fifteen SiO can- 
didates observed in the survey reported here have IRAS 12p fluxes larger than 500 Jy. 
SiO was detected in eight of these objects. Of the nondetections, five lie in the region 
of C-rlch CSEs, even though these objects occupy only a small part of the colour-colour 
region where SiO emission was sought. U Mic could be a C-rich object showing SiO 
maser emission. Curiously, the 12p flux of U Mic is only 33 Jy. 

R e f e r e n c e s  
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The Largest Molecular Cloud Complexes 
Southern Milky Way 
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in the 

With our completion of the Columbia Deep CO Survey of the fourth Galactic quadrant, 
covering from ~ = 300 ~ to 348 ~ within 2 ~ of the plane, at a resolution of 07125, it has 
become possible to establish the gross distribution of molecular gas in the inner Galaxy 
over a large fraction of the area within the solar circle (Bronfman et el., 1988). According 
to our analysis, at least half of the interstellar gas in this region of the disk is in molecular 
form. Most of the molecular gas is concentrated in cold and compressed clouds which, 
particularly in the vicinity of spiral arms, are often arranged into large cloud complexes; 
these complexes are confined to and fill about 1% of a thin (120 pc FWHM) layer about 
the plane. 

We have now identified from our new CO survey of the fourth Galactic quadrant, 
following the same method used by D a m e  et al. (1986) to analyze their first quadrant 
CO survey, the 50 largest molecular complexes in the southern Milky Way, in a region 
roughly limited by the 3 kpc expanding arm and the solar circle (Table 1). The majority 
of these complexes have masses exceeding 5 • 105 M| some of them, with 5 x 106 M| 
are among the largest in the Galaxy. Most if not all have intense infrared counterparts; 
many seem to be sites of active star formation, as suggested by their close association 
with HII regions and IRAS point sources (Bronfman, 1989). 

Molecular complexes in the fourth Galactic quadrant seem to be organized, in addi- 
tion to the Carina arm (Grabelsky et al., 1988) and to the 3 kpc arm (Bronfman, 1986), 
into two large scale features roughly coincident with major spiral arms proposed by 
Georgelin and Georgelin (1976) based on the distribution of HII regions: the Centaurus 
arm, radius R ,~ 0.8 R| and the Norma arm, tangent to the line of sight at g ,,- 328? and 
at a mean Galactocentric radius R ,~ 0.55 R| Since perturbations in the velocity field 
caused by the action of energetic events may introduce large uncertainties in the derived 
kinematic distances, particularly for the Centaurus arm (Nyman et al., 1987), further 
studies of CO spiral structure must be preceded by a careful examination of peculiar 
velocities associated with the major molecular cloud complexes catalogued here. 
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T a b l e  1. T h e  b r i g h t e s t  C O  sou rce s  in t h e  f o u r t h  q u a d r a n t  of  the  Galac t ic  p l ane  w i th in  t h e  so lar  circle.  
T h e  twofold a m b i g u i t y  in t h e  k i n e m a t i c  d i s t a n c e s  ha s  been  t en ta t ive ly  solved wi th  the  he lp  o f  a s s o c i a t e d  
HII regions ,  H 2 C O  a b s o r p t i o n ,  a n d  t he  e x a m i n a t i o n  of  t he  l a t i t ude  pos i t ion  a n d  e x t e n t  of  t h e  c louds .  
Radi i  were ca l cu l a t ed  as R ---- (A/Tr) 1/2 , where  A is t he  a rea  of  c loud wi th  e m i s s i o n  la rger  t h a n  3r We 
used  R ~  = 8.5 kpc ,  V(D = 220 k m  s -  a, a n d  a convers ion  factor  N(H2 ) / W ( C O )  = 2.2 x 1020 K k m  s -  t / k p c  
( D a m e  et aL, 1986) t h r o u g h o u t  t he  ana lys i s .  

L o n g i t u d e  L a t i t u d e  V L S R .  AVFwHM D R log M / M |  
( k m / s )  ( k m / s )  (kpc)  (pc) 

302?0 0?8 - 4 0  I I  2.8 91 6.06 
305.3 0.9 - 4 1  21 4.4 139 6.27 
308.0 --0.4 --14 5 9.4 41 5.51 
308.4 --0.2 - 6 1  8 3.0 55 5.61 
309.0 - 0 . 3  - 1 1  11 9.9 87 5.67 

309.4 0.0 - 4 5  12 4.0 110 5.63 
311.7 0.0 --50 18 4.2 118 6.08 
311.7 --0.1 - 1 0  19 10.6 04 5.16 
312.5 0.0 - 1 4  16 10.4 108 5.54 
313.8 0.0 - 7 9 11.3 82 4.87 

314.2 0.1 - 4 7  16 3.5 101 5.84 
316.4 - 0 . 4  - 7 5 11.8 51 5.58 
316.4 0.I  - 4 5  13 3.2 72 5.44 
316.6 O.O - 2 1  8 10.9 93 5.65 
318.3 - 0 . 2  - 1 8  10 11.4 139 5.85 

318.4 0.0 - 4 2  14 3.0 88 5.72 
319.6 - 0 . 3  - 1 0  24 12.3 117 6.10 
320.3 - 0 . 1  - 8 16 12.8 101 6.07 
320.8 - 0 . 2  - 5 9  12 4.0 88 5.31 
322.6 0.5 --53 9 3.6 56 5.09 

323.0 0.6 - 3 3  8 2.3 89 5.44 
323.7 --0.4 - 6 5  5 4.2 48 4.75 
324.0 0.3 --52 9 3.5 62 5.29 
326.5 0.5 --43 10 2.9 67 5.83 
327.0 --0.4 --60 9 3.9 60 5.53 

328.2 0.7 - 9 2  16 5.7 112 6.10 
328.4 0.0 - 7 3  11 4.6 134 6.10 
328.5 0.3 - 4 4  11 3.0 79 5.50 
329.5 0.6 - 9 1  18 5.5 87 5.77 
331.1 0.3 - 4 5  8 3.1 65 5.54 

331.4 - 0 . 1  - 9 2  14 5.5 82 6.18 
331.5 0.1 - 6 5  12 4.1 96 6.06 
332.6 0.2 - 4 7  12 3.3 56 5.82 
333.7 - 0 . 1  - 4 8  14 3.3 77 6.15 
333.9 - 0 . 1  - 8 9  12 5.2 I l l  6.06 

334.5 0.5 - 6 6  12 4.3 90 6.00 
337.1 - 0 . 1  - 1 1 7  14 6.4 70 5.71 
337.1 - 0 . 1  - -74 13 11.0 162 6.64 
337.8 0.0 --56 13 11.8 141 6.60 
338.9 - 0 . 2  - 1 1 7  10 5.7 66 5.57 

339.0 0.7 --60 10 4.2 38 5.38 
340.0 - 0 . 3  - 9 0  10 5.4 95 5.35 
340.7 - 0 . 1  --123 10 5.7 92 5.78 
341.1 --0.3 --44 13 3.6 114 6.17 
342.4 0.1 --79 12 5.2 88 6.07 

342.6 --0.4 - 2 7  10 2.7 80 5.90 
342.8 0.1 --124 14 5.6 87 5.85 
344.1 0.2 - 6 9  10 4.9 96 5.86 
344.8 0.1 --43 10 3.9 69 5.34 
345.6 1.1 --15 10 1.9 39 5.59 
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Molecu lar  Outf lows  

J .  T.  A r m s t r o n g  
I. Physikalisches Institut, Universits zu KSln, FRG 

SUMMARY 

I describe recent outflow results from the Gornergrat 3 m telescope and discuss them 
in the context of the support of molecular clouds. Recent results in modeling clump- 
clump interactions and in finding outflows in unbiased surveys lend support to the 
idea that outflow energy is the major source of support for some clouds. I devise a 
"turbulent luminosity" for discussing the energetics of cloud support. 

I. I n t r o d u c t i o n  

Since the realization early in this decade that many star-formation regions contain high- 
velocity gas, often in the form of bipolar outflows, a great many outflow sources have 
been identified, sometimes several to a cloud, and often extended on scales of a parsec 
or more. Meanwhile, one of the long-standing puzzles in molecular-line astronomy has 
remained a puzzle: why are the linewidths in most molecular gas so much greater than 
the thermal velocities of the molecules? Something is maintaining the "turbulence" of 
the gas for times that are long compared to a free-fall time: either a dissipation rate that 
is slower than expected, or continuing energy input into the gas, or some of both. The 
work of Scalo and Pumphrey (1982) suggests that dissipation rates may be as much as 
an order of magnitude longer than a free-fall time. In addition to stellar winds and HII 
regions, several other sources of energy input have been suggested, including "star-cloud 
turbulence" (Henricksen and Turner 1984), Alfv6n waves (e.g., Shu, Lizano, and Adams 
1986), Galactic rotation (Fleck 1981), and, of course, outflows (e.g., Margulis and Lada 
1985; Margulis, Lada, and Snell 1988). 

In this paper, I discuss the importance of outflows to the energetics of bulk motion 
in molecular gas. I show some recent mapping results from the Gornergrat 3 m telescope, 
including some newly-discovered flows and some observations of previously known flows. 
I then discuss these results, along with some survey results of Fukui e~ al. (1986) and of 
Margulis and Lada (1985) in the light of the possibility that a significant fraction of the 
support of turbulence in molecular clouds comes from outflows. 

II .  K O S M A  R e s u l t s  

We have been pursuing two types of outflow observation with the KOSMA 3 m telescope 
on the Gornergrat. We have searched for new outflows in promising objects such as 
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red nebulous objects (RNOs) (Cohen 1980) and IRAS point sources selected for colors 
characteristic of embedded stars. Our 3.19 beam at 115 GHz will miss compact outflows 
due to beam dilution, but will find detached outflows that may be missed by larger tele- 
scopes. We have mapped extended outflows near RNO109 (Armstrong and Winnewisser 
1989) and three IRAS point sources (L1228, L1221, and IRAS 22336+6855; Halkala and 
Laureijs 1988; Halkala and Dietrich 1988a). 

We have also been mapping known outflows. A few extended outflows - L1551 espe- 
cially - have previously been mapped to low surface brightness levels with high angular 
resolution, but the cost in observation time with large telescopes is high; thus, many 
other extended flows are not as sensitively mapped. With a small telescope, mapping to 
low surface brightness levels over a large area is quicker, making it easier for us find out 
how extended these outflows are. We have mapped the outflow in NGC2071, and have a 
partial maps of an outflow near p Oph and of the L1551 outflow. 

Red Nebulous  Objects  

Of 13 sources observed from Cohen's catalog (1980), 11 show CO emission, and four to 
seven show high-velocity wings (Fig. 1). Except for L673, near RNO109, we have no 
mapping data for these sources, but the presence of the RNOs makes it more likely that 
the high-velocity gas is indeed due to star formation rather than some other process. 

The distance to L673 is not well determined; a reasonable estimate is 300 pc (Herbig 
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Fig.  1. 1:~CO ( 1 - 0 )  spectra ,  a,  b :  RNO138, showing low-intensity red and blue wings, c: RNO9, 
showing a possible faint  blue wing. d: RNO131, with a clear red wing and also a possible faint  blue 
wing. Velocity resolution in a and b: 0.082 km s - l ;  in c and d, 0.49 kin s -1 
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and Jones 1983). It contains two, and perhaps three, outflows. The first one discovered, 
by Edwards and Snell (1982) with the FCRAO 14 m telescope, is near AS353A, a T Tauri 
star, and HH32. The size that  Edwards and Snell measured was ,~ 5 ~. Knapp and 
Padget t  (1984) observed the outflow region with the Bell Labs 7 m telescope and found 
a somewhat larger size, -,- 7 ~, and also found some hint of an outflow 5 ~ to 10 ~ further 
north. We observed the whole cloud with the 3 m telescope, and found another outflow 
in the northern part  of the cloud, more or less centered on RNO109 (Fig. 1; Armstrong 
and Winnewisser 1989). The observed major axis of this northern outflow is 18 ~. The 
outflow near HH32 is barely visible in our data; evidently it is beam diluted. The total  
mechanical luminosity of the RNO109 and HH32 outflows, scaled to a distance of 300 pc, 
is 0 .024Le.  The third outflow, if it is real, contributes less than 0.004L| (Knapp and 
Padgett  1984). 

14 ~. 

12  \ : / , ' +  ) ,' , 

/ 
O8 

O6 

0 4  l ~ l J 

19 18 ,45 3 0  15 O0 
R I G H T  A S C E N S I O N  

1 7  4 5  

Fig. 2. Contours of total CO column density 
in the northern part of L673 for the red (solid 
line; 9.0 to 15.2km s -I) and blue (dashed 
line; -0.8 to 5.4km s-'Z) lobes of the north- 
ern L673 outflow. Contour levels are 3, 4, 5, 
and 6 times 1.4 x 10 Is cm -2. The crosses rep- 
resent IRAS 25/~m point sources; the largest 
is RNO109. 

IRAS Sources 

Haikala and Dietrich (1988a) have been surveying IRAS point sources selected for colors 
characteristic of embedded stars and for intermediate luminosity with both the Gorner- 
grat telescope and the SEST telescope. One of them is L1228, a high latitude dark 
cloud (s = 20 ~ that contains an outflow of 20' size found by Haikala and Laureijs (1988) 
(Fig. 3). Its distance is poorly known; I-Iaikala and Laureijs scale their derived parameters 
to 100 pc, which places it at one scale height above the plane. Its mechanical luminosity 
is 0.04 (D/100 pc)L| Haikala and Dietrich (1988a) show an outflow of ,,~ 10' size in 
L1221, another high-latitude dark cloud, and another outflow, also ~,, 10 ~ in size, near 
IRAS 22336+6855. 

M a p p i n g  o f  K n o w n  Ou t f l ows  
Haikala and Dietrich (1988b) have made some preliminary observations of CO (1-0)  
near the outflow in NGC2071. A comparison of the high-velocity gas observed in the 
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Fig.  4. Red- and blue-shifted CO (1 -0 )  emission in NGC2071. To the left is a map made with the 
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the map presented by Snell e$ al. (1984). Contour levels are the same as in the Gornergrat  map. The 
integration intervals, however, are wider: - 2 0  to 5 km s -1 and 15 to 30 km s -1 .  
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Gornergrat  spectra  with the high-velocity gas observed by Snell et al. (1984) shows a 
somewhat more  extended outflow in the 3 m da ta  (Fig. 4). This is similar to the si tuation 
in L673, where the size observed by Knapp and Padget t  (1984) is somewhat  larger than  
that  observed by Edwards and Snell (1982). Haikala and Dietrich (1988b) have also 
observed an outflow in the p Ophiuchi cloud, shown in Fig. 5. 
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Fig. 5. Red- and blue-shifted CO (1-0) emission in the p Ophiuchi cloud; the red wing is shown with 
solid contour lines. Contour levels are 2.5, 3.0, 3.5, ... K km s -1. Integration intervals are -5  to 
lkm s -1 and 6 to 12km s -1. 

Gierens (1988) has observed par t  of the L1551 outflow to determine whether  the 
outflow is filled or hollow, but  the data  can also be used to compare the extent  of the 
outflow as measured  by the 3 m  and 14m telescopes. L1551 has been very completely 
mapped with the 14 m, and in this case, the width of the outflow (the only direction in 
which Gierens mapped)  in the 3 m data  agrees well with that  in the 14 m data.  

III .  A r e  o u t f l o w s  t h e  s o u r c e  o f  c l o u d  t u r b u l e n c e ?  

What  does all this mean  for the energetics of molecular clouds? First,  it is more confir- 
mation that  there  is a large number  of outflows and that  most, if not all, stars undergo 
an outflow episode early in their lives. Second, there is now some indication that  there 
are many ex~ended outflows, where "extended" is a vague term indicating typical sizes 
of the order of half  a parsec or more. If outflows are somewhat bigger than  we have 
thought,  they are more energetic and older than previously believed. 

As to the outflow sizes, first consider the Gornergrat  results I have been discussing. 
The L673 outflow is 1.3 x 0.9 pc in size; the L1228 outflow (if its distance D = 100 pc) 
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is 1.2 x 0.6pc; the L1221 outflow is 0.3pc (also for D = 100pc), and the outflow in 
NGC2071 is ,.. 2 pc in the Gornergrat  map (with D = 500 pc [Strom et al., 1975]), about  
twice the size shown by Snell et aI. (1984). Some mechanical luminosities and dynamical  
timescales are shown in Table 1. 

Table I. Outflow timescales and mechanical luminosities 

Source Size tdy n Lmech 

L673 
AS 353A a 
Middle b 
RNO 109 c 

L1228 d 

Orion A e 
L1641N 0.3 
L1641S 1.2 
Orion A East  
Orion A West 

Mon OB11 
D 1.2 
E 0.7 
G 0.9 
H 0.3 
I 0.6 

0.2 pc 3 x 104 yr 0.012L(! ) 
0.26 7 x 104 < 0.004 
1.3 9 x 104 0.012 

0.5 (D/100 pc) 2 x 104 (D/100 pc) 0.04 (D/100 pc) 

1 x 10 4 [ 

4 x 104 1 2.0 

3 x 10 4 13 

a. Edwards and Snell (1982) b. Knapp and Padgett (1984) 
c. Armstrong and Winnewisser (1989) d. Haikala and Laureijs (1988) 
f. Margulis and Lada (1985); Margulis, Lada, and Snell (1988) 

e. Fukui e$ al. (1986) 

Consider as well two other  recent studies. Fukui et al. (1986) have done an unbiased 
survey of the Orion A cloud and a few others. They  have found four new outflows in 
Orion; two of them are quite extended (L1641N and S with maximum extents of 0.3 pc 
and 1.2 pc, respectively). Margulis and Lada (1985) and Margulis, Lada, and Snell (1988) 
have done an unbiased survey of the Mon OB1 cloud and find five to eight outflows with 
sizes ranging from 0.3pc to 1.2pc. The sizes and dynamical timescales, when given, 
are also shown in Table 1, as well as the total  mechanical luminosities for these sets of 
outflows. 

Now we can proceed to do some comparison of the energy in the turbulent  motions 
themselves with the mechanical luminosity of the outflows. The approach I will take is 
to calculate how many  outflows are necessary, in terms of energy, to sustain the observed 
turbulence. 
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First, I devise a "turbulent luminosity," the rate at which turbulent energy is lost 
via dissipation: 

Ekin 
L t u r h -  tdiss" (1) 

The kinetic energy Ekin and dissipation time tdiss of the turbulence are given by 

3 
Ekln -- 16 ln-------2 MAV~' (2) 

tdiss = Xtcross, (3) 

d 
with tc ros , -  AV/~' (4) 

where d is the linear size of the cloud, z3V is the FWHM linewidth, M is the mass, and 

X lies somewhere between unity and 10. This works out to 

L,~ i0 | Ikms -11 s o  (5) 

Then the number of outflows needed to sustain the loss of turbulent energy through 

dissipation is 

Lturb 
N -  ~rmec--""~ ' (6) 

where e is the efficiency of transferring outflow energy to turbulent motions. 
I have already mentioned the results of Scalo and Pumphrey (1982), which corre- 

spond to X = 7. I have used this value in Table 2, which shows the number  of outflows 
necessary to sustain the turbulence under the assumption that  e = 1 using da ta  for the 
observed outflows in the L673 (Armstrong and Winnewisser 1989), Orion A (Fukui et al. 
1986), and Mon OB1 (Margulis and Lada 1985; Margulis, Lada, and Snell 1988) clouds. 
Comparison of the Nneeded and Nobs columns shows that  efficiencies e of 5% to 30% are 
needed for energy injection from outflows to balance dissipative loss of turbulent  energy. 

Table 2. Number of outflows necessary to sustain turbulence 

Source Mclou d dclou d AV Lturb N~aeeded Nob s 

L673 b 300M G 2.4pc 2.7km s -a 0.011L| 0.8 2-3 
Orion A c 20000 20 3 0.12 0,5 9 
Mon OB1 a 30000 15 6 1.9 0.9 5-8 

a. Calculated with X = 7 and e = I (see text) b. Armstrong and Winnewisser (1989) 
c. Fukui et aL (1986) d. Margulis and Lada (1985); Margulis, Lada, mad Snell (1988) 

One possible objection to this picture concerns clouds with supersonic linewidths 
but no embedded IRAS sources. If outflows are the source of support for these clouds, 
there should be some sign that  star formation has taken place. 

149 



One way out of this difficulty is provided by the Scalo and Pumphrey result that 
the timescale for dissipation of turbulence may be several crossing times. In L673, tdiss 
is 107 yr for X = 7. That is enough time for a star with a peculiar velocity within the 
cloud of 1.Skm s -1 to move 18pc, or enough time for a star to drift entirely out of the 
cloud before the turbulence dissipates. It is also enough time for some stars to evolve 
onto the main sequence, when they will cease to be conspicuous IR objects; if they are 
not massive stars, we may not know that they are there. RNO109 may be an example 
of the first process. The fact that it is optically visible suggests that it is near the front 
surface of the cloud. It may have drifted nearly out of the cloud since it started making 
the outflow that seems to be associated with it. 

Another possible objection concerns the morphology of clouds and cloud complexes. 
The image of Orion B shown by Bally (1988) shows many loops and filanmnts, struc- 
tures that do not look "relaxed," and that indicate that the structure of the complex 
is dominated by shocks. One possibility is that some of this structure is due to "fossil" 
outflows. Another, perhaps more likely, possibility, is that support due to outflows is 
more important on small scales; the difference in scale between L673 and Orion B is 
about an order of magnitude. 

V. C o n c l u s i o n s  

My conclusions, roughly in order of decreasing certainty, are: 

1. There are many outflows. The numbers of known outflows from the work of several 
groups has strengthened the conclusion that nearly all, if not all, stars go through 
an outflow-producing phase at the beginning of their lives. 

2. Many of them are extended outflows. These results also suggest that the number of 
"extended" outflows is large, and that the measured sizes of outflows are to some 
degree influenced by the size of the telescope with which they are observed. This is 
not just a matter of poorer resolution with smaller telescopes; it also seems to be a 
selection effect. 

3. Outflows can be a major source of support for turbulence in clouds. The efficiency 
of transfering kinetic energy from the outflow to the turbulent velocity field need 
not be higher than 5% to 30%. The Scalo and Pumphrey (1982) results also give us 
a possible way out of the problem of clouds with supersonic linewidths but no IR 
sources: there may be enough time for a star to form, create an outflow, and either 
drift out of its parent cloud or evolve onto the main sequence before the resulting 
turbulence dissipates. 
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OPTICAL EMISSION-LINE JETS IN STAR FORMATION REGIONS 

Reinhard Mundt 

Max-Planck-Institut f~r Astronomie, K6nigstuhl 17 
6900 Heidelberg, Fed. Rep. of Germany 

SUMMARY. The morphological and kinematical properties of optical 

emission-line jets and related collimated "optical" flows from 

young stellar objects are reviewed. Some recently obtained high- 

quality CCD images are displayed to illustrate the morphological 

properties of these flows and their associated bow-shock like 

structures. The available data on the driving sources of these 

flows are also reviewed. 

i. INTRODUCTION 

It it now generally accepted that energetic, and often bipolar, 

mass outflows are an important phase in early stellar evolution for 

all types of young stars. Evidence for such outflows is provided by a 

variety of phenomena (see e.g. Lada 1985, Mundt 1985a, Strom and 

Strom 1987, Staude 1988). Many of these phenomena result from the 

interaction of the outflowing matter with the surrounding molecular 

cloud. 

The two most detailed studied phenomena are: (I) high-velocity 

molecular gas (HVMG) and bipolar molecular flows, (2) Herbig-Haro 

(HH) objects and optical jets. In the former case one studies the 

molecular gas components near young stellar objects (YSOs) with 

significantly higher velocities than the typical turbulent velocities 

of molecular clouds (~ 1 km/s). In the vicinity of stars of low to 

moderate luminosity (i-i00 L| the characteristic velocity of the 

molecular flows is 5-20 km/s. The HVMG itself is probably molecular 

cloud material which has been somehow accelerated by the stellar 

wind. For example, it could be located in the shell of a wind-blown 

cavity. The properties of molecular outflows has extensively been 

discussed in a number of recent reviews (e.g. Lada 1985, Snell 1987) 

and will not be further discussed here. 
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optical emission-line jets and HH objects associated with young 

stars trace flow components with a much higher degree of collimation 

and velocity than the HVMG. The measured radial velocities can reach 

values of up to 450 km/s and for some jets the opening angle is less 

than 1 degree. A discussion of some of the observational properties 

of the jets and those of their sources will be given below. For a 

more extensive discussion the reader is referred to Mundt, Brugel, 

and B~hrke 1987 (hereafter MBB87). 

HH objects and jets are intimately related phenomena. Both show 

the same emission line spectrum, which is formed behind radiative 

shock waves with velocities of 40-100 km/s. Furthermore, several long 

known HH objects form the brightest knots of a jet. On the basis of 

such observations it has been suggested (e.g. Mundt 1985b) that many 

HH objects simply represent the locations of the most brightest 

radiative shocks in a jet from a young star. This does not imply a 

unique model for all HH objects, since there is a large variety of 

ways to excite shocks in a collimated outflow (e.g. MBB87). For 

example, one expects strong shocks in the working surface of the jet, 

but it also possible to excite shocks along the jet (e.g. through 

fluid dynamical instabilities). 

The currently available data on jets, HH objects, and collimated 

optical flows have been discussed extensively in several recently 

published review articles (Schwartz 1983; Mundt 1985a, 1985b 1987, 

1988, Canto 1986, Dyson 1987, Strom and Strom 1987). Since so many 

recent reviews are available, only few topics will be discussed here. 

2. OBSERVATIONAL PROPERTIES 

2.1 Morpholoqu 

Most jets and collimated optical flows have been discovered 

within the past 6 years through deep CCD imaging of HH objects and 

YSOs in the strongest emission lines of HH objects (e.g. He, [SII] 

~6716, 6731). In order to be sure that the observed structures are 

indeed due to in situ formed line emission (and not due to scattered 

light) a continuum frame has to be taken as well. 

Definitions of a jet or collimated flow from a young star were 

recently discussed by Mundt (1988). He suggested to define a jet as a 
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knotty, elongated structure with an HH-like spectrum and a length-to- 

diameter ratio L/D z 5. In the case of a collimated flow the spectrum 

and morphology is the same, but the length-to-diameter ratio is 

smaller (2 s L/D < 5). 

By far the best example of a jet is the one emanating from HH34- 

IRS (see Fig. I). An example of a collimated flow is DG Tau (e.g. 

Mundt 1988), HH43 (e.g. Strom et al. 1986), or HH57 (e.g. Reipurth 

1985a). So far more than about 25 jets and more than about 15 col- 

limated optical flows have been discovered. The most extensive lists 

of such objects have been published by MBB87 and by Strom et al. 

(1986). Additional recent examples are discussed by Reipurth (1985b, 

1988), Reipurth and Graham (1988), Ray (1987), Solf (1987), Hartigan 

and Graham 1987, Mundt (1988), and by Mundt, Ray and Buhrke (1988). 

On the following pages several examples of jets associated with 

YSOs are shown. All these CCD images have been taken in January 1987 

at the prime focus of the 3.5 m telescope on Calar Alto, Spain. For 
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l a :  He image  o f  t h e  HH34S 
region. A knotEy jet is pointin E 
Cowards HH34S (see Fig. lb). Note 
chat HH3~S has the shape of a bow 
shock. On all figures north is up 
and east CO the left. Image size 
75x85 arcsec. 

%'-~L 

Fig. Ib: Iso~ntensity contour 
plot of a [SII] CCD frame of 
the jet associated with 
HH3&S. Twelve knots are visi- 
ble in the section shown in a 
typical separation of 2 arc- 
sec. fmage size 15x31 arcsec. 
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Fig 2: HE24 region. The [SII] image and che correspondin E contour 
plo~ show the knotty bipolar jets emanating from SSV63 (Solf 1987). 
The ~ndicared numbers in this and the following figures are km/s. 
Image size of the left hand part 175x250 arcsec. 

most images displayed here a [SII] ~6716, 6731 interference filter 

was used (&A = 70 A). 

Among the presently known jets the following morphological 

features seem to be common in a significant number of them: 

- knots along the jet 

- bow shocks or bright knots at the jet's end 

- wiggles 

(i) Knots Along the Jet 

The best examples of knotty stellar jets shown here are associa- 

ted with the following sources: HH34-1RS (Fig. I), HH24-SSV63 (Fig. 

2), and HH30-star (Fig. 3). The HH34 jet is of course the most strik- 

ing example. 13 knots have been discovered by Buhrke, Mundt, and Ray 

(1988) over a distance of 30 arcsec from the source. It should be 

pointed that all jets show knots on high dynamic range images; i.e 
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I 

Fi E . 3a: HH30-HL/XZ Tau reEion. HiEh 
contrast [SII] image, showin E the 
2 aremin (0.i pc) long jet emanating 
from the HH30-star. A correspondin E 
contour plot of this jet near the 
source is also shown. The "over- 
exposed" region near XZ/HL Tau is 
shown more clearly in Fig. 3b. 

l o * .  

l ~ t ~ r  

r .  

RA (1950) 

Figure 3b: Composite 
"pure" emission line 
contour plot of the HL/ZZ 
Tau region. The majority 
of this plot shows the 
difference between [SII] 
and a red continuum frame 
(rN). IC has been shown by 
Mundt, Ray and BQhrke 
(1988) nhat in this small 
reEion ~ sources Eenerate 
jets or other "optical" 
flows, namely HL Tau, 
VLA1, XZ Tau and the noC 
yet discovered H~-jeC 
source. 

knots are very probably a morphological property common to all jets. 

ii) Bow Shocks and Bright Knots at the Jet's End 

These morphological features are described here together, since 

they are physically closely related (i.e. part of the jet's working 

surface). One of the best examples of an association between a jet 

and a bow shock like structure is HH34S (see Fig. I). Other good 

examples are HHI, RNO 43N (see Fig. 4) or RNO 43S. Bright knots are 

observed at the end of several flows. Examples are the HH46/47 jet 

(e.g. Graham and Elias 1983) or the jet associated with AS 353A (Har- 

tigan, Mundt and Stocke 1986). Wheather a bright knot or an extended 
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Fig. 4: RNO 43N; this is a 
further example of an 
extended HE object of which 
the outer edEe (at least at 
the western side) has the 
shape of a bow shock. The 
associated jet ~s relatively 
diffuse and patchy. ImaEe 
size about 70 x 120 arcsec. 

bow shock appears at the jet's end depends on various factors which 

have been discussed elsewhere (e.g. Mundt 1988). 

iii) Wiggles 

Nearly all jets are not perfectly straight, but show at least 

small changes in direction. Among the examples shown here, wiggles 

are most prominent in the case of HH30. 

2.2 Kinematic and Spectroscopic Properties 

In Table 1 the typical observational properties of the jets and 

their sources are summarized. 

As mentioned in section 1 the jets show the same spectrum as HH 

objects. In several cases of knotty jets and knotty collimated flows 

a spectrum of rather low excitation is observed (e.g. I([SII] I16716, 

6731)/I(He) = 3). The best examples are the flows from HH34-IRS 

(Reipurth et al. 1986), SSVI3 (Brugel, B6hm, and Mannery 1981), SSV63 

(Solf 1987), HHI-VLAI (Strom et al. 1985), and DG Tau B (MBB87). 

Their excitation can be explained by very oblique internal shocks. 
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Table i: Typical properties of jets from young stars 

projected length: 

length-to-width ratio: 

opening angle: 

radial velocity: 

velocity dispersion (FWHM): 

0.02 - 0.5 pc 

i0 - 20 

1 - i0 ~ 

0 - 400 km/s 

< 30 km/s (6 cases), ~i00 km/s (5 cases) 

Vtansential of bright knots: 50 - 350 km/s 

electron density: 400 - 2000 cm "3 

spectrum: shock-excited emission line spectrum (HH 

spectrum), Vsh0= k = 40-100 km/s 

sources: low luminosity IR sources (I-i0 LQ) or 

highly extincted T Tauri like stars with 

reflection nebulae. 

Radial velocity data are available for nearly all flows. The 

mean radial velocities are of the order of 100-150 km s "I , with a 

maximum observed velocity of about 400 km s "I (for details see 

MBB87). 

The relatively high radial velocities are accompanied by mode- 

rate velocity dispersions of typically 30-100 km s "I (FWHM). Recent 

observations with the Coude spectrograph of the 2.2 m telescope on 

Calar Alto (T. B~hrke, priv. comm.) showed that the jets of HH30, HL 

Tau, Haro 6-5B, DG Tau B have very small velocity dispersions in the 

[SIIJ lines (FWHM s 30 km/s). Such small velocity dispersions are 

expected on theoretical grounds, if the emitting material is excited 

by oblique internal shocks (Falle, Innes and Wilson 1987). 

Both blue and redshifted jets are observed. About 50% of the 

know flows are optically bipolar on the basis of radial velocity or 

proper motion data (see e.g. Fig. 2 and 3). In about half of these, 

there are strong differences in the morphology (e.g. opening angle) 

and spectroscopic properties between the two sides of the outflow 

(MBB87). Proper motion data using photographic plates are available 

for 40% of the flows. However, mainly measurements of the brightest 

knots were possible, which are located normally at the end of the 

flow. The measured tangential velocities range from 50-350 km s I 

Recently Neckel and Staude (1987) were able to measure the proper 

motions of the knots of the LI551-IRS5 jet with the help of CCD 

images. For all 4 knots in the jet they derived a tangential velocity 

of about 200 km/s. Similar data were obtained by Mundt et al. (1989) 
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for the jets from HL Tau and VLAI-HL Tau with tangential velocities 

of up to 380 km/s. 

For more than 15 of the currently known jets and collimated 

flows the radial velocities are high enough (> 50 km/s) to study 

radial velocity variations along the flow axis (for details see 

MBB87). In general a complex velocity field is observed and sometimes 

several flow components are present. The only correlation in the 

kinematic data is the following: when a bright knot is present at the 

end of the jet a radial velocity decrease is observed within or near 

the knot (or the data are at least consistent with a decrease). This 

has been interpreted by flow deceleration in the jet's working 

surface (e.g. MBB87). Known examples are the flows associated with T 

Tau, DG Tau, HH24, HH33/40, HH46/47, and AS 353A. The corresponding 

kinematic data in the case of HH24-SSV63 are indicated in Figure 2. 

However, there is no indication that the flow velocity gradually 

decreases along the jet (before the bright knot at the jet's end), 

which means that the kinetic energy is transported rather efficiently 

along the jet (MBB87; BQhrke, Mundt, and Ray 1988). 

The electron density N~ in the jets, based upon the [SII] 

6716/6731 line ratio, has typically values of 400-2000 cm "] In 9 of 

the 12 flows with reasonable [SII] data N e is decreasing along the 

flow direction, or at larger distances from the source the average 

electron density is smaller. This correlation is not surprising, 

since for a diverqinq flow with constant mass flux and velocity the 

density should decrease with increasing distance from the source. 

3. PROPERTIES OF THE JET SOURCES 

In all cases, where the jet source is detectable on a CCD frame 

(e.g. an I frame) a reflection nebula can be detected on deep exposu- 

res. In a few cases only a reflection nebula is detectable, since the 

source itself is so highly extincted; probably by a circumstellar 

disk (e.g. VLAI-HHI/2, Strom et al. 1985). About 70% of these nebula 

can be described as conical or cometary in nature, and perhaps most 

interestingly in at least 8 cases the nebular axis and jet axis is 

@DProximately aligned. One of the best examples are the jets associa- 

ted with LI551-IRS5 (e.g. Mundt and Fried 1983) and 1548C27 (Mundt 

et al. 1984). 
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For the nebula associated with Haro 6-5B, LI551-IRS5 and R Mon 

detailed polarization maps have been obtained (see respectively 

Gledhill, Warren-Smith, and Scarott 1986; Lenzen 1987; Aspin, McLean, 

and Coyne 1985). These and other observations (e.g. Hodapp 1984 and 

references therein) show that SSVI3, Haro 6-5B, DG Tau, LI551-IRS5, 

R Mon, and 1548C27 are highly polarized objects with polarization 

ranging from 5-22%. A interesting fact is that for all these highly 

polarized objects (except 1548C27; see Craine, Boeshaar, and Byard 

1981) the electric polarization vector is approximately perpendicular 

to the jet (measured angles 72-89~ These observations are attribu- 

ted to the presence of a circumstellar disk) the axis of which 

defines the outflow axis. In such a situation the high polarization 

can in principle be explained by scattering within the polar lobes of 

the disk (Elsasser and Staude 1978). For a detailed discussion of the 

available polarization data of outflow sources and YSOs the reader is 

referred to Bastien (1988). 

Most sources are (or appear) highly reddened (A v ~ 3-5). The 

high A v values and the associated reflection nebula argue for a con- 

siderably smaller average age compared to typical T Tauri stars. Very 

probably the jet sources belong to the younqest optically selected 

YSOs. The flows from the sources with large optical brightnesses have 

all high radial velocities of > 150 km s "I This suggests that their 

low Av-Values result from a relatively large angle (greater than say 

30") between the line of sight and the plane of the presumed circum- 

stellar disk. 

Nearly all published jet sources have luminosities of 0.5-60 L o- 

Only R Mon has a much higher luminosity (~ 740 L| This does not 

mean that highly collimated flows are predominantly associated with 

low luminonsity stars, since the published data are heavily biased 

towards these YSOs. Indeed, in a recent CCD survey of high luminosity 

(i03-3xi04 Lo) CO outflow sources Poetzel, Ray, and Mundt (1989) 

found about I0 sources associated with HH emission; three of these 

sources have jets. 
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T H E  G A L A C T I C  C E N T E R  - A L a r g e r  S c a l e  V i e w  

Roll GListen 

Max-Planck-lnstitut f[ir Radioastronomie 

Auf dem HLigel 69, 5300 Bonn i, Federal Republic of Germany 

ABSTRACT. The large scale kinematics and physical characteristics of the interstel- 

lar gas within the innermost few I00 pc of the galactic center is discussed. A major 

fraction of the total of -I08 Me of dense gas, representing -I0 % of the Galaxy's 

neutral mass, resides in a number of giant (-i00 pc sized) molecular cloud com- 

plexes. In comparison with the galactic disk, these clouds reveal outstanding physi- 

cal and chemical characteristics. Pervasive high temperatures (<Tk>-70 K), line- 

widths (>10-20 kms -I) and densities (<n>-104cm -3) seem related to the clouds' 

location (tidal stresses) in the steep gravitational potential of the central stellar 

cluster. 

I. I N T R O D U C T I O N  

The galactic center is the only galactic nucleus which it is possible to study at sub 

parsec scale, and hence it has received continuing attention during the last two 

decades. In this review, I will concentrate on the morphology of the central mass 

distribution, and on the heavily perturbed kinematics and exceptional physical 

characteristics of the interstellar gas within the innermost few hundred pc of the 

galactic nucleus. The galactic center cloud population differs significantly from 

giant molecular clouds found in the more quiescent galactic disk, and understand- 

ing the excitation conditions of the galactic center gas, seems a necessary condition 

in order to properly analyze molecular line data measured towards extragalactic 

nuclei. More comprehensive reviews can be found in Genzel & Townes (1987; empha- 

sizing the central i0 pc of the Galaxy), and in particular, in the proceedings of the 

recent IAU Symposium No.136 on 'The Galactic Center' (ed. M. Morris, Los Angeles, 

July 1988). The following, rather condensed discussion follows closely my review on 

the distribution of gas and dust within the innermost few degrees, presented at 

that conference. 
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2. LARGE-SCALE KINEMATICS 

As d e f i n e d  b y  t h e  s p a t i a l  f a l l - o f f  of  t h e  f a r - i n f r a r e d  d u s t  a n d  r ad io  c o n t i n u u m  

e m i s s i o n  ( an d  of t h e  s t e l l a r  a n d  i n t e r s t e l l a r  m a s s  s u r f a c e  d e n s i t i e s ) ,  t h e  ga l ac t i c  

c e n t e r  s t a n d s  o u t  f r om t h e  i n n e r  d i s k  c o m p o n e n t  w i th  a c h a r a c t e r i s t i c  s i ze  of  3 x 2 

d e g r e e s  (F ig . l ;  1 ~ = 150 pc  fo r  Re=8.5 kpc ) .  [On l a r g e r  s c a l e s  h o w e v e r ,  t h e  lower  

d e n s i t y  g a s  i n s i d e  t h e  s o - c a l l e d  ' 3 - k p c  a r m '  i s  k i n e m a t i c a l i y  d i s t i n c t  f r o m  t h e  more  

q u i e s c e n t  ga l ac t i c  d i s k  in  i t s  h i g h l y  p e r t u r b e d  mot ions ,  w i th  n o n - c i r c u l a r  ( o u t w a r d  

d i r e c t e d )  v e l o c i t i e s  of  t h e  same  o r d e r  a s  t h e  r o t a t i o n a l  ve loc i t i e s . ]  B e t w e e n  a few 

100 pc  a n d  -2 k p c  f rom t h e  n u c l e u s ,  m u c h  of t h e  i n t e r s t e l l a r  g a s ,  t r a c e d  b e s t  in  

t h e  HI 21 cm l ine ,  r e s i d e s  in  a t i l t ed  d i s k  w h o s e  p l a n e  of s y m m e t r y  is  i n c l i n e d  b y  

-20 ~ r e l a t i v e  to  t h e  ga lac t i c  p l ane ,  a n d  w h i c h  m a j o r  c h a r a c t e r i s t i c s  c a n  be  mode l l ed  

b y  m o t io n s  a l o n g  c lo sed ,  n o n - s e l f - i n t e r s e c t i n g  e l l ip t i ca l  s t r e a m l i n e s  ( B u r t o n  & L i sz t ,  

1978; L i s z t  & B u r t o n ,  1980). 

E m b e d d e d  w i t h i n  t h i s  t i l t ed  (HI) e l l ipso id ,  r e s i d e s  a m a s s i v e  (-10 a Mo), -450 pc  

s i z e d  l a y e r  of  d e n s e  mo lecu l a r  c l o u d s  ( compose d  of h u g e  c loud  c o m p l e x e s  s u c h  a s  

S g r  A, S g r  B2, a n d  'Clump 2'; s k e t c h e d  in  F ig . l ) .  The  g a s  d i s t r i b u t i o n  is  a z i m u t h -  

a l ly  a s y m m e t r i c  wi th  -2 /3  of t h e  m a s s  d i s p l a c e d  to  p o s i t i v e  l o n g i t u d e s  (e .g . ,  Bal ly  e t  

al . ,  1988, f o r  t h e  m o s t  comple t e  d a t a  c o v e r a g e ) ,  a n d  b u l k  ve loc i t i e s  of  t h e  main  

r i d g e  (Fig.2} a r e  s i g n i f i c a n t l y  lower  t h a n  e x p e c t e d  fo r  a smoo th  g a s  d i s t r i b u t i o n  in  

e q u i l i b r i u m  r o t a t i o n  a b o u t  t h e  n u c l e u s .  A c c o r d i n g  to Cohen  & Dent  (1983) m o s t  

c l o u d s  a r e  l o ca t ed  in  a n a r r o w  b a r - l i k e  s t r u c t u r e ,  i n c l i n e d  to t h e  l - o - s  b y  -50 ~ A 

p h y s i c a l l y  a n d  k i n e m a t i c a l l y  d i s t i n c t  f e a t u r e  i s  t h e  s o - c a l l e d  ' e x p a n d i n g  m o l e c u l a r  

r i n g ' ,  w h o s e  n e a r  s i d e  is  p r o m i n e n t l y  a b s o r b i n g  t h e  S g r  A c o n t i n u u m  a t  vr-  

-135  kms  "1 (Fig.2) .  The  r i n g  is  t i l t ed  r e l a t i v e  to t h e  ga lac t i c  p l a ne  b y  -10~ w i t h  a n  

orientation similar to that of the larger-scale HI ellipsoid. 

The dynamics behind these features is not yet understood. In view of the 

short timescales involved - differential galactic rotation tends to wipe out these 

asymmetries within a few 106 yr -, the perturbed kinematics might be due to a 

recent explosive event some 106 yr ago (e.g., Oort 1982). But the energetic 

requirements are prohibitive (-1055 erg), and because of the lack of any direct 

evidence for violent activity on these timescales, it is more likely that the observed 

non-circular velocities and the transient morphology represent the dynamical 

response of the gas to an (oval or bar-like) perturbation of the central gravita- 

tional potential. On larger scales, e.g. for the galactic 3-kpc arm (Sanders, 1979), 

numerical simulations have been successful in showing that rotating stellar bars 

may force the gas into elliptical ringlike orbits (outside the bar). Whether there 

exists any rapidly rotating, non-axisymmetric perturbation associated with the 

innermost stellar cluster, that might result in the strong dynamical response 

required for the 'expanding molecular ring', needs to be explored both observation- 

ally and theoretically (see discussion in Sanders, 1988). 
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3. GLOBAL CHARACTERISTICS OF THE CENTRAL 500 pc 

A to ta l  of -10 8 No of d e n s e  (dominan t ly  molecular)  gas ,  r e p r e s e n t i n g  5-I0% of the  

Galaxy 's  n e u t r a l  mass  c o n t e n t ,  h a s  s e t t l e d  in  t h i s  t h i n  (-40 pc  FWHM) c e n t r a l  gas  

l aye r .  Volume a v e r a g e d  gas  d e n s i t i e s ,  <n> -100 em -3, exceed  t y p i ca l  mean d e n s i t i e s  

a n y w h e r e  e lse  in t h e  Galaxy  by  -2 o r d e r s  of m a g n i t u d e  (see  Table I fo r  a compi la-  

t ion) .  But  c o m p a r i s o n  wi th  t h e  to ta l  mass  of s t a r s  (and  gas) ,  as  i n f e r r e d  f rom t h e  

HI r o t a t i o n  c u r v e  a n d  t h e  2 l~m IR r a d i a t i o n  of t h e  s t e l l a r  c l u s t e r ,  s h o w s  t h a t  on ly  a 

small f r a c t i o n  of  ma t t e r ,  1~-0.01, is  l e f t  in t h e  i n t e r s t e l l a r  p h as e .  The bulk  of 

ma t t e r ,  M.-7  109 Me i n s i d e  500 pc  g a l a c t o c e n t r i c  r a d i u s ,  i s  l o c k e d - u p  in  l o n g - l i v e d  

low-mass  s t a r s .  The a d v a n c e d  s t a t e  of evo lu t ion  of t h e  ga lac t ic  c e n t e r  ( fo r  co mp a r i -  

son,  I~D-0.05-0.10, in t h e  ga lac t ic  d i sk)  is  c o n s i s t e n t  wi th  t h e  e n h a n c e d  chemical  

e n r i c h m e n t  of t h e  i n t e r s t e l l a r  medium wi th  e j e c t a  f rom e v o l v e d  s t a r s  (e .g . ,  Gfis ten & 
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T a b l e  I .  C h a r a c t e r i s t i c s  o f  t h e  C e n t r a l  Gas L a y e r  [from GOsten (1988)] 

Masses and Densities 

Central 500 pc Galac t i c  Disk 

s ta rs  M, 10 s-s Mo - -  

Gas, atomic 10 e.4 Mo -109 Mo 
. . ,  molecular 107.9 No -I09 Ho 

Gas fraction g=Mg/M, -0.01 -0.05-0.10 

Abundance [H I ] / [H2 ]  -0.05 -2 

Gas dens i t y  <n>v 100 cm -3 1-2 cm -3 
. .  surface dens i t y  o 5100 Mopc -z -5 Mopc -z 

Star Formation 

Rate $ 0 .3-0.6  Moyr -1 -5.5 Moyr -1 
E f f i c i e n c y  $/M9 5 10 -s y r  -1 10-s-10 -a yr  -1 

Cloud Characteristics 
Center Clouds Disk Clouds 

Mass [Mo] 10 s-e 
Stze [pc]  20-30 
Density [cm-3] <n> -104 -102.5 

Temperature [K] <T> -70 -15 
hot phase -200 - -  

Ve l . d t spe rs ion  [kms -1] 10-20 ~5 

Magnetic f i e l d  [mG] ( -0 .5 )  _<0.1 

I so top tc  Abundances 
[12C]/[13C] -25 -75 
[ l e O ] / [ l e O ]  -200 -400 
[14N] / [ lSN]  -1000 -400 

U n g e r e c h t s ,  1985). While due  to  t h e  30 mag of  1-o-s  ex t inc t ion  t o w a r d s  t h e  n u c l e u s ,  

a b s o l u t e  ( i n t e r s t e l l a r )  a b u n d a n c e s  a r e  d i f f i cu l t  to de t e rmine ,  s t u d i e s  of C-N-O i so -  

t ope  s u b s t i t u t e d  molecules  (at  cm/mm w a v e l e n g t h s )  have  r e v e a l e d  e n r i c h m e n t  in 

' s e c o n d a r y '  nuc l e i  b y  a f a c t o r  of 2-3 as  co mp a red  wi th  so la r  s y s t e m  a b u n d a n c e s  

(Table I; s o - c a l l e d  s e c o n d a r y  nuc le i  a r e  s y n t h e s i z e d  in s e c o n d - E e n e r a t i o n  s t a r s  on 

s e e d - n u c l e i  f rom ea r l i e r  s t e ] /a r  p r o c e s s i n g ,  a n d  to f i r s t  o r d e r ,  t h e i r  f r a c t i o n a l  

i so topic  a b u n d a n c e  is p r o p o r t i o n a l  to I n ( i / p ) ) .  
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Despi te  i t s  e v o l v e d  ( g a s - d e p l e t e d )  s t a t e  of evo lu t ion ,  in t he  c e n t r a l  bu lge  

l a rge  scale  s t a r  fo rma t ion  is  t ak ing  p lace  a t  an e f f i c i e n c y ,  r  5 10 -9 y r  -1, 

similar to t h a t  in t h e  local and  i n n e r  galact ic  disk.  Acco rd ing  to  ( the rmal )  r ad io  

con t inuum s t u d i e s ,  p r o b i n g  t h e  n u m b e r  NL~: of h y d r o g e n  ioniz ing  s t e l l a r  p h o t o n s ,  

a b o u t  10% of t h e  Galaxy 's  p r e s e n t  OB s t a r  fo rmat ion  is a s s o c i a t e d  wi th  t h e  c e n t r a l  

CO l aye r  ( M e z g e r &  Pauls ,  1979). Assuming  a s t a n d a r d  in i t ia l  mass  f u n c t i o n  (which  

h o w e v e r  may no t  a p p l y  to  t h e  u n i q u e  p h y s i c a l  b o u n d a r y  c o n d i t i o n s  in ga lac t i c  c e n -  

t e r  c louds) ,  a to ta l  s t a r  fo rma t ion  r a t e  of @ -0.3-0.6 Moyr -l is  e s t i m a t e d  (R <500 pc) .  

Compar ison wi th  t he  i n f r a r e d  luminos i ty  of t he  e x t e n d e d  emiss ion  a s s o c i a t e d  wi th  

t h e  galact ic  c e n t e r ,  L~-109 Lo from t h e  i n n e r m o s t  3~ ~ (acc. to FIR d a t a  f rom 

IRAS; Cox & Lau re i j s ,  1988), y ie lds  an  excep t iona l ly  h i g h  i n f r a r e d  e x c e s s ,  IRE >30 

(IRE =Lm/NL~:). This  may e i t h e r  imply a s h a r p l y  dec l in ing  IMF b e y o n d  m -10 Me 

(Odenwald & Fazio, 1984; on ly  s t a r s  more mass ive  t h a n  -10 Mo c o n t r i b u t e  s i g n i f i -  

c an t l y  to t he  I M F - i n t e g r a t e d  L y c - p h o t o n  p r o d u c t i o n ,  whi le  i n t e r m e d i a t e  mass  s t a r s  

dominate  the  i n t e g r a t e d  luminos i ty ) ,  o r  more l ikely,  is s u g g e s t i v e  of a major  c o n t r i -  

bu t ion  to t h e  d u s t  h e a t i n g  f rom old bu lge  K and  M g i an t s  (Cox & L a u r e i j s ,  1988). 

4. PHYSICAL CONDITIONS OF GALACTIC CENTER CLOUDS 

Recent  l a r g e - s c a l e  s u r v e y s  in d e n s i t y - t r a c i n g  molecules  (CS: Bally e t  al. ,  1987, a n d  

t h i s  meet ing;  HzCO cm t r a n s i t i o n s :  Zylka e t  al., 1988) have  shown  t h a t  mean H2 

d e n s i t i e s  <n> _>104 cm -3 a r e  r e p r e s e n t a t i v e  of t h e  bulk  of molecular  gas  i n s i d e  a few 

h u n d r e d  pc g a l a c t o c e n t r i c  r ad iu s .  Exci ta t ion s t u d i e s  of symmet r i c  top  molecules  

(NH3, and  CH3CCH; Morr is  e t  al.,  1983; Gt is ten  e t  al., 1985) r e v e a l e d  un i fo rmly  h i g h  

gas t e m p e r a t u r e s ,  T ~ , - 7 0  K - i r r e s p e c t i v e  of the  local e n v i r o n m e n t  of t h e  c loud  

and  i t s  ( p r o j e c t e d )  d i s t a n c e  to t he  nuc leus .  Highly s u p e r s o n i c  t u r b u l e n t  mot ions  

{l inewidth -15-30 kms -1) a r e  c h a r a c t e r i s t i c  of ind iv idua l  c louds ,  a l t h o u g h ,  if s e v e r a l  

c lumps  s u p e r p o s e  in t h e  beam a to t s /  ve loc i ty  c o v e r a g e  of >100 kms -1 may be 

o b s e r v e d .  

Hence,  on a v e r a g e ,  ~[alactic c e n t e r  c louds  a r e  d e n s e r ,  warmer  and  more t u r b u -  

l en t  t h a n  c l o u d s  in t h e  o u t e r  ga lac t ic  d i sk  (see  Table I, for  compar i son ) ,  a n d  in 

p a r t  t h e s e  d i f f e r e n c e s  c a n  be exp la ined  as  due  to t he  c l o u d s '  u n i q u e  loca t ion  in t he  

g r av i t a t i ona l  p o t e n t i a l  of  t h e  ga lac t ic  nuc l eus .  Within the  i n n e r  few 100 pc,  a h i g h  

gas  d e n s i t y  n(cm -3) _> <n>r-104-[75/Rgr lm, seems  a n e c e s s a r y  cond i t i on  to s u r v i v e  

t ida l  s t r e s s e s  in t h e  s t e e p  g r a v i t a t i o n a l  po ten t i a l  of t h e  c e n t r a l  b u l g e  (to f i r s t -  

o r d e r  approx imat ion ,  Vmt-Re. l ;  see  e .g . ,  Fig.13 of Genzel  & Townes ,  1987). I f  

a s sum ing  v i r i a l i za t ion ,  t h e  t u r b u l e n t  p r e s s u r e  is a d j u s t e d  to match  t h e s e  d e n s i t i e s ,  

the  p r e d i c t e d  l i newid th ,  d v - 1 7  kms-l - [Ral /10pc] ' [150pc/Rgr  "9 is c lose  to  t h e  v a l u e s  

typ ica l ly  o b s e r v e d .  Di s s ipa t ion  of t h i s  s u p e r s o n i c  t u r b u l e n c e  on small s ca l e s  t h e n  

may p r o v i d e  t h e  h e a t i n g  mechan ism which  a c c o u n t s  for  t h e  un i fo rmly  h i g h  gas  tern- 
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peratures. As these are well in excess of the temperature of the dust, <Td> -30 K, 

collisions with radiatively heated warm dust are excluded as a major heating 

source, and instead, a process is required that acts directly upon the gas. From a 

comparison with possible alternative scenarios such as UV-photoelectric, cosmic ray 

and magnetic viscous heating (the latter being difficult to evaluate), turbulent 

energy dissipation seems the most attractive mechanism [see G~sten (1988) for 

details]. But as the dissipation timescale is rather short (~d-106yr), turbulence is 

to be replenished continuously. Probably, due to strong differential rotation (tidal 

stresses), orbital energy of the clouds around the galactic center is transferred 

efficiently into small-scale (local) turbulence (Fleck, 1980). 
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NEARBY CASSIOPEIA AND CEPHEUS MOLECULAR CLOUDS AND 
THE EXISTENCE OF/% CLOSE SUPERNOVA REMNANT 
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Centre d'Etude Spatiale des Rayonnements, Toulouse, France 

ABSTRACT: 

The study of the recent 12CO observations by the Columbia milllmeter-wave 

telescope in the 2nd Quadrant (100~176 at medium latitude towards Cepheus (b 

up to 220 ) and near the plane towards Cassiopeia, has revealed a vast nearby 

molecular complex. It comprises two main concentrations resting at a distance of 

about 300 pc and containing 0.6 and 1.0 105 M 0 respectively. The clouds seem to be 

shaped by a large bubble (120 in diameter), the presence of which is strongly 

suggested by soft X-ray and radio observations. This bubble is interpreted as a 

4 104 year old supernova remnant lying at about 300 pc. 

THE CASSIOPEIA AND CEPHEUS MOLECULAR CLOUDS: 

In 1967, Heiles first explored the content of the interstellar medium in the 

Cepheus direction (100~ ~ 13~ ~ by observing the 21 cm line emission. He 

found two HI accumulations (on both sides of 1=1200 ) with double-peaked lines 

indicating further that two sheets of gas are lying on the line of sight somewhere 

around 500 pc. In 1986, exploiting the HI deficiency noticed with respect to 

absorption measurements, Lebrun mapped in 12CO the low longitude part of the 

region, where he found a large molecular cloud. This result and the presence of 

other areas of relative HI deficiency prompted a new sensitive CO survey of the 

entire Cepheus region (100~ ~ 8~ ~ . 

The observations have been carried out at an angular resolution of 0.50 using the 

Columbia University Telescope (Grenier et al. 1989, alias G89). Next to the first 

detected cloud, the data reveal another vast CO concentration at i>1200 . The good 

correlation between the spatial and velocity distributions of the co and HI 

emissions manifests the physical relationship between the molecular gas and the 

known HI clouds. Whereas a certain confusion exists in the spatial and velocity 

distribution of the diffuse HI clouds, especially below 120 ~ the "clumpiness" of 

the molecular gas allows to further describe the distribution of the local 

interstellar medium in this direction. The velocity partition of the CO emission 

is well defined throughout the region. And from kinematical arguments as well as 

various optical indicators (see G89 and Dame et al. 1987), distance estimates of 

800 and 300 pc can be adopted for the two velocity components, centered on -12 and 
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0 kms "I respectively. The farthest clouds therefore most probably belong to the 

Local Arm. 

The closest material accounts for the large majority of the surveyed CO 

emission. As the same velocity partition exists near the galactic plane, the 

Cepheus observations have been merged to the 2nd Quadrant CO survey (b_<10 ~ Dame 

et al. 1987) and a [-8, +8 km/s] selection has been applied to reveal the extended 

structure of the nearby clouds (figure i). The gas obviously gathers within two 

broad complexes, named Cassiopeia (i>120 ~ and Cepheus (I<120 ~ after the 

constellations they largely cover. Their wide angular extent (Cassiopeia for 

instance stretches along a 300 arc) indeed supports the proximity just mentioned 

(--300 pc). Then, the use of a N(H~)/WCO conversion factor of 2.3 1020 mol. cm "2 K -I 

km "I s, as derived from the gamma-ray galactic survey (Strong et al. 1989), yields 

mass estimates of 1.0 and 0.6 105 M 0 for Cassiopeia and Cepheus respectively. Such 

values imply that these clouds represent prominent features of our vicinity. But 

it is not yet known whether they are isolated entities or they form a unique, 

gravitationally bound complex. 

/% CIX)SE ~u~ERNOVA REMNANT BETWEEN C/%SSIOPEIA AND CEPHEUS? 

Various facts have induced further investigations: particularly, the ring-like 

disposition of the clouds, the very steep front of the Cepheus cloud at high 

longitude, where unusually wide CO lines are observed, and the pronounced lack of 

CO emission outside thls edge. The "hole" in CO also corresponds to an HI depleted 

area. Nevertheless, It appears as a region of enhanced X-ray emission in the soft 

energy range (130 to 930 eV, McCammon et al. 1983). The zone of highest X-ray flux 

is outlined on figure I to show its correlation with the clouds structure. Then, 

the radio map at 408 MHz (Haslam et al. 1981) shows a brightness temperature 

enhancement which delineates the rims of the X-ray emitting region (figure 2). 

Below i0 ~ , the radio loop structure disappears in the highly contrasted emission 

from the galactic disc and from famous bright sources. At higher frequency (820 

MHz, Berkhuijsen et al. 1973), despite the low resolution, a faint loop is visible. 

A crude estimate of the spectral ratio would favor a non-thermal nature of the 

radio emission. Finally, no Hu line emission has been detected from the whole area 

(sivan, 1974). 

The comprehensive view of this region at various wavelengths and the striking 

correlation observed between the different radiations, especially along the steep 

front at low longitude, strongly suggest the presence of a nearby bubble filled 

with a hot plasma, with a temperature of at least a few 105K. From the apparent 

Possible interaction between the bubble and the Cepheus cloud, we rely on the 

cloud distance to evaluate the size of the bubble. At 300 pc, its approximate 

diameter of 12 o corresponds to a reasonable radius of the order of 30 pc. 

As no catalogued massive star has been found inside the bubble, the explanation 

171 



Figure i: Map of the nearby CO emission (integrated over [-8, +8 km s'~]) with a 
lowest contour and steps of 2 K km s "~. The solid and dashed lines represent the 
highest flux contours of the soft X-ray emission in the B and M1 bands respectively 
(after McCammon et al. ). 

) zo. 

20" 

0 o 

b 

Figure 2: Map of the 408 MHz radiation (after Haslam et al.) where the two highest 
X-ray flux contours in the B band have been reproduced. 

of a wind-driven shell has been dismissed and a supernova orlgln tested by 

determining the overall characterlst[cs of the supposed remnant. A classical Sedov 

model has been used as a first approximation to describe the adiabatic expansion 

of the remnant. The quoted distance and radius, and the soft thermal x-ray fluxes 
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have led to estimates of the bubble temperature and ambient hydrogen density. 

Since McCammon et al. suspected a high background contamination of their data in 

this region, only fluxes from the "structured" enhancement have been considered 

by subtracting the surrounding emission. A critical discussion of the X-ray data 

and details on the model equations applied can be found in G89. Because of the 

uncertainties in the X-ray measurements, extreme cases of temperature have been 

derived using the fluxes obtained in different energy ranges. The resulting 

characteristics of the supposed remnant, which are listed in table i, should of 

course be considered as orders of magnitude. They show, however, that a supernova 

origin of the bubble is quite plausible. The present observation set is indeed 

consistent wlth a type I supernova explosion happening 300 pc away from the Sun, 

4 104 years ago. 

To confirm this scenario, more accurate X-ray measurements are essential, as 

well as radio surveys at different frequencies in order to remove the thermal 

background. Other typical manifestations such as filaments can be looked for. 

Because of its closeness, the confirmed supernova remnant would provide an 

interesting target to study the evolutlon of such objects near their radiative 

phase. The interaction between the remnant and Cepheus would also give an excellent 

illustration of the behaviour of a shocked dense molecular cloud. 

Temperature (K) 0.5 106 1.5 106 

Ambient ISM density (cm "1) 0.2 0.2 

Expansion velocity (km s "I ) 190 320 

Conserved energy (erg) 0.5 1051 1.2 I051 

Present age (years) 6.2 104 3.6 104 

2.2 106 

0.i 

390 

I. 0 1051 

3.0 104 

Table I: Characteristics of the supposed nearby supernova remnant. 
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H2 2.12 #m spectroscopy and imaging of HH objects 

H. Z i n n e c k e r  1 
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T. l ' t .  G e b a l l e  4 
W . J .  Zea ley  s 

Summary 

We have obtained high spectral resolution observations of a number of Herbig-Haro (HI'I) objects 
in the Ha v= l -0  S(1) line at 2.12 gm. Objects observed included HHH1/2, HH7-11, HH19, HH32A, 
HH40, and HHI43, all associated with jet-like features or collimated optical outflows. Here we 
present velocity-resolved 2.12/~m spectroscopy for HH40 (an HH-object moving close to the line 
of sight) and for HH43B (an HH-object moving close to the plane of the sky). The full set of 
observations including interpretation is given in Zinnecker et al. (1989). We also present high 
spatial resolution HHa 2.12/~m images of IHH40 and HH43. 

Observations 

The 2.12/zm H2 line profiles were obtained with the UKIRT infrared Fabry-Perot  system (effective 
resolution 30-35 kin/s)  using a diaphragm of diameter 11" for both H H 4 0 a n d  HH43. The Ha 
images were obtained with the IR-array imager at the CTIO 1.5m telescope through a narrowband 
filter centred on the v = l - 0  S(1) line. The IR-camera used had 58x62 pixels and a resolution of 
0.9"/pixel .  The exposure time was 2x120sec and 5xf0sec for HH40 and HH43, respectively. The 
images are sky subtracted,  but not flat fielded, and should be viewed as preliminary test images. 

R e s u l t s  

1) H H 4 0  
In the optical, HH40 is a bright knot within the HH33/40 jet,  i.e. not associated with the end of 
the flow which is probably marked by HH33 (Mundt et al. 1987). The fact that HH40 and its as- 
sociated jet have a rather  high radial velocity of about 100 km/s in HHa (Mundt et al. 1984, Mundt 
et aL 1987), together with the fact that  at the same time HH40 is rather bright in the H2 S(1) line 
(Elias 1980), makes this object an ideal target for a comparison of velocity-resolved spectra in the 
Ha and the 112 S(1) line. Fig. 1 shows that the shocked I'ia emission is redshifted; the line shape 
is asymmetric with an unresolved core at + 15 km/s  and a wing extending up to +80 kin/s,  i.e. 
almost up to about half the maximum velocity of the Ha line. The most attractive interpretat ion 
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of these findings is that external molecular gas gets entrained in the collimated flow and heated by 
internal shocks occurring in the jet itself and/or  in its shear layer. The Ha image of HH40 (Fig. 
3a) is quite low signal-to-noise but because of the reference star in the bottom part  of the image 
the location of the peak emission is well defined and can be compared to optical CCD images in 
Ha or [SII] whose emission is spread over a similar area (FWHM of order 3" ). An Ha image with a 
longer exposure is needed to probe the existence of a more extended low-level Ha emission in HH40. 

2) H H 4 3  
High-spatial resolution Ha and 2.12 pm H2 images of HH43 have recently been published by 
Schwartz et  al. (1988) demonstrating a very close spatial correlation between the optical and in- 
frared line emission. In the optical, HH 43 is a very low excitation HH object; in the infrared, it 
ha* the strongest Ha S(1) line emission among the known HFI objects with Ha emission. Ha profiles 
were observed by B6hm and Soil (1989) who find a peak velocity at -20 km/s and a symmetric 
line shape with a FWHM = 60 km/s.  The small peak velocity indicates that the associated flow 
moves close to the plane of the sky. Our 2.12 #m Ha line profile (Fig. 2) is also nearly symmetric 
with a FWHM = 45 km/s  which corresponds to a true width of 10-20 km/s after deconvolution 
with the instrumental profile. The peak velocity of the 2.12 pm emission occurs at -4 kin/s,  i.e. 
redshifted by 16 (+ 5) km/s w.r.t, the Ha emission. According to Schwartz et al. the excitation 
structure can be explained by a clump embedded in a collimated outflow which gives rise to a bow 
shock around that  obstacle. 

Our nearly symmetric ~t2 line profile is consistent with such a view. However, low velocity 
shocks excited by the collimated outflow and moving into the external molecular gas (Zinnecker 
et al. 1989) or reformation of Ha in the gas phase downstream in a dissociative shock (Schwartz 
et al. 1988) might also explain the Ha data. Our H2 image (Fig. 3b) agrees very well with that 
published by Schwartz et aL including the foreground star seen a few arcsec towards the west of 
the Ha emission. We note the double structure in the I'I; image which could well be due to the two 
wings of a bow shock, although the observed Ha geometry is difficult to reconcile with an exciting 
source in the NW (where it is suspected, Schwartz et al. ). 

Apologies 
This paper failed to be presented as an oral contribution at the conference due to the late arrival 
of the speaker (HZ). Apologies! 
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Fig.1 
Velocity-resolved 2.12 ~m H~ spectrum of HH40. 

Fig.2 
Velocity-resolved 2.12 pm H~ spectrum of HH43B. Notice the nearly symmetric line profile 
(the blue wing is slightly stronger). 
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Fig.3(ab) 
Infrared images of HH40 and HH43 in the H2 v = l - 0  S(1) line. Notice the presence of a star in 
each image which is helpful to line up the distribution of the H2 emission with the optical data. 
The size of each frame is approximately l ' x l  I. 
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S U L F U R  O X I D E S  I N  p O P H I U C H I  
C L O U D  C O R E S :  S Y M P T O M S  OF S T A R  

F O R M A T I O N ?  

Alwyn  W o o t t e n  
NRAO, Edgemont Road, Charlottesville, VA 22903-2475 

R o b e r t  B. Loren  
Millimeter Wave Observatory, Department of Astronomy, The University of 

Texas, Austin TX 78712 

The p Oph molecular cloud contains many dense cores in which it maintains a robust 
level of star-forming activity. During the first phases of star formation, gravitational 
energy is released which may warm the surrounding cloud and alter its chemistry. We 
have sought such chemical changes in a few cores, changes which might signal the onset 
of star formation. In several regions, peaks of DCO + column density are displaced from 
peaks of H13CO + column density and embedded infrared sources, signalling destruction 
of temperature-sensitive DCO + molecules as the core is warmed. Since endoergic reac- 
tions initiate the sulfur chemistry in molecular clouds, we have mapped emission from 
sulfur oxides to complement the DCO + maps. In this paper we present evidence that 
the abundance of SO2 is enhanced near the infrared source GSS30, which lies near the 
p Oph A molecular core. 

Comprehensive SO2 maps of the A and B1 cores of the p Ophiuchi molecular cloud 
were made in both the 313-202 (104 GHz) and 32-211 (208 GHz) lines of SO2 using the 
12 m telescope of the NRAO. For comparison, observations were also made of the J -- 2-1 
line of C34S, a scarce isotope of a ubiquitous molecule whose abundance we expected to 
be little affected by thermal effects. Details of the receiver and observational technique 
can be found in Wootten and Loren (1987). 

Toward p Oph A, both SO2 lines peak quite strongly 1 r west of the cloud core as 
located by Loren and Wootten (1986). In p Oph A, the 104 GHz SO2 emission appears 
as an unresolved _< 1 ~ peak in a more extensive low intensity structure which extends 
SF_,-NW while shifting gradually in velocity. Higher resolution (30") maps in the 208 GHz 
transition (Fig. 1) show that the peak, still unresolved, lies just north of GSS30, an in- 
frared asymmetric bi-lobed reflection nebula in which an edge-on accretion disk obscures 
the central star (Castelaz e~ al. 1985). In contrast, the C34S J = 2 - 1  emission, which 
we were unable to map as fully, shows no clearly defined peak at GSS30, instead having 
a local minimum there. Furthermore, the SO2 lines have only half the width of C34S 
(Fig. 1 inset), suggesting that they sample only a portion of the velocity field along the 
line of sight. Possibly, SO2 emission arises only in a chemically differentiated core which 
contributes only a portion of the linewidth through the entire cloud, while C34S emission 
arises over a more extended path length. 
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Fig. 1. Map of peak emission intensity, T~z , in the 322-211 (208 GHz) line of SO2 (solid lines). Dashed 
contours delineate the region of continuum emission at 1.3 mm from dust grains (Schwarz et al. 1988), 
and crosses locate IR sources. The stippled region outlines the 2/Jm map of GSS30 (Caztelaz et al. 
1985). Spectra taken at the SO~ emission peak of the J = 2 -1  line of C34S (top), and the 3~2-2zz 
(208 GHz) and 3x3-20~ (104 GHz) (bottom) lines of SO2 are shown in the inset. 

Peak emission in the B1 core in the 313-202 line occurs quite close to the elongated 
rotat ing clumps (called B I W  hereafter) mapped in 2era H2CO at the VLA by Wadiak 
et  al. (1985). However, the C34S emission defines a broad region generally peaking south- 
east of the objects found by Wadiak e t  al. .  The S02 emission again peaks very sharply in 
an unresolved region, surrounded by a weakly emitting extension. No embedded objects 
are known in the B1 core. Weaker emission in the 322-211 line displays no strong peak. 

In a few other  regions, notably the L1689N core around the 'pro tos tar '  IRAS 
16293-2422, SO2 emission was detected but  time did not permit  us to map its extent.  
About several lower luminosity objects, including WL16, we detected nothing. 

The S02 emission i n / 9 0 p h  B1 shows a very similar distribution to the maps of other  
molecules, except, perhaps,  for a slight tendency to peak closer to BIW.  In p Oph A, 
however, the distr ibution of SO2 quite remarkably favors the region near the recently 
formed star GSS30. Wha t  causes this difference in the morphology of sources mapped  
in these two molecules.'? Which physical pazaa'neter of the cloud controls its appeararzce 
in these lines: density, temperature ,  molecular abundance, or an unidentified trait.'? 

p Oph A is the warmest  of the known cores in the cloud. The  peak of the self-reversed 
CO profile reaches 30 K (Loren 1989) in a 2' beam and a dust tempera ture  of 37-41 K was 
measured by Harvey, Campbell  and Hoffmart (1979) using a 30" beam. At the position 
of GSS30, the peak CO d = 2 - 1  tempera ture  reaches 14 K in a 1' beam, a lower limit 
to the tempera ture  owing to the striking self-reversal of the profile. A region of high 
velocity gas also occurs in this region, traced by weak wings on CO (Loren et aL 1980) 
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and HCO + (Loren and Wootten 1982) profiles, but its origin cannot be unambiguously 
assigned to GSS30, as several infrared sources crowd the region. Emission from the 
(1,1) and (2,2) lines of ammonia at 1' resolution (Wootten 1989) can also be used to 
estimate the temperature. Although at GSS30 the lines are only a third of their peak 
intensity, reached at the core position, they indicate the same temperature prevails at 
both locations. Weak emission from the temperature-sensitive DCO + molecule arises 
from the southern part of the core and may signal generally cooler temperatures in that 
region. The weakness of the emission, however, suggests either that the cool region is 
quite small, or that  the temperature remains near 25,30 K there. We conclude that 
a fairly constant temperature obtains over the general molecular emission region near 
p Oph A, and is not a likely cause of the differing emission distributions. 

The density in this region was measured using formaldehyde emission by Loren, 
Sandqvlst and Wootten (1983). Peak density was n(H2) -~ 4 x 105 cm -s found in the 
p Oph A core, rapidly declining at offset positions. Unfortunately the 2 ~ resolution of this 
analysis is too coarse to be satisfactory. Loren and Wootten (1986) observed a number 
of high density tracers near p Oph A with 1 ~ resolution. In the J = 1 - 0  HCO + line, 
strong self-reversed profiles are found in the core, so the J = 1 - 0  HISCO+ line was 
mapped with 1 t resolution. The intensity of this line drops by a factor of two between 
the core and GSS30 positions. At the core, a J = 3 -2  H13CO + profile (Loren, Wootten, 
Mundy and Peters 1989), also taken with 1 ~ resolution, indicates a density of 3 x 105 
cm -3, in agreement with other measures. We conclude that density does appear to peak 
at the p Oph A core positon, and that the column density, at least, of such hopefully thin 
tracers as HlsCO + and ammonia declines toward GSS30. As no mechanism occurs to 
us by which a column density decline can produce the striking enhancement observed in 
SO2 emission, we conclude that density variation alone cannot explain the morphology 
of the SO2 distribution. 

From the two lines which were measured, an estimate may be made of the rotational 
temperature, if the emission is optically thin. The strength of the line raises doubts 
about this assumption, particularly in p Oph A, but little firm evidence exists to suggest 
the optical depth of the line yet. The complex structure revealed by the 1.3 mm map 
suggests that the 3 mm peak may be substantially beam-diluted. Assuming the source 
size to be that measured at 1.3 mm, the rotational temperature is 5 K; if we use measured 
intensities we estimate T-o,  = 8.5 K. The optically thin LTE column density in p Oph A 
is then N(S02) = (1 -4- 0.3) x 1014 cm -2. 

The weakness of the high frequency line at p Oph B1 makes estimation of source size 
difficult. A reasonable limit on rotation temperature, however, is 6 K, which indicates an 
optically thin LTE column density of N(SO2) = (2.5 -4- 1.0) x 1013 cm -2. 

Both lines are weak at IRAS 16293, and no map provides guidance on the size of 
the source. Assuming the source fills the beam, the strength of the high frequency line 
suggests Trot = 60 K and N(SO2) = 7 x 1013 cm -2. If, however, the source is diluted at 
3mm, Trot -- 6K could obtain, for N(SO2) = 3 x 101Scm -2. Further data is needed for 
this source. 

To see whether a case can be made for an abundance variation of SO2 near GSS30, 
we must finger a foil. We choose C34S J = 2 - 1  emission owing to its scarcity, hence 
likely low optical depth. Additionally, however, it has lines near both target SO2 lines, 
hence beam-filling and efficiency factors tend to cancel out in the analysis. Furthermore, 
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CS is a well-investigated molecule, for which abundances in a wide range of clouds have 

been est imated.  
Using a dipole momen t  of/~ = 1.96 D, we find the column density of C34S to be  

given by 
N(C34S J =  2 _  l )  = 9 . 1 x 1 0 1 4 T R A Y ( k m s  -1)  

(1 - cm-  

Here we have assumed the emission to be  optically thin, and that  the molecular  levels 
are popu la ted  according to a uniform rotat ional  t empera tu re  T~. This  t empe ra tu r e  has 
not been measured  for C34S, but  p robably  lies between tha t  measured  for SO2 and the 
kinetic t empera tu re  of the cloud. 

In p Oph  A, the column density of C34S is 4 • 1015cm -2,  for an abundance  rat io  
of [SO2]/[C34S] --, 0.025. In contrast ,  at  B1 a rat io of [S02]/[C34S] -., 0.003 is obta ined 
from the larger N(C34S)  = 7.7 • 10 is cm -2 column density there. The  IRAS 16293 
cloud core lies somewhat  above this value at [SO2]/[C34S] ~, 0.007. These rat ios provide 
strong evidence tha t  the morphologically distinct S02 distr ibution in p Oph  A arises in a 
chemical abundance  enhancement ,  of about  an order of magni tude,  near  the young s tar  
GSS30. In fact, if we really wanted to go out on a limb, we might  claim tha t  the three 
sources form an evolut ionary sequence, with the younger s tar-forming region at IRAS 
16293 in termedia te  in SO2 enhancement .  
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by Associated Universities, Inc., under  contract  with the National  Science Foundation.  
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SUMMARY 

By measuring the Zeeman effect in OH emission lines, we have determined the line-of- 
sight component of the magnetic field strength in the molecular cloud Barnard 1 (BI) to 
be -27:i:4 ~G as measured with the 3 ~ beam of the Arecibo 305-m telescope, and -19+3/~G 
as measured with the 15 ~ beam of the Green Bank 43-m telescope. 

Theoretical evidence for the importance of magnetic fields in molecular clouds is abundant  (e.g. 
Mouschovias 1987a,b or Myers and Goodman 1988a,b [hereafter MGa,b] and references therein). 
Observational evidence, however, is far more scarce (e.g. tIeiles 1987). 

The rartge of densities 103 ~ n ~ 10 s cm -3 represents the least dense regime in a molecular 
cloud where self-gravitating gas is observed to be associated with one distinct molecular cloud 
core, and often with a very young star. The 1665 and 1667 MHz lines of OH, as observed in dark 
molecular clouds, are thought to trace densities n ~ 103 cm -3 (Graede[, Langer, and Frerking 
1982). Therefore, if one both maps a cloud and measures the Zeeman effect in these OH transitions, 
one has enough information to assess the magnetic field's role in the support and dynamics of the 
cloud. 

In the past, attempts to measure magnetic fields via detection of the Zeeman effect in (non- 
masing) OH emission have resulted in upper limits (Lang and Wilson 1979) and one 3o detection 
of 10 ~= 3 /~G in the Ophiuchus dark cloud (Crutcher et a/. 1988). To maximize the likelihood 
of detecting the Zeeman effect in a dark cloud, we chose the Arecibo 305-m telescope for our 
experiment, where the 3 ~ FWHM beamsize at 1665 MHz is well matched to the average size of a 
dense clump in a relatively nearby (140-400 pc) cloud, minimizing beam dilution. 

To choose sources, we attempted to predict what Zeeman signal would be observed in a given 
cloud, based on measured line width and antenna temperature, and on a predicted magnetic field 
strength (cf. Goodman e ta / .  1989). The field strength predictions were based on a model of 
equilibrium between magnetic, kinetic, and gravitational energy (MGa,b). 

At Arecibo, after evaluation of 40 candidate clouds, three were chosen for long integration 
Zeemaa observations. One, B1, gave a detection of - 27  :t: 4/~G after 50 hours of integration. The 
other two clouds, after similar integration times, gave 3a upper limits of ~ 15 - 20/~G (Goodman 
eta/. 1989). Figure 1 shows the 1665 and 1667 MHz maps and Zeeman profiles for B1, as measured 
at A_reeibo in February of 1988. 

In July of 1988, B1 was observed in OH emission at the Green Bank 43-m telescope, with a 
15 ~ FWla'M beam; and a Zeemaa signal corresponding to -19  4- 3/~G was detected after about 
60 hours of integration. (See Figure 2). Approximately I0 other positions have been observed 
in OH emission at Green Bank, and all have yielded upper limits (Crutcher et al. 1988). The 
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exceptionally widespread extent of strong OH emission around B1, as mapped at Green Bank, 
may diminish the effects of beam dilution, which may be responsible for its being the only position 
detected. 

Results from both observatories agree well with field strength predictions based on MGa,b, as 
well as other models (e.g. Mouschovias 1987a,b; see Goodman et M. 1989 for further discussion.) 

The technique employed to derive field strength values from the Stokes-V spectra  shown in 
Figures 1 and 2 is only sensitive to the line-of-sight component of the magnetic field. On average, 
in a statistical sample, the field strengths derived in this way need to be multiplied by two to 
esitimate total  field strength, although this factor may not apply to a small, sensitivity-limited, 
sample where only the strongest fields will be detected. 

B1 is part  of a complex of dark clouds in Perseus, located 350 pc ~ o m  the sun (tIerbig and 
.]ones 1983). Some ten condensations, including B1, each with mean density n ~ l0 s cm - s ,  
are distributed within lower density molecular gas (n ~ 102 cm -a)  which extends for 30 pc in 
projection (Bachiller and Cernicharo 1984, 1986). The IRAS point source 03301+3057 is located 
near the peak of an NH3 core (n > 104 cm - s )  located at the projected center of the Arecibo 
OH maps shown in Figure 1 (Bachiller and Cernicharo 1984), and it has a spectrum typical of an 
embedded low-ma.~s protostar  (Beichman et al. 1986). Indeed, many Perseus consensations are 
associated with protstel lar  IRAS point sources. 

It is now desireable to make OI-I Zeeman observations at Arecibo of additional Perseus conden- 
sations that  are similar to B1, to determine the field strength thoughout the complex; to examine 
the extent to which virial and magnetic equilibrium apply; and to pursue the relation of magnetic 
fields to the process of low-mass star  formation. 
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IRAS06277+7125: AN ATOMIC AND MOLECULAR OUTFLOW SOURCE 

IN THE GALACTIC CIRRUS? 

Andreas Helthausen 

Radloastron. Instltut der Unlversltiit Bonn 

Auf dem Htlgel 71, D-5300 Bonn I 

During the Investigation of atomic and molecular gas in hlgh galactic latitude cirrus 

clouds the clrcular IRAS cloud centred at I=143q3423, b=24q2074 was observed in HI 

and CO. These observations show that It is a bipolar outflow source possibly associated 

wlth a small bow shock object. 

Figure I shows the almost circular cloud at 100pro taken from the HCON-I survey 

centred at an unidentified 100pro IRAS point source. The diameter (full width at half 

maximum) of the I(100pm)-cloud Is about 14' on the sky, which corresponds to a linear 

slze of about 0.4pc at an assumed distance of 100pc. The constant ratio of the 60pro to 

100]~m intensities reveals a dust colour temperature of TD=21ffi2K. The dust cloud was 

completely mapped in the 12CO (J=1-#0) llne wlth the KOSMA 3m telescope on the 

Gornergrat and In the 21cm llne with the Effelsberg 100m telescope. While the CO and 

IRAS clouds are nearly circular the HI cloud Is elongated, the extent is 0.4pc.0.Tpc. 

24 ~ 24 ' 

240 8' 

i 

144 ~ 8 

; J / / ' . .>  L_ 
i i 

143 o 36 143 o 12 

Figure I shows the 100pro IRAS HCONI map in galactic coordinates. No background has 
been removed. Numbers are In MJy.sr-~ the step between two contours is 
0.5 MJy'sr -I. 
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Using the method described by de Vrles et al. (1987) we find that the ratlo of the 

100~m intensity, I(100~m) to the column density of hydrogen, N(H), is 

I(100]Jm)/N(H)=(0.67*0.10).10 -20 [cm 2.(MJy.sr -I)]. The factor X(12CO) that converts 

the integrated CO llne, W(12CO), into column densities of molecular hydrogen is 

X(12CO)=(0.53*0.11).1020[molecules-cm-2.(K.km.s-l)-1], this is similar to the value 

found by de Vrles et al. (1987) but a factor 5 less than the value for the galactic 

plane. Here it was assumed that the infrared emission per nucleon was the same for 

the molecular as for atomic part of the cloud which was in detail shown for other 

cirrus clouds by Heithausen and Mebold (1988). 

The CO lines of the nebula show two distinct velocity components, one component 

centred at Isr-veloclty of about -2.0km.s -1. the other one at +l.4km's -1 (see Figure 

2). The HI llne at the same velocity as the red and blue shifted CO components shows 

a similar bipolar shape. 

24' : )4 '  

24q Q' 

J �9 

f / �9 �9 

143~ 36 ' 143'  12 '  142#48 . 

Figure 2: The bipolar CO nebula. The X sign Indicates the unidentified point source 
IRAS06277§ at the centre of the cloud. The two CO components are centred at 
v=-2.0km.s -I (hashed line) and +l.4km.s -! (solid line). The direction of the outflow 
points directly to the U-shaped object near the second unidentified IRAS polnt source 
which is located at I=143o6235, b=23o8409. 

The comparison of the vlrlal mass of the molecular cloud (~40 ME)) with its hydrogen 

mass (0.5 M O) shows that this cloud Is far from being gravitationally bound; thus the 

cloud is probably expanding. The two distinct velocity components seen at 12CO and 

the velocity distribution seen In the HI line could then be explained as atomic and 

molecular gas flowing out from the centre of the cloud. Unlike in other cirrus clouds 

(Mebold et al. 1987) or near other outflow objects in star forming regions (c.f. Myers et 

al. 1988) a dense core near the centre of the bipolar nebula could not be found. The 

centre of the cloud is not be visible as an absorption feature on the POSS. Using a 

'normal' gas-to-dust ratlo and the column density derived from HI and CO a peak blue 

visual extinction of 0m4 is found on a 4' beam. Observations at the centre position 
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with the  100m t e l e scope  showed no s ign i f i can t  NH 3 l ines.  Whether  or not  a s t a r l i k e  

object  of abou t  16 m v i sua l  magn i tudes  s een  a t  the  same pos i t ion  is phys i ca l l y  

connec ted  to IRAS06277+7125 and Is t he  dr iv ing force of the  outf low nebu la  must  be 

shown by s e n s i t i v e  op t ica l  CCD obse rva t i ons .  From the  d i s t an ce  of  t he  two i n t e n s i t y  

maxima of  the  blue and red s h i f t e d  components  (0.24pc) and the  expans ion  v e l o c i t y  (1.7 

km.s  -1 )  t he  age of  t h i s  cloud Is found to be abou t  70000 years .  The masses  in t h e  red  

and blue  s h i f t e d  componen t s  co r re sponds  to 0.2 M O each r e su l t i ng  in a mass  loss  r a t e  

of 3 .10  - 6  Mo.year  -1  which is s imilar  to o t h e r  outf low objects  seen  in known reg ions  of 

s t a r  format ion.  

A small U - s h a p e d  object  s e e n  on the  red and blue POSS p la te  is loca ted  close to t he  

second un iden t i f i ed  IRAS poin t  source  nea r  the  dus t  cloud a t  ga lac t ic  long i tude  

1=143 o6235 and ga lac t i c  l a t i t u d e  b=23 o8409. I ts  open side po in t s  d i r ec t ly  to t h e  cen t r e  

of t he  cloud which is  t h e  same d i r ec t ion  as  t he  movement  of the  outf low. Spec t roscopic  

o b s e r v a t i o n s  of th i s  'bow shock object '  (Ellis e t  al. 1984) by K rau t t e r  e t  al. (1987) 

showed s t rong  Ha and [OIII] emiss ion l ines .  A un ique  c l a s s i f i ca t ion  as be longing to a 

ca tac lysmic  va r i ab le  which is p laced on t h e  border  of  th i s  object,  as nova  l ike or as 

p l a n e t a r y  nebu la  fa i led  (Krau t t e r  e t  al. 1987). If t h i s  object  is r ea l ly  a s s o c i a t e d  wi th  

the  bipolar  nebu la  a round  IRAS06277+7125 the  shape  and the  emission l ines  of  t he  bow 

shock can be exp la ined  as s imilar  to Herbig-Haro  objects  found in reg ions  of known 

s t a r  formation.  

Conclusions: 

The dus t  and molecular  cloud around IRAS06277+7125 is probably  the  f i r s t  d e t e c t e d  

bipolar  outf low nebula  in t he  ga lac t ic  c i r rus  seen  In CO as well as in n e u t r a l  hydrogen.  

Kinematic age and k ine t i c  ene rgy  of  t h i s  nebu la  are  s imilar  to the  r e s p e c t i v e  v a l u e s  for 

o the r  outf low objects .  

The n a t u r e  of the  d r iv ing  source  for  t h i s  outf low is ye t  unclear .  Optical  CCD 

o b s e r v a t i o n s  of t he  cen t r a l  source  should  help to f ind out whe the r  or not  t h i s  source  is  

connec ted  to a s t a r - l i k e  object  s een  a t  t he  same posi t ion.  

If the  bipolar  nebu la  is connec t ed  to a nea rb y  emiss ion l ine object  the  shape  and the  

Ha l ines  could be exp la ined  as s imilar  to Herbtg-Haro objects .  
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The Morphology  of the Bipolar  Outflow in L1551 

K. M. Gierens 
I. Physikalisches Institut, Universits zu KSln 

SUMMARY 

A method to analyse the morphology of molecular outflows is proposed. The different 
center-to-limb variation of high velocity wings for the two kinds of outflow models 
(hollow shell and "flow in a pipe") is used to determine the flow morphology of the 
outflow in L1551. It is shown that all published spectra are consistent with the "flow 
in a pipe" model. 

Introduction 

In their famous article on the bipolar outflow in L1551, Snell, Loren and Plambeck 
[1] proposed an illustrative model which explained the high velocity wings of CO lines 
and their spatial variation. The model consists of a jet of ionized gas which sweeps 
the molecules up on its way through the molecular environment. This leads to a thin 
expanding shell of molecules surrounding a cavity containing essentially no molecules. 
The observed high velocity wings are then produced by the expanding shell. 

In his thesis [2], Levreault proposed another model for the outflow, the "flow in a 
pipe" model. In this model, the streaming molecular gas which produces the high velocity 
wings fills the entire outflow region. It flows fast near the outflow axis and slowly at the 
edges. 

Obviously, both kinds of models are consistent with the observed velocity distri- 
bution, and the position-velocity diagrams published by Moriarty-Schieven et a/.[3] and 
Uchida et al.[4] can be produced by either flow. Analyses of velocity distributions and 
position-velocity diagrams therefore cannot be used for the determination of the true 
flow morphology. 

In this article, I propose a method capable of differentiating between the two kinds of 
flow. The distinction is based on the center-to-limb variations of the high velocity wings. 
The method is applied to 1~ CO and 13 CO spectra of L1551 taken with the Cologne 3 m 
telescope on the Gornergrat and to spectra of higher spatial resolution ([3] and [5]). The 
results support the "flow in a pipe" model for L1551. Further details can be found in [6]. 

Theoretical High Velocity wings 

For the calculation of high velocity wings, a simple cylindrically symmetric flow is used, 
which can be formed to be hollow or filled. The following velocity law is employed: 
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Vz(e) = V0. [1 - (e/R)~l,  

where (z, e) are the usual cylindrical coordinates, V0 is the flow velocity on the outflow 
axis, and R is the radius of the cylinder. We neglect helical rotation [4], expansion and 
acceleration in the z-direction [7]. 

The cylindrical flow is observed with a circular telescope beam of radius R s  = R /4  
on the source. The telescope response is 1 inside RB and 0 outside. 

The exponent a has a strong influence on the shape of a single line profile. But the 
differentiation between the two flow models is based on the appearence of the center=to- 
limb variation in the high velocity wings and is not affected by the actual value of a .  A 
strong density gradient towards the edges of the outflow does not destroy the possibility 
of the distinction between the two kinds of flows. 
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Fig. 1. High velocity wings for full (left) and hollow (right) cylindrical outflows, c~ is the exponent of 
the velocity law. P = 0.0 means a telescope beam centered on the outflow axis; for P = 0.5, the beam 
points midway between the axis and the edge of the outflow. Emission from the parent molecular cloud 
is not shown. 

Different telescope positions across the cylindrical outflow clearly reveal the different 
features in the two types of flows (see Figure). The characteristics of the center-to-limb 
variation are summarized in three points: 

1. The line shapes for filled flows show a strong center-to-limb variation, whereas the 
shapes of lines from a hollow flow do not. 

2. The maximum normalized velocity (i. e. velocity along the line of sight in units of the 
thermal velocity of the molecules) in the line wings decreases from the axis towards 
the edge for a filled flow, but remains constant for a hollow one. 
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3. Profiles of a hollow flow reveal limb brightening in the entire wing. In the case of the 
filled flow, the low normalized velocities show limb brightening, the high ones limb 
darkening. The limb brightened part of the wing may be hidden by the emission 
from the parent molecular cloud. In this case, the entire observed wing will show 
limb darkening. 

These findings are valid for all values of ~ and also in the presence of a density gradient. 

Application to L1551 

L1551 is the ideal testing ground for this method because of its large angular size, its 
small inclination to the plane of the sky, the clear separation between the blue and the red 
lobes, and its nearly cylindrical shape at some distance from the central source, IRS-5. 
High signal-to-noise CO observations were made with the Cologne 3 m telescope in the 
northeastern lobe where the velocity field is smooth. The spectra show a strong decrease 
of the maximum wing velocity for positions closer to the outflow edges. Indications for 
helical rotation are also found, which is consistent with the results of Uchida et aL (1987). 
As a consequence of the large telescope beam (3. '9 at 115 GHz), a general limb darkening 
for all velocities in the line wings is found. It is caused by the strong decrease of the 
beam filling factor of the high velocity gas when the telescope points toward the edges 
of the lobe. 

The spectra in [3] and [5], with spatial resolutions of about 45" and 83", respectively, 
follow exactly the predictions of model for a filled outflow with a steep velocity decrease 
with e near the outflow axis and a flatter velocity law near the edges. All the effects 
mentioned in the above section can be seen. But the most important feature is that 
these high resolution spectra show also limb darkening in the entire wing in the immediate 
neighborhood of the outflow edge. According to point 3) in the above section, this implies 
a filled flow. It should be noted that a general limb darkening cannot be produced by a 
hollow shell, nor by a hollow conical one. (For more details see [6].) 

All observations of the bipolar outflow in L1551 can be explained with Levreault's 
"flow in a pipe" model. The exponent of the velocity law should be small, i.e. 0.5 ~ ~x 
1. The rotational and expansion velocity components in L1551 are small relative to the 
main V~ component, since our simple model, which neglects these components, is able 
to produce the main features of the spectra, in particular their center-to-limb variation. 
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CO OUTFLOW AND GLOBAL PROPERTIES 

OF THE HIGH LATITUDE CLOUD L16h2 

T. Lil~estrSm and K. Mattila 

Helsinki University Observatory 

T~htitorninm~ki, SF-00130 Helsinki, Finland 

Abstract. We have mapped the high latitude dark cloud L1642 (i=210~8, b=-3677) in 

the J=1-0 transition of 12C0 and 13C0 using the 11-m NRAO and 14-m FCRA0 radio tele- 

scopes, and in the 21-cm HI line using the 100-m radio telescope at Effelsberg. 

Results are presented for the CO outflow detected around IRAS 0h325-1h19, and on the 

effects of the asymmetrical UV radiation field of 0B stars on the HI gas associated 

with L16h2. 

RESULTS AND DISCUSSION 

1. C0 outflow around IRAS 0h325-1h19 

Weak red- and blueshifted bipolar pedestal CO emission has been detected around IRAS 

0h325-1h19. The mass in each wing is in the range h 10 -4 - 0.01 M| The estimated 

dynamical time scale of the outflow is in the re.nge 0.h - 16 I0 h yr. The force , 

F < 3 10 -6 M| s-lyr -I , and the stellar mass loss rate dM,/dt < 6 10 -8 M| yr -I , are 

comparable with those derived from optical observations of T Tauri winds. 
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. , I . , , , .  . . . .  I , . . . , + , , . I , , , . ,  . . . .  , 

4h32|50S 4h32140$ 4h32130S 
R.A. (1950.0) 

Fig. 1 Contour map of the integrated line area of the redshifted (thick solid 
lines) and blueshifted (dashed lines) CO emission around IRAS 0h325-1419 (cross.) 

T ..(1200) contours (thin lines). The contour levels for the out- superimposed the on 
flow are at intervals of 0.2 K km/s with the lowest contour at 0.4 K km/s. The con- 

levels of Tex(_ 12C0) are at intervals of 0.5 K with the outermost contour at IhK tour 
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Fig- I shows that the emission in the redshifted wing (1.14 < VLS R < 2.44 km s -I ) is 

stronger, and more extended than in the blueshifted wing (-1.46 < VLS R < -0.42 kms-1). 

This redshift-blueshift asymmetry of the outflow is best explained with the existence 

of a temperature gradient in the outflow area, and it may also indicate that the out- 

flowing gas has a moderate opacity with ~12 ~I-3 (see Bally and Lada, 1983). From 

Fig. I it is also seen that IRAS 04325-1419 is somewhat displaced from the outflow 

axis, a situation which can be explained if the tangential velocity of the star is 

I to 2 km s -I , compatible with the one-dimensional velocity dispersion of T Tauri 

stars. The CO outflow is confined roughly within the border of a region of enhanced 

temperature (see Fig. I) with Tex(12CO) = lh to 16 K (as compared to the cloud core 

temperature of'v13 K). It is suggested that this temperature enhancement results from 

a collision at the interface between stellar wind and the ambient cloud (see Liljes- 

tr~m et al., 1988). 

2. Global properties of L16h2 

The line width map of HI (Fig. 2) shows an increase from 2.5 to 2.9 km s -I near the 

aentre of the L1642 molecular cloud peaking on the "bright side" of L1642, i.e. the 

side facing the galactic plane. The spectra are narrow and do not reveal any sign of 

a second velocity component which could explain the line broadening as a blend effect. 

Although an explanation in terms of increased turbulence cannot be excluded, the fact 

that the IRAS 12 ~m surface brightness map of Laureijs et al. (1987) shows a maximum 

(see Fig. 2) at the same position as the Hi line broadening maximum supports the 

thermal line broadening model where the heating of the gas is due to the photoelec- 

tric emission from very small grains and/or PAHs. 

Assuming that the turbulent and large scale motions are the same in the broad- 

ened HI line region and immediately outside this area a temperature enhancement of 

47 K is obtained for the HI gaS. Adopting for the L1642 HI cloud the temperature 

T k = 81 K, an average value for diffuse clouds (Spitzer and Cochran, 1981), the in- 

crease of the HI line width corresponds to an increase of T k from ~,80 to 130 K. 

A simplified thermal balance model where the photoelectric heating rate of 

very small grains (Spitzer, 1978) is balanced by the cooling rates of C +, CO and C 

(Langer, 1976) can explain a a, 50 K temperature enhancement if the mean projected 

surface area of grains/cm 3 per H atom is 2.0 10 -21 2 cm . This value is consistent 

with the value of dust surface area as given by Spitzer (1978 ) if the extinction 

efficiency for these small grains is Qe ~ I. The requirement for additional grain 

area can be fullfilled by introducing the very small grains. 

A ridge of excess HI emission has been detected at the outer edge of the dark 

cloud on its "bright side". From Fig. 3 it is seen that the column density ratio 

NHI~NH(tot) vs. A V tends to be higher for the "bright side" than for the "shadow 

side" of L1642. Fig. 3 shows a general agreement between the H § H~:~H 2 equilibrium 

t93 



model of Hollenbach et al. (1971) and the observations for A V > 1.h mag which corre- 

sponds to the projected distance p < 0.85 R (R=cloud radius) from the cloud centre. 

Based on the observations of Opal and Weller (1984) we estimate that the background 

UV radiation field in the vicinity of L16h2 is about two times stronger on the 

"bright side" as compared to the "shadow side" of the cloud. Adopting for the model 

calculations a radiation field value half of that used by Hollenbach et al. (1971) we 

obtain the result shown by the dashed curve in Fig. 3. For a more detailed discussion 

see LiljestrSm and Mattila (1988). 
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DUST AND GAS IN A HIGH LATITUDE CLOUD INTERACTING WITH NIGH VELOCITY CLOUDS 

Uwe Herbstmeier, Reiner Rohlfs, Ulrich Mebold 
Radioastronomisches Institut der Universit~t Bonn 

Auf dem H6gel 71, D-5300 Bonn i, FRG 

The Draco Nebula is a diffuse cirrus molecular cloud which is located in the 
lower galactic halo (l,b,z) = (91~176 (Goerigk et al. 1983, Johnson 
1986, Rohlfs 1986, Goerigk and Mebold 1986). It is spatially associated and 
probably in collisional interaction with a group of HI clouds at high negative 
velocities (v = -I00 km/s), so-called high velocity clouds or HVCs (Kalberia 
et al. 1984, Eerbstmeier 1985, Nebold et al. 1985). There is good evidence 
that this collision has caused an enhancement of the CO abundance close to the 
interface region (Rohlfs et al. 1988). The aim of the present paper is to 
derive XWCO = N(H )/WOO, the ratio of the molecular hydrogen column density 

~2 . 2. 

and the CO imne :ntegral, and the CO abundance by using the lOOpm emission 
(Iio o) as a measure of the total gas content of the Draco Nebula. 

The nebula has been observed in the 21 cm line with the I00 m telescope at 
Effe%~berg (Goerigk et al. 1983, Herbstmeier et al. 1984) and in the :2CO and 
the -'CO (J=l-)O) lines with the Bordeaux 2.5 m and Gornergrat 3 m telescopes 
(Mebold et al. 1985, Herbstmeier and Rohlfs 1988). Together with the IRAS 
100um emission the HI column density (N(HI)) and the "ZCO line integral form a 
3-D data cube. 

A data cube of this kind was analysed by Heithausen (1987) and Heithausen and 
Mebold (1988) to yield the IR emission per nucleon in the HI gas 
(a = I /N(HI)), the H gas (a = I /(2-N(H ))), and the XWCO ratio. 

H 100 2. Z O0 . 

Analogous to a procedure ~ntroduce~ by ~e Vr~es e~ al. (19871 these authors 
adopt a relationship of the kind 

Iio ~ = I oo(N(HI),WCO) = asi.N(HI) + 2-aHz-XWCO.WCO (I), 

between the 100,2m emission and the total gas conten~of the nebula and find 
that a.. = a ^ = 1.10---cm~NJy/sr and XWCO = 0.5-10~Umol(cm~Kkm/s)''. Writing 
equati~ (i~ ~ in the form I (N(HI) WCO) = a .N(HI) + b.WCO with 

�9 0 ' H I  ' . 
b = 2.a.^.XWCO , we see that the:r  ~a~a are well represented by a plane zn the 
I -N(~f)-WCO data cube (see Figure 1) 

%oo 

In the case of the Draco nebula we f ind that the data do not always f i t  to a 
plane. The data points with WCO=O, i . e .  the l ines of sight penetrating the 
periphery of the nebula, do have I values, which are clearly lower than 
what is to be expected from a fit ~~ plane to all data, i.e. including those 
lines of sight with WCO>0. Therefore we allow here for a more complex 
structure of the observed I (N(HI),WCO)-surface. As a cannot be derived 
�9 " 0 0  . H 2  . 

mndependently of XWCO, we argue that a._ can be derlved i nd l rec t l y  by assumzng 
that - in the region where CO H and"LHI coexist - the IR emission per 

�9 . �9 ' 2 

nucleon, a , :s Ident lca l  to that per HI atom a..(WCO>O): a.^ = a..(WCO>O) 
�9 H2 . . ' ,l . Mz nl " 

This seems plauslble, If the HI and the H 2 gas are well mlxed in our nebula. 

As the uncertainties of the data do not allow to fit e.g. a more general 
surface we restrict ourselves to derive (see Figure i) 

- the value of the mean partial derivative, 

@II00(N(HI),WCO) 
< 8 N(HI) >wco=o = asI (WCO=0)' 
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which amounts to linear regression in the I -N(HI) plane, and 
to0 

- the value of the mean partial derivative, 

@I100(N(HI) ,WCO) 
= aHI < O N(HI) > wco>o (WCO>O), 

which amounts to fitting a plane with the coefficients as! and b to those 
data only, which have WCO>O. 

We find the values of a .(WCO=O) and aHI(WCO>O) given in Table 1 and see that 
a (WCO>O) ~ 2.a (WCO=O~ for the most prominent feature within the Draco 

H . HI 

Nebula. Thls means that for lines of sight with WCO=constant>O the increase of 
I with increasing N(HI) is steeper than for ones with WCO=O. Note that the 
,. o . . 

values of aHi(WCO>O).are lower, llmlts, to aH2 only, a z k aH (WCO>0), because 
those parts of the llne of smght whlch pass through t~e front- and back-layer 
of the cloud do have the lower value of a (WCO=O). For the discussion below 

HI is not known. we adopt aH2 = aHI(WCO>0), because the true value of aHZ 

Once a is known, from the fit parameter b = 2.a .XWCO we derive values for 
Hz 

the ra~12o XWCO (see Table 1 for results). They are low even compared to the 
values of de Vries et al. 1987. 

�9 . . 12 

~C interpretation of these results is not clear. High resolutlon CO and 
O line mapping (cf. Rohlfs et al. 1988, Rohlfs 1988, Reithausen and Mebold 

1988) indicates that clumping, optical depth or excitation effects of the CO 
lines cannot fully account for the large a.^ and low XW~Q values..~reliminary 
r~ults1~or the ratio of the line integra~ of the ~CO and I~CO lines, 
W--CO/W CO ~ 10 shows that optical depth effects can account for a deviation 
of the XWCO ratio of a factor between 2 and 3. The remaining factor of 10 has 
to be explained in a different way. The large values of a (WCO>0) could be 

I 
explained by saturation effects of the HI spectral line. T~is saturation tends 
to decrease N(HI) while I remains unchanged so that I /N(RI) is too 

�9 1 0 0  . 1 0 0  . . 
large. This point w111 be investlgated further. Although these excltatlon and 
radiation transfer effects need further attention, we propose an 
interpretation which considers peculiar dust grain properties as the origin. 
The rather large a value may be the combined effect of a comparatively large 
number of very small grains and their comparatively larger temperatures. This 
is supported by results which Rohlfs (1988) obtained from model calcuations of 
the grain properties of the Draco Nebula. Rohlfs finds that only grains with 
sizes of about 30 nm have the back-scattering properties required to reproduce 
the observed brightness in the optical B and R bands. The reason for a 
peculiar grain size distribution and the low XWCO values found may then 
tentatively be identified with the abnormally large CO abundance, which in 
turn has been explained (Rohlfs et al. 1988) by the enhancement of molecular 
abundances by a shock of moderate velocity (v ~ 20 km/s). So the speculation 
is that the shock that has enhanced the CO abundance may also have produced 
relatively large numbers of very large molecules or very small grains. 
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Table i: Fit parameters for different regions of the Draco Nebula 

No {i ,b ,61,Ab) aHz(WCO=O) A (!) ~H~(WCO>0) A (1) XWCO ~ (2) 

1 92.5,40.5,7,3 1.5 0.1 2.7 0.5 0.9 0.2 
2 94.5,37.5,1,1 0.2 0.03 2.5 0.3 1.2 0.2 
3 91.0,37.5,1,2 1.5 0.2 1.3 0.2 0.7 0.2 
4 92.5,36.5,1,1 2.4 0.2 1.6 0.3 2.5 0.6 
5 92.0,38.5,1,1 - - 2.6 0.8 6.0 0.2 
6 R1, R2 0.6 27 
8 R3 (145,38) 1.0 0.4 1.0 0.I 5.0 0.3 

Units: (I) 1020MJy-ster-lcm2 (2) lOl9cm-2K-lkm-ls 
RI: Tereby et al. 1986, R2: Bloemen et al. 1986, R3: de Vries et al. 1987 
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Figure 1: Sketch of the 3-9 data cube and the plane fitted to the points with 
WCO>O (points). Data points with NCO=O are marked by crosses. 
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R e c e n t  O b s e r v a t i o n s  of  the  M o l e c u l a r  O u t f l o w  
S o u r c e  L1551 I R S 5  

C. V.  M.  Fridlund 
Astrophysics Division, ESTEC, 2200 AG, Noordwijk, The Netherlands 

G. J .  W h i t e  
Physics Dept., Queen Mary College, University of London, U.K. 

Abstract 

CO and 13CO observations of the molecular outflow source L1551 IRS5 are reported. 
Lower limits to the mass and energetics are calculated, and these are found to be 
too high for the outflow to be radiatively driven by the central object. However, 
the values are found to be in quantitative agreement with recent far infrared results 
reported in the literature. 

Introduction 

In the last 10 years, it has come to be realised that the so-called bipolar molecular 
outflows are a common phenomenon, associated with the early evolution of both low- 
and high-mass stars. 

One outfow source has become prototypical of low-mass star forming regions. This 
is the bipolar centered on the low luminosity infrared source L1551 IR.S5. Situated in 
the Taurus Molecular Complex at a distance of roughly 150 pc, the molecular cloud 
L1551 shows multiple indications of ongoing star formation such as Herbig-Haro objects, 
optically visible jets and several T-Tauri stars. The infrared source itself has a luminosity 
of 25 - 40L| (Fridlund et al., 1980; Emerson et al., 1984). This molecular outflow has 
been extensively observed, particularly in CO, since the discovery of its bipolarity by 
Snell e~ al. (1980). Due to the relative proximity of the cloud, and the orientation of the 
outflow at an inclination of 15~ ~ to the plane of the sky, very small spatial elements 
can be resolved. The outflow has been shown to possess a shell-like structure (e.g.,  Snell 
and Schloerb, 1985; Fridlund, 1987; Ralney et al., 1987; Moriarty-Schieven and Snell, 
1988). The ouflow in the blue-shifted lobe also is found to be a~celerated as we progress 
further out from IRS5, and to possess velocity discontinuities, particularly close to one 
of the HH objects (Fridlund et aI., 1984). Observations of CS (Kalfu et al., 1984) have 
shown the presence of a possible large (scales of 1017 era) rotating molecular disk around 
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IRS5, and laCO data seem to confirm this as well as being indicative of the outflow being 
ejected from the surface of this disk (Fridlund, 1987; Fridlund et aL, 1988). 

The present understanding of the physics behind the structure of the outflow is very 
sketchy, but involves either a hot narrow jet, ejected from IRS5 or its immediate vicinity 
(e.g., at an accretion shock), or a massive wind, magnetohydrodynamically ejected from 
the surface of a large molecular disk, or a combination of both. 

In order to gather data for testing of the theoretical models, we have, together 
with other collaborators, collected a large number of CO spectra in the 1-0, 2-1, and 3-2 
transitions, as well as laCO 1-0 data. some results axe already published, including a CO 
J = 1-0 map covering 60% of the blueshifted outflow (Fridlund et al., 1984; FYidlund, 
1987; Ralney et al., 1987; Fridlund et al., 1988). Here we report the result of high 
signal/noise laCO observations and their implicatons for the mass and energetics of the 
blue-shifted outflow lobe. 

M a s s  a n d  E n e r g e t i c s  

A total of 271 CO J = 1-0 spectra separated by 20" and integrated to reach an rms 
noise level of 0.3 K, and 55 13CO J = 1-0 spectra have been obtained at Onsala, using 
the 20 m telescope. The I3CO spectra were integrated for 45-60 minutes, reaching a 
rms noise level of 0.1 K or less. Since the 13CO are coincident with the CO spectra, we 
can calculate the column densities (N13), assuming a common excitation temperature 
(T,) and beam filling factors of 1. Going from N13 tO the total mass is straightforward, 
but the assumptions made mean that the mass determined from the values of N13 will 
be lower limits only. The low values of Tx found from our data (5-15  K), as compared 
to 25-30 K as derived from observations at higher transitions (e.g., Rainey et al., 1987), 
indicates that the gas is clumpy. If we plot the CO temperature integrated over velocity 
against the values on N13, we get Fig. 1. If CO were optically thin, and the beam filling 
factors actually were equal to 1, the data points would fall along a straight line. CO is 
actually thick in the center of the wing emission, but most of the wing profile consists 
either of thin emission or almost thin emission. The integration of the wing profile 
therefore probably does not miss much of the gas present. The scatter in the diagram 
can then be removed if we know the beam filling factors. Since we also have CO J = 2-1 
and J = 3-2 observations of these positions, work is in progress to model each spectrum 
position radiatively. This will provide a better determination of Tx, and this will give us 
the filling factors and so a better value for the mass. 

By assuming a relation between the N13 and the integrated intensity and velocity of 
CO such as those represented by the lines in Fig. 1, presently we arrive at a lower limit 
to the mass of the part of the outflow mapped by us in CO of 1 Mo < MlZo~, < 2 Mo.  In 
order to determine the energetics of the outflow gas, we need to analyse the kinematics 
of the gas and also take into account the geometrical orientation of the outflow, since 
we only observe the radial component. For a first estimate we can use the median value 
of the radial velocity component of the gas, that is 8 km s - I .  If the "blue" outflow 
is tilted 15 ~ towards us out of the plane of the sky and the opening angle of the cone 
is roughly 30 ~ (Lisean and Sandeil, 1986), we can calculate the kinetic energy to be 
1045 erg < Ek,,~ < 1046 erg. The mechanical power of the part of the outflow can be 
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estimated to be between 0.5 L O and 5 L O. These values will be refined when the complete 
analysis is ready. 

Our results fully confirm earlier conclusions that the flow can neither be radiatively 
driven, nor energetically sustained by IRS5 through radiation, since the luminosity of 
this object is too low. However, comparing the outflow energy derived above with the 
IRAS-determined FIR luminosity of the outflow of 10 L o (Clark et al., 1986), we find 
that the observed flow could maintain the observed dust luminosity over the dynamical 
lifetime of the outflow (of order 104 years). 

Column Density 

- - ; "  " 

'1' r" " "  I, C l l  X I ~  I I  

O / P  I I I I I 

0 S 10 15 20 25 

Integrated Velocity Intensity of CO (K km s -1) 

Fig. 1. The values of /~r13/1 X 10 Is have been plotted against the CO temperatures integrated over 
velocity. The dotted line represents the theoretical relation for thin CO emission and a beam filling 
factor of 1. The solid line is the rms average relation. 
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THE STRUCTURE OF THE M O L E C U L A R  OUT FL OW  ASSOCIATED 
WITH HH7-11 

Lewis B.G. Knee 
Onsala Space Observatory, S-43900 Onsala, Sweden 

We are conducting a program of CO(J=I-0) observations of the NGC1333 low- 
mass star formation region, using the Onsala 20 metre millimetre wavelength telescope 
(FWHM beam width 33" at 115 GHz). The objectives are to obtain a complete survey 
for molecular outflows driven by embedded pre-Main Sequence stars and to map at high 
resolution the bipolar outflow associated with the low mass object SSV13 and the HH7- 
11 nebulosity. These observations are a continuation of those originally reported by 
Liseau et  al. (1988). 

As reported by Liseau et  al., bipolar outflows appear to be associated with 5 of the 6 
embedded IRAS far-infrared objects (see also Jennings et  al . ,  1987). The sixth 
embedded infrared object, NGC1333/IRAS1, has been found to have no CO outflow. 
Millimetre spectral line observations indicate it is coincident with an isolated, low mass, 
compact molecular cloud core. IRAS1 appears to be a very young, possibly protostellar 
object, which has yet to enter its molecular outflow phase (Knee e t  al . ,  1988). The 
mapping project (on a full beam spacing grid, 30") is continuing at Onsala, and will be 
reported upon in full in a forthcoming publication (Knee, 1988a). 

The high resolution CO observations (half beam spacing, 15") of the SSV13 blue- 
shifted outflow lobe have been discussed by Liseau et  al., who proposed a model of the 
outflow which disagrees in a number of aspects with that proposed for the L1551 
outflow (cf. Moriarty-Schieven and Snell, 1988, Fridlund et  al. ,  1988). The observed 
distribution of radial velocity and integrated intensity of the CO high velocity wings did 
not lend support to the "wind evacuated shell" model proposed for L1551. 

We have reanalyzed the high resolution data by means of a MEM algorithm 
(Bergman and Knee, 1988). Figure 1 shows the structure of the blue-shifted CO 
emission as "deconvolved" by the MEM. The result suggests that the outflow lobe does 
exhibit the "limb-brightened" spatial structure characteristic of L1551, and that this 
outflow may be an at least partially evacuated shell. The MEM result agrees in its 
general morphology with the interferometric observations of Grossman et  al. (1988), 
but our result shows the shell-like structure more clearly. Further MEM experiments 
will be necessary to determine whether or not the SSVI3 outflow also has a radial 
velocity field similar to that of L1551. 

Also planned are observations of the SSV13/HH7-11 outflow in the 13CO(J=I-0) 
transition. Such observations are necessary in order to obtain any improvement on the 
determination of excitation temperatures and column densities within the outflow. 

We have confirmed the existence of extremely high velocity wings in the 
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HCO+(J=I-0) emission from the position of SSV13, first reported by Lizano et al. 

(1988). Figure 2 shows the result of a very long integration observation made with the 
Onsala telescope (FWHM beam width 40" at 98 GHz). The blue-shifted wing is 
markedly different from the red-shifted wing at the very highest radial velocities 
(greater than 30 km/s from the cloud LSR radial velocity), as it has a roughly flat- 
topped profile which extends to more than 70 km/s from the ambient cloud line 
component at 8 krn/s. Recent observations of L1551/IRS5 (Knee, 1988b) show that its 
high velocity HCO+(J=I-0) emission is weaker, does not extend over such a wide range 
of radial velocity, and has very similar profiles in both the red- and blue-shifted wings. 
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Figure 1. MEMed map of blue-shifted high velocity CO(J=1-0) emission near 
SSV13/HH7-11. Contours are of integrated antenna temperature (Kkm/s). Radial 
velocity integration range is -6.95 km/s to +3.45 km/s. Contour level 1 corresponds to 
15 Kkrn/s, and the contour increment is 10 Kkm/s. The origin of tx and 5 is the epoch 
1950 position ofSSV13 (c~=3 h 25m 58.2s 5=+31 ~ 05' 44.0"). 
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We plan to observe additional positions in the SSV13/HH7-11 and the L1551 outflows in 
the HCO+(J=I-0) transition in order to study the variation of the line profiles of the 
dense outflowing molecular gas, and to attempt to develop a simple geometrical model 
to explain the velocity structure of the line wings. 
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Figure 2. High sensitivity HCO+(J=I-0) spectrum obtained towards SSV13. 
Temperature scale is chopper calibrated antenna temperature (TA*). 
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T H E  STARFORMING DARK CLOUD c CHA I: 

SEST* CO OBSERVATIONS 

K. Matfila 

Helsinki University Observatory, TNafitorninm/~ki, SF-00130 Helsinki, Finland 

In t roduc t ion  

The complex of several dark clouds and two T-associations near the star e Chamaeleonis was first 

described in detail by Hoffmeister (1962). Cloud I is located at 1 = 297 ~ b = -16 ~ and is thus 

sufficiently far off the galactic plane to minimize the confusion by background gas and dust clouds. 

Because of  its short distance of 140 pc (Whittet et al., 1987) and the large number of  associated 

young low-mass stars, the Cha I cloud is well suited for the study of the star formation process in 

dark clouds. 

The population of associated stars and young objects comprises (for references, see Mattila 

and Toriseva, 1985): 21 RW Aur type stars, 45 Hc~ emission line stars, 3 visible reflexion nebulae, 

Ced 110-112, the Infrared Nebula, IRN, 4 Herbig Haro objects, HH48-51, embedded highly 

reddened stars detected from 2 l.tm surveys, warm far-IR sources detected by IRAS, young stars 

detected by their (chromospheric) X-ray emission. 

The fs extensive radio line mapping of the Chamaeleon I dark cloud has been reported 

by Toriseva, HOglund and Mattila (1985). The Parkes 64-m radio telescope was used to map the 

6-cm formaldehyde absorption and the 18-cm OH emission. The integrated formaldehyde line 

intensity was found to agree quite well with the optical boundaries of the cloud. 

CO outflow and dense core near HD 97300 

The area close to the B9V star HD 97300 at the northern end of  the Chamaeleon I dark cloud 

contains a small grouping of 5 low-mass PMS stars. Four further stars are located within a few arc 

minutes (see Fig. 1). An estimated mass of 12 M O for the stars in this cluster (including HD 

97300) and 35 M| for the cloud gives a star-formation efficiency of -25 %. This approaches the 

very high values found in the core of  the P Oph cloud by WiNing and Lada (Ap.J. 274, 698, 

1983). The proximity of  the B9 type star HD 97300 suggests that its stellar wind may have 

triggered the formation of the low-mass star cluster. 

This area has previously been investigated both in the near and far infrared (Jones et al., 

1985, Baud et al., 1984) so that the distributions of  dust and the embedded stars are fairly well 

known. It is apparent that this area is a very promising one for the study of low-mass star formation 

* Swedish-ESO Submillimetre Telescope 
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and its connections with the ambient cloud material. It is thus important to investigate the properties 

of the molecular gas in this area. 

We have surveyed the Cha I North area in the J=l-0 CO, 13CO and C180 lines in April 

2-9 1988 using the SEST. The mapping grid was 1. Frequency switching within the band was 

used throughout and the signals from receivers A and B were added. 

We have discovered a dense molecular core and a large outflow source, both of which are 

markedly well centered on the grouping of the 5 PMS stars. Our C180 line area map of the region is 

shown in Fig. 1. The CO outflow map is shown in Fig. 2. The area has also been observed in the 

13CO line which appears to be optically thick over most of the area. At position (0, -1') relative to 

the map centre the 13CO profile is almost as strong as the 12CO profile, but nevertheless the line 

widths are almost equal. 

The outflow has an angular extent of -8 '  from the centre corresponding to 0.3pc (for r = 

140 pc). The velocity extension of the outflow is from -4 to +10 km s -1 (see Fig. 3). The outflow 

is clearly not associated with the bright star HD 97300 illuminating Ced 112 but with the grouping of 

five PMS stars -2 '  North of it. 

Searches for CO outflows at other oositions 

Less extensive 12CO, 13CO and C180 maps were made around the following positions : 

HH 49/50 and IRAS 11054-7706C, the proposed central star of HH 49/50, 

Ced 111 (HD 97048), 

HI-I 51 and VZ Cha, the central star of HH 51. 

In each of these cases weak outflows were indicated. 
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ON FRAGMENTATION OF DARK CLOUDS 

H.J. Wendker, C. Feldt, T. G~nter 
Hamburg Observatory, FRG 

L.A. Higgs, T.L. Landecker 
DRAO Penticton, B.C., Canada 

SUMMARY 

By combining 100 m-RT and DRAO-SRT observations of the 21 cm HI line 

we have found a large number of small cloudlets showing self-ab- 

sorption. They probably belong to the Cygnus Rift and may be a 

hitherto observationally unknown component of the fragmentation 

process. The molecular cloud of W80 breaks apart into a complicated 

substructure when seen in the H2CO absorption line. 

i. Introduction 

It is usually agreed upon that dark clouds tend to show increasing 

density with decreasing size. Details of this fragmentation process are 

hardly known, however, because there is a substantial lack of obser- 

vational evidence on the fragmentation status of individual clouds and 

how to distinguish between a genuine cloud and its substructure. For a 

review see e.g. Scalo (1985}. We have tried to test the usefulness of 

probing the internal structure of dark clouds via mapping of HI and 

H2CO absorption lines. 

2. HI self-absorption 

For the 21 cm HI absorption line study we combined a fully sampled 

map with high frequency resolution obtained with the Effelsberg I00 m- 

RT with a high angular resolution data set obtained with the DRAO 

synthesis interferometer. The field chosen is the centre of the Cygnus 

X region and thus covers a north-western portion of the Cygnus Rift. 

Surprisingly, a large number of small scale, faint self-absorption com- 

ponents appears when both data sets are inspected together. A sample 

map in the local radial velocity range from -i0 to +10 km/s is shown 

in Fig.l. Components down to -5 K T b absorption and down to the angu- 

lar resolution limit of the interferometer (i' x 1.5') can clearly be 
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Figure I: Sample radial velocity vs. declination map. Interferometer 
map with zero-spacings from 100 m-RT added. The resolution in this map 
is 1.5' x2.6 km/s. The lowest contour is 85KT b, step is 4KT b. Local 
minima e.g small self-absorption components are indicated by dots. 

dealt with. If they belong to the Rift, these numbers correspond to a 

linear size of 0.2 pc and a column density of few times 1019 atoms cm -2 

(spin temperature set to 50 K). The histograms in Fig.2 show that the 

number of components rapidly increases towards the instrumental limits 

so that many of them must be even smaller in size. Their projected 

density in the field centre is about I00 per square degree. Although 

the construction of the emission line background is not in all cases 

straight forward, the existence of these cloudlets is beyond doubt. Un- 

fortunately, in the Cygnus X region our view tangentially along the 

local spiral arm results in a severe projection effect so that an indi- 

vidual assignment of the cloudlets either to the Rift or to dark clouds 

further away can not be made. A separation via radial velocity is also 

not possible (Piepenbrink and Wendker, 1988). 

Under plausible assumptions these cloudlets have volume densities 

of a few tens atoms cm -3. Such densities of neutral gas are usually 
--3 �9 

not derived from HI emission where typically around 1 cm is found. 

On the other side they are clearly less than those found from CO 

emission (~ i00 particles cm-3). The mass of the cloudlets is certainly 

well below the Jean's mass. Thus we speculate that they must represent 

parts of a dark cloud which were driven towards higher densities by 

turbulence and cooled. Their large abundance could mean that they are 

an important transition step in the fragmentation process. 

3. H2CO in W80 

Another part of the density-size-relation of the fragmentation 

process which is not yet covered by many observations is the one beyond 
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Figure 2: Histograms of the number of self-absorption components N 
vs. their optical depth r and vs. their total extent 8 

the reach of CO emission e.g. roughly beyond I000 particles cm -3. A 

molecular line probe which is particularly suited for the range 103 to 

104 cm -3 is the 6 cm H2CO absorption line. To our knowledge no large 

dark cloud was yet mapped in H2CO so that a size vs. density relation 

of substructure could be studied. We thus have mapped the dark cloud of 

W80 in this line with the 100 m-RT. From the profiles we deduced the 

existence of 26 components inside of the cloud with sizes between one 

third of the total diameter (20 pc) down to the grid size (0.8 pc) and 
-3 

particle densities between I000 and 5000 cm , all in the radial velo- 

city range +i0 and -i0 km/s. A general trend is visible, namely in- 

creasing density with decreasing size. The observational uncertainties 

due to the fact that the grid size of the mapping was about twice the 

beam width (2.6') or larger prevent a more quantitative treatment. We 

intend to properly supplement the data. This molecular cloud (for a 

discussion of its known properties and surroundings, see e.g. Wendker 

et al. 1983) thus exhibits a complex substructure with a large range 

of scale sizes and densities. 
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CO in t h e  dark  c l o u d s  n o r t h  of  t h e  Ca l i for n ia  
n e b u l a  1NGC 1499 

R. H e r b e r t z ,  H. Ungerech ts ,  and  G. Winnewisser  
KOSMA - I. Physikalisches Institut der Universit~t zu KSln 

We surveyed the CO emission from the dark clouds north of NGC 1499 with the 
KOSMA 3 m telescope on the Gornergrat near Zermatt, Switzerland. In the Columbia 
Survey of Perseus, Taurus, and Auriga [1] they stand out as particularly turbulent with 
linewidths of up to 10 km/s over angular scales of several degrees. Located at a distance 
of about 350 pc, the clouds have characteristics very different from those of the Taurus 
dark clouds. To date no signs of embedded star formation have been reported. We 
mapped the J = 1 ---* 0 line of 12CO on 3600 positions in a region of 20 deg 2 on a regular 
4' x 4' grid in right ascension and declination (Fig. 1), observed 13CO at 20 positions 
with high 12C0 intensity and mapped 13CO near the three strongest 12CO peaks. At 
some positions the lines are narrow and almost Gaussian, but generally we find double 
and triple lines or broad, flat top lines (Fig. 2). Small fragments in the velocity range 
from -11 km/s to +5 km/s are found much farther north of the border of the California 
nebula than previously shown [2]. The profiles of the 13C0 spectra are fairly similar to 
those of 12C0; the intensity ratio is typically in the range 1/3 to 1/10. The integrated 
intensities of the two CO isotopes show a reasonably good correlation, so that to first 
order the integrated ~2CO intensity seems to trace the column density. The total mass 
estimated from the integrated 12CO intensity is 20000M| In our 12CO data cube 
we can distinguish 10 components that are well separated and have average velocities 
around -7 ,  -3  and +3kin/s,  and typical linewidths of 2 to 4km/s.  Most of the more 
massive components with ~ 1000 to 6000 M 0 are fragmented into smaller clumps with 
masses between 50 and 4000 M| The velocity dispersion of the large cloud components 
estimated from the width of the averaged 12C0 and 13CO lines is in the range consistent 
with virialization. 
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A CO survey  of  the  giant  molecu lar  c loud  
c o m p l e x  toward  Cas A 

H .  U n g e r e c h t s  1 a n d  P. T h a d d e u s  2 
1 KOSMA - I. Physikalisches Insti tut  der Universit~.t zu Khln 

2 Harvard-Smithsonian Center for Astrophysics 

With  the 1.2 m telescope at the Center for Astrophysics we have under taken a com- 
plete, well sampled survey of the 1---*0 CO line toward the very large complex of molecular 
clouds in the Perseus Arm in the region of Cas A and NGC 7538. With a mass in the 
vicinity of 3 x l0 s M| this complex at a distance of roughly 3kpc  ranks as one of the 
very few objects near the top of the molecular cloud mass spectrum which is sufficiently 
close and unobscured to be visible optically, but  it has not been intensively studied, and 
no general survey on the scale of the 8 t resolution of our telescope has yet been reported.  
Our survey, done at a spectral resolution of 250kHz (0.65 km/s) ,  on a uniform grid of 
points spaced every 1/8 deg in lati tude and longitude, covers over one-half of the region 
of the Galactic plane between / = 1 0 7  ~ and 114 ~ and b =  - 4  ~ and -t-2~ the rms noise 
per spectral resolution element of the survey is about 0.12K in antenna tempera ture  
corrected for beam efficiency (0.82). 

Three  major  complexes, which for brevity we call A, B, and C, and several smaller 
clouds are easily identified in the map of velocity integrated intensity (Fig. 1). Complex 
A in the south includes the region toward Cas A located at l = 111.7 ~ b = -2 .1  ~ The  
largest linewidths, up to 20 kin/s,  are found in the B1 segment of complex B in the center 
of our map; from our spectra it seems likely that  two or more velocity components  are 
severely blended. Complex C is the large molecular cloud associated with NGC 7538 
at l = 111.5 ~ b = 0.75 ~ The velocity of the major  clouds changes systematically from 
- 3 7  km/s  in complex A to - 5 6  km/s  in complex C. A large part  (~40 %) of the survey 
region is overlapped by CO emission at local arm velocities, vLSR .~ --15 to + 1 0 k m / s .  

We have calculated the masses for the three major complexes as well as 8 smaller 
clouds using a s tandard  Wco  to N(H2) conversion factor, 2.6 x 102~ -1 
(Table 1). Regions A, B, and C each contain about 5 x 105 Mo;  the masses of the 
smaller clouds are in the range 0.3 to 1 • 105 M| Virial masses est imated from the total  
linewidth and angular extent  of the clouds agree rather  well with the mass from Wco for 
A, B2, and C; the larger discrepancy found for B1, M ~ i r / M c o  ~ 6, is probably  caused 
by the velocity blending described above. 

Our goal over the next two years is to complement the present survey with a similar 
lsCO survey with the 1.2 m telescope, and studies of selected regions of high activity in 
CO, 13C0, and C180 with the KOSMA 3 m  telescope, to obtain a much more complete 
and detailed description of a giant molecular cloud complex and its relation to its stellar 
offspring than any which we now possess. 
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Table 1, Derived Cloud Parameters 

Sco  
K k m / s  Area T~ VLSR Z~V 

Peak l b deg 2 deg 2 K k m / s  k m / s  

A1 111.25 - 3 . 0  27.1 1.88 3.8 - 3 8  10.2 
A2 112.5 - 2 . 2 5  9.6 1.41 3.3 - 3 6  7.9 
A' 112.125 - 1 . 7 5  1.8 0.23 2.0 - 4 6  11.6 
a 111.25 - 1 . 5  5.9 0.70 3.0 - 3 9  9.7 

b l  111.25 -0 .625  3.2 0.56 3.0 - 4 5  6.9 
B1 110.5 -0 .375  22.2 1.56 4.7 - 4 7  16.7 
B2 110.125 0.0 14.6 0.98 8,8 - 5 2  7.0 
b2 109.375 0.25 2.9 0.40 3.0 - 5 5  6,0 
b3 108.75 0.25 6.7 1.00 3.7 - 5 3  5.1 

C1 111.5 0.75 27.1 1.75 8.2 - 5 5  9.3 
C2 110.625 1.125 5.0 1.02 2.9 - 5 7  8.3 

1 108.75 - 1 . 0  5.6 0.75 6.7 - 5 1  6.9 
2 109.0 -0 .25  2.0 0.25 3.8 - 4 7  6.5 
3 111.75 0.0 1.7 0.20 1.7 - 3 0  3.7 
4 111.5 1.25 2.3 0.38 3.7 - 4 6  5.5 

Mco Mvir 
106M| 106M| 

0.42 0.88 
0.15 0.46 
O.O28 0.40 
0.092 0.49 

0.050 0.22 
O.35 2.16 
0.23 0.30 
0.045 0.14 
0.10 0.16 

0.42 0.71 
0.078 0.43 

0,087 0.26 
0.031 0.13 
0.026 O.O4 
0.036 0.12 

Cas A 

NGC 7538 
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A C o m p l e t e  CO Map of  the  Nearest  Molecular  
Cloud,  L1457 

T. Z i m m e r m a n n  and H.  U n g e r e c h t s  
KOSMA - I. Physikalisches Insti tut  der Universit~.t zu Khln 

Wi th  the KOSMA 3 m telescope on the Gornergrat  near Zermatt ,  Switzerland, we 
surveyed the J = 1 -~ 0 line of 12CO and 13C0 in the region of the dark clouds L1457, 
L1453, L1454, and L1458 where molecular gas is found at a distance of only 65 pc [1]. 
Halpern and Pat terson [2] suggested that  a hard X-ray source seen towards L1457 repre- 
sents a very young protostellar object.  CO maps published in the past [1,3] suffer from 
incomplete coverage or poor  spatial resolution. 

For our observations we used the KOSMA 3 m telescope with a high resolution AOS 
in frequency switching mode to obtain complete maps on a regular 4' x 4' grid in right 
ascension and declination. The rms noise is about  0.5 K for 1~CO and 0.15K for 13CO 
after smoothing to 0.33 km/s  resolution. So far we have mapped L1457 almost completely 
in 12CO (Fig. 1) and 13CO and moreover observed C180 at 25 selected positions. 

The  spectra show a complex velocity s t ructure  in L1457: at many positions the 
lines have two or three peaks within a total range of ~15 km/s  suggesting fragmentat ion 
and turbulence (Fig. 2). The  velocity components  fall into five ranges, four of which axe 
disjunct, while the fifth part ly overlaps two of the others: range I is - 8 . 0  to - 3 . 4  km/s;  at 
declinations lower than  20 ~ 12' range II is - 3 . 4  to - 0 . 8  km/s ,  at higher declination range 
II is - 5 . 4  to - 0 . 8  kin/s; range III is - 0 . 8  to +3.8 km/s;  range IV is +3.8 to +6.7 km/s .  
An exception to this straightforward distinction of velocity ranges is component  V which 
occurs in the southwest of L1457, where lines of ranges II and III merge into a single line in 
the range - 3 . 4  to +3.8 km/s.  Within the velocity ranges I, II, and III the cloud structures  
are spatially connected; we therefore call them main components. On a smaller scale we 
identify a total of 15 clumps with sizes 0.05 to 1.06deg2; some of them are fragments 
of the main components,  while others are separate. The masses est imated from the 
integrated CO intensities are 197 M| for the whole cloud; 50 M| 57 Mo,  and 71 M| for 
the three main components;  and 1 to 48 M| for the clumps. 

R e f e r e n c e s  
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3. Ungerechts, H., and Thaddeus, P. 1987, Ap.J.Suppl., 63, 645 
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Fig .  2. The L1457 molecular cloud. Declination-velocity map obtained by averaging the CO intensity 
over the full range in right ascension; the contour levels are 0.2, 0.3, . . .  , 1.7 K. 
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A S u r v e y  o f  D a r k  C l o u d s  near  L 1 4 9 5  

C. Kramer~ J.T. Arrnstrong~ and G. Winnewlsse r  
KOSMA - I. Physikalisches Institut der Universits zu K61n 

We surveyed a region of dark clouds near L1495 in the Taurus complex with the 
KOSMA 3 m telescope on the Gornergrat near Zermatt, Switzerland at the frequencies 
of the first rotational transition of CO and its isotopes. 

The central part of the Taurus complex is characterized by a series of striking fea- 
tures. It has a rather filamentary and fragmentary appearance and a complicated kine- 
matic structure. The presence of T Tauri stars, Herbig Haro objects, reflection nebulae 
and embedded IR sources suggests that star formation is an ongoing process in this 
region. 

We made measurements of the 12CO (J  = 1 -0 )  line over a region of 3 deg ~ on a 
regular 4' by 4' (0.16 pc by 0.16 pc) grid with the 4' beam of the KOSMA telescope. 13CO 
observations were done at 247 positions with high 12C0 intensity and C180 observations 
were done at 57 positions in the southern part of the 3 deg 2 region. The 1~CO spectra 
show linewidths of 3 km/s and velocities between 2 and 12 km/s. At most positions we 
find triple lines, presumably corresponding to three main fragments covering the whole 
observed region. The 13C0 spectra and C180 spectra show linewidths of 2km/s; their 
optical depths are smaller than 0.5 for 13CO spectra and smaller than 0.1 for C l so  
spectra. The 13C0 and CXSO spectra confirm the division into three main fragments. 

Depending on the calculation method used the mass of the observed 18 pc 2 region 
ranges between 1500 and 2700 M| Besides the three main fragments with masses be- 
tween 400 and 1000 M| four sub-fragments have been found, the smallest with an 
extension of 0.9 pc ~ and a calculated mass between 10 and 60 M~). 

The number density of this smallest fragment is 750 cm - ' ,  whereas the average 
number density of the whole region is 550 cm -3. 

A comparison with the virial masses calculated from x3CO and Cx80 linewidths 
shows that the whole cloud, the main fragments, and the subfragments axe near virial 
equilibrium. 
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Fig.  1. The  12CO intensi ty was in tegrated over the velocity-range 2 - 1 2  km/s ;  the contour  levels are 
6, 8, ... 38 K km/s ;  the  big crosses represent  the  positions of T Tauri s tars while the  smaller  crosses 
indicate the positions of reflection nebulae. 
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O b s e r v a t i o n s  of  H 2 1 8 0  at  547 GHz 

with the 
K u i p e r  A i r b o r n e  O b s e r v a t o r y  

P.G. Wannier 1, L. Pagani2,pj. Encrenaz2, M.A. FrerkingL S. Gulkis 1, T.B.H. KuiperL 
A.Lecacheux2, H.M. Picket0, WJ. Wilson1. 

1 : Jet Pr opulsionI.atxx atcry, 4800OakGroveDrive, 91109, Pasair~ Cal., USA. 
2: ~ a t d r e d e M m d ~  92195 M e x i x ~  Frame~ 

Summary 

The 1 lo-lol transition of H21sO has been searched for in several sources without positive 
detection. However, in NGC 2264 and NGC 7538, possible emission features are suspected. 
Implications of these features, if confirmed, are discussed. Our best upper limit obtained in Orion 
(0.9 K) indicates that in that cloud, the water abundance should not be more than 1% that of CO. 

Introduction 

H20 is a weU-known feature of star-forming regions and of circumstellar enveloppes but 
no accurate determination of its abundance has yet been made. At present, the only detected lines of 
water are from highly excited states with non-thermal excitation (22, 183 [Waters et a1.,1980] and 
380 GHz [Phillips et al., t980]) or lines of water isotopes (HDO, Henkel et al., 1987 and H2180, Jacq 
et al., 1988, for recent observations). The abundance of HDO is critically dependant on the 
Deuterium fractionation while the the observed H2180 line probably arises from a non-thermally 

excited state, and is difficult to interpret in terms of a water abundance. 
We present in this paper our search for the fundamental rotation line 110-101 of the ortho 

180 isotopic species of water at 547.676 GHz (X = 0.548 mm) using the Kuiper Airborne 
Observatory (KAO, NASA). 

No positive detection is reported with a best 1 o limit of-- 0.9 K (in terms of main beam 
temperature, TMB). However, for NGC 2264 and NGC 7538, there are some hints of a line : it is 

important to observe them again for confirmation. 
Using a large-scale velocity gradient (LVG) model of radiative transfer and most recent 

He-H20 collisional cross-sections (S. Green, private communication), an upper limit of 0.01 for the 
[H20]/[CO] Ratio 01) is found for Orion, while no clear-cut explanation to the possible lines in NGC 
2264 and NGC 7538 can be found. Medium density and high water abundance could explain these 
features as well as dense clumps with normal water abundance. 
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Observations and Results 

Observations were done during two sets of flights in February and December 1987 from 

the NASA KAO. An uncooled Schottky Mixer was used with a Single Side Band noise temperature 
of 14,000 K at the chopper wheel location. The 91.5 cm telescope provided a beam-width of 2.7'. 
During the december flights, pointing position was checked and telescope efficiencies were 
evaluated by observations of Jupiter and the Moon. A 256 channel filter bank of I MHz resolution 
(0.548 km/s) was used and calibrations were done using hot and cold loads. Sky opacity and 
brightness were estimated by comparison with a cold load. All spectra presented here are correctly 

calibrated but no baseline has been removed. 
The atmospheric line has been observed for the first time (f ig. l)  to our knowledge 

confirming the correct operation of  the receiver. The observed intensity fits in well with 
predictions made from our atmospheric model. Atmospheric opacity is running from x = 0.2 in the 
wings to 0.5 at the center of the line at 45 ~ elevation while flying at 12 km altitude. 

A few clouds and evolved stars have been observed : Orion (BN-KL), NGC 2264, NGC 
7538, W3 (IRS 5), DR 21, NGC 2024 and R Mon, Y UMa and R UMa. No positive detection to the 5 

level has been made but for NGC 2264 and NGC 7538, there are possible hints of emission : NGC 
2264 (fig. 2) shows two lines at 5 and 9 km/s at a 2 o level which could also be a single line with 
strong absorption and NGC 7538 (fig. 3) shows a 3 o line which after Hanning smoothing is close to 
4 6. The best upper limit has been obtained on Orion (fig. 4) with an r.m.s, noise of  0.91 K for an 
extended source and 1.2 K for a point source (here, we take into account a gain correction for a 
slight pointing error during one of the flights). 

Discussion and Conclusion 

In Orion, the Hot Core, Compact Ridge and Plateau, though both hot and dense (and 

there fore strong emitters, about 120 K) are too diluted to be detected (1 K line is expected) due to 
their small size (5" to 15" compared to the 160" beam). The Extended Ridge at a somewhat lower 

temperature (70 K + 10 K) and lower density should have been detected if the water abundance is 
greater than 1% of the CO abundance. 

In NGC 7538, there are a few hot sources similar to the Orion objects which are even 
more diluted and thus undetectable. Otherwise, this source shows, like NGC 2264 a rather extended 
region (3' in diameter) of mean density 104-s cm-3 with dust temperature around 35 to 40 K. Here, 
the LVG model indicates that with a density of 105 cm -3, Tkin = 30 - 40 K and R > 0.2 a line of a few 

K can be observed. This density is in the upper end of the range of estimated densities in these two 
sources and R is very high. Another possibility is to invoke high density clumps (> 10 ~ cm-3) with R 
= 0.01 to 0.1 which would provide lines of brightness temperature 9 K or more and which would be 
in limited number to get the appropriate filling factor to match the observed features. It can be 
shown that this is easily obtained without modifying the average estimated density of  104-5 cm -3. 
Thus, at the moment we cannot give a unique likely explanation to the features we might have 
detected in these two sources. 
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G159.6-18.5: A POSSIBLE HIGH GALACTIC LATITUDE SUPERNOVA REMNANT 

T. Pauls and P. R. Schwartz 
E. O. Hulbert Center for Space Research 

U. S. Naval Research Laboratory 
Washington, DC 20375-5000 

We report infrared and CO observations of the B4/LI470 region in Perseus, 

which we suggest may be a supernova remnant. The grey-scale image in Figure i was 

obtained from the IRAS i00 ~m database, and shows a remarkable ring of emission 

just west of IC348. The ring, which has a diameter of about 75', is centered at 
h m 

- 3 36.8 , and & - 31~ ' or 1 - 159.6 ~ b - -18.5 ~ We have mapped a 
1950 1950 ' 12 

2 ~ x 2 Q area centered on the ring in the J - i~0 line of CO with 4' resolution 

using the KOSMA 3m radio telescope. These observations are plotted in Fig. 1 as 

contours of total integrated CO intensity superimposed on the IRAS grey-scale map. 

Our CO data are in good agreement with those of Bachiller and Cernicharo (1986), 

but have higher spatial and spectral resolution. There is very little correlation 

between the CO and 100 ~m emission, as would be the case in a dark dust cloud, and 

based on the morphology we suggest that the ring may be a shell-type supernova 

remnant (SNR), In this case, our CO data may indicate some interaction between the 

shell and a molecular cloud in the southwest, because in this region the CO line 

profiles are much broader and show complex velocity structure. Additional evidence 

supporting our hypothesis comes from the all-sky radio continuum surveys of Haslam 

et al. (1982) at &08 MHz and Reich (1982) at 1420 Ml4z, both of which show a low 

surface-brlghtness source at the approximate position of the shell. We estimate a 

flux-density spectral index after background correction of about -I from these 

data, which confirms that the radio emission is non-thermal. 

Thus, we feel that the infrared dust shell, G159.6-18.5, is a supernova 

remnant with strong far infrared emission. G159.6-18.5 may be similar to IC4A3 

which also shows strong infrared emission (cf. Mufson et al. 1986 and Dwek 1988). 

Finally, we note that if our hypothesis is correct, G159.6-18.5 has the 

highest galactic latitude of any known supernova remnant. 
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Figure i: A combined infrared and CO image of the Perseus region near B4/LI470. 

The grey-scale image is i00 ~m emission from the IRAS database on a linear scale 
7 8 12 

between 6xlO and 3xlO Jy/Sr. The contours are total integrated CO intensity in 
-i 

uniform steps between 19.5 and 58.5 K kms The strong infrared source on the 

left-hand edge near declination 32 ~ is IC348. 
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P R O P E R  M O T I O N S  OF T H E  OH M A S E R S  I N  W 3 ( O H )  

E. E. Bloemhof, M. J. Reid, and J. M. Moran 
Harvard-Smithsonlan Center for Astrophysics, Cambridge, Massachusetts, USA 

S U M M A R Y  

Using data from a seven-telescope VLBI experiment, we have remapped the 1665-MHz OH 
maser emission from W3(OH), a site of current star formation roughly 2.2 kpc distant. 
Both circular polarizations were observed with excellent UV coverage, and the resolution 
of the synthesized maps is about 5 milli-arc seconds. By comparing our new maps (epoch 
1980) with maps made at an earlier epoch (1978), we can measure proper motions of 
individual maser features. Since the maser features are distributed in projection against 
the ultra-compact HII region, a study of their proper motions can probe the kinematics 
in the immediate vicinity of this very young object. Our preliminary results indicate a 
significant ordered divergent motion. 

1. I n t r o d u c t i o n  

Several striking facts about the OH masers in W3(OH) have been known since the first VLBI 
synthesis maps were made. The masers are distributed only over the western half of the ultra- 
compact HII region seen in continuum emission, although the HII region itself is a roughly sym- 
metrical structure ~1.5" in diameter. The maser features are closely clustered in radial velocity 
around a value that is red-shifted with respect to the apparent velocity of the HII region, which is 
optically thick at the frequency of the maser transition. These facts led Reid eta/. (1980) to pos- 
tulate that the masers are collapsing with the gravitational infall of remnant protostellar material. 
A competing interpretation had the masers located in the expanding high-density postshock region 
between the compact HII region and the ambient molecular cloud (Elitzur and de Jong 1978). To 
obtain a direct determination of the kinematics in the immediate environment of W3(OH), we 
undertook a VLBI experiment to remap the OH masers and measure their proper motions. 

2. E x p e r i m e n t a l  Techn ique  

Data from epoch 1978 (Oarcia-Barreto et aL 1987) were available in the form of calibrated 
visibiliti~, allowing them to be mapped with identical software and procedures used with our new 
data from epoch 1986. The maser feature used as a phase reference in 1978 was still strong and 
nearly unresolved in 1986. 

We found that most  maser features mapped in 1978 were still present in 1986, as expected 
from the persistence seen in single-dish spectra of W3(OH) over decade time scales. Further, the 
morphologies of individual features and larger-scale associations are also remaxkably persistent, (see 
Figure 1 for an example). Since features are well-separated in comparison to their characteristic 
sizes, the identification of features from one epoch to the next is straightforward. 
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FIG. I .  Maps of individual maser features at epochs 1978 (left) and 1986 (right). 

The sensitivity of each experiment was sufficient to allow position fitting of the 5 milli-axc 
second beam to a few tenths of a milli-arc second, typically. For comparison, a transverse velocity 
of 10 km s -I (the expected sound speed in the ionized medium) at the distance of W3(OH) (2.2 
kpc) would result in a proper motion of ~ 8 milli-arc seconds over our time baseline of 8 years. 
Hence proper motions resulting from a shock-driven expansion would be easily detectable. 

3. Preliminary Conclusions 

A very simple analytic technique is to compute the change in separation from one epoch to the 
next of all pairwlse combinations of maser features. The result, plotted as a histogram in Figure 2 
for a subset of the data, is a non-parametric test for expansion or contraction of the ensemble of 
maser features. The data used in this Figure represent perhaps 1/3 of the total maser features to 
be found. 

FIG.  2, Histogram of shifts (from 
1978 to 1986) in separation of all pos- 
sible pairwise combinations of maser 
spots found in preliminary scans of a 
subset of maps. 
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The bias toward positive shifts indicates, without any model assumptions, that  maser spot 
positions are predominantly diverging. The apparent transverse velocity of this motion is a few 
kilometers per second, clearly less than the HII region sound speed of 10 km s -1.  

A more sophisticated analysis can be made by examining the distribution of motions over the 
field containing maser features (Figure 3). Motions are determined only up to an arbi t rary  additive 
vector constant, because positions are measured with respect to a single "reference" maser spot 
that  may itself be moving. The motions as plotted have had a velocity of (v=,vv) = (2,1) km s - I  
added to them, as a first guess of the reference feature's motion. The general divergent motion 
is clear, and there is some indication that  the apparent center of divergence is roughly coincident 
with the center of the compact HII region in W3(OH), which lies near (0,-1) in these relative 
coordinates. 

F I G .  3. Spatial map showing relative ~. 
positions of maser spots (boxes) and 
their relative motions (solid lines, with ~. 
lengths proportional to maser velocity: o 

i 
a line 1" long implies a velocity of 10 
km s--l). 

----,.,.',. \ 

Eas~-offse~ (arcsec) 

The divergent motion is inconsistent with expectations based on the infall model, and is at first 
glance suggestive of an outflowing shock. However, it is still difficult to reconcile an outflow model 
with the fact that the maser radial velocities are redshlfted with respect to ammonia emission and 
hydrogen recombination lines. It is also surprising that the range of radial velocities observed is 
so narrow (~ 1 km s -I when Zeeman effects are accounted for) compared to transverse proper 
motions that are many times greater. A more sophisticated model involving an asymmetric flow 
of molecular material around the HII region may be required. 
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The Embedded Objects in c Cha I Cloud I 

T. Prusti  2 R. Assendorp P. Wesselius 

Laboratory for Space Research, Groningen 

We axe constructing the initial luminosity function for the 
pre-main sequence objects in the ~ Cha I cloud. In order to 
obtain the spectral energy distributions, we carried out L and 
M photometry for associated sources. JHK fluxes are adapted 
from Glass (1979), Hyland et al. (1982), or Jones et al. (1985). 
Far-IR measurements are obtained from IRAS Serendipitous 
Survey Catalog, IRAS Point Source Catalog, and co-added 
IRAS pointed observations (Wesselius and Assendorp, 1987). 

1 Partly based on observations collected at the European Southern Observatory, 
La Silla, Chile 

20n leave from Observatory, University of Helsinki, Finland 
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Submillimeter Spectroscopy of the Very Dense Gas in 
Star Formation Reqions 

A.I. Harris, R. Genzel, U.U. Graf, and J. Stutzki 
Max-Planck-Institut f~r Physik und Astrophysik 

Institut f~r extraterrestrische Physik, Garching, FRG 

D.T. Jaffe 
Astronomy Department, University of Texas, Austin 

Submillimeter and far-infrared molecular lines are excellent new 
tools for investigation of components of the interstellar medium and 
circumstellar matter with very high particle densities, n(H2) > 108 
cm -3. One of their most useful applications is in deriving accurate 
information about the physical conditions and dynamics of star forma- 
tion regions, including pre-protostellar condensations and the dense 
nebulae around newly-formed stars. 

Submillimeter and far-infrared line emission from rotational 
levels of abundant interstellar molecules (e.g. HCN, HCO +) are 
discriminating probes of the conditions in warm and dense gas. Warm, 
because the sub-mm and far-IR levels are generally 50 to 500 K above 
ground state in these molecules; and dense, because collisions must be 
frequent enough to excite the levels, which radiatively decay rapidly 
with the u3 dependence of the Einstein A-coefficient. Molecules with 
different dipole moments can be used as specific probes "tuned" to a 
wide range of densities in this component of the ISM. Submillimeter 
line emission traces warm and very dense gas (Tki n > 100 K, n(H2) > 
107 cm -3, without radiative trapping). Other traditional density 
tracers, such as non-metastable NH 3 and lower-J HCN and CS lines, fall 
below this density regime by at least one to two orders of magnitude. 

In the course of our preliminary submillimeter spectroscopy of 
large-dipole, heavy-top molecules, we have found six previously 
undetected lines toward the core of the Orion/KL star formation region 
(Fig. i). The simple detection of these lines is unambiguous evidence 
for extremely dense gas (n > 108 cm -3) in the "Hot Core" and outflows 
in the Orion/KL star formation region. Detailed studies of the HCN 
J=9-8 emission (Stutzki et al. 1988, Harris et al. 1989) shows that 
these sources are very clumpy, with gravitationally unstable gas 
condensations in the vicinity of the Orion/KL cluster. Earlier 
millimeter and centimeter wave observations were able to set lower 
limits to the density in this region, but it is now certain that these 
limits are several orders of magnitude lower than the actual densities 
of the cloud cores. Similarly dense gas is almost certainly a common 
component of the interstellar medium in other regions of star forma- 
tion. 

References: 
Stutzki, J., Genzel, R., Harris, A.I., Herman, J., and Jaffe, D.T. 

1988, Ap. J. (Lett.) 330, L125. 
Harris, A.I., Genzel, R., Graf, U.U., and Stutzki, J. 1989 (in prep.) 
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C O  s u r v e y  o f  faint  I R A S  p o in t  s o u r c e s  

L.  H a i k a l a  1,2, O .  D i e t r i c h  1 
1. I. Physikalisches Institut, University of Cologne, FRG 

2. Observatory and Astrophysics Laboratory, University of Helsinki, Finland 

Abstrac t  

A sample of faint IRAS point sources having IR spectra typical of sources imbedded 
in molecular clouds and their surroundings were observed with the Cologne 3 m 
telescope in the CO J=l--*0 line. Three extended molecular outflows detected in 
the survey are presented in this paper. 

I n t r o d u c t i o n  

The observed large number of high velocity molecular outflows associated with young 
stellar objects suggests that star formation and high velocity outflows are closely con- 
nected. Outflows are probably an important phase of early stellar evolution. The turbu- 
lence created by outflows in the parent clouds may play an exceedingly important role 
in supporting these clouds against collapse. This possibility highligths the importance of 
observing not only the outflow but also the parent cloud. 

A CO survey of IRAS point sources having a spectra rising towards 100/~m and their 
surroundings was started using the University of Cologne 3 m telescope. The half power 
beam width of the telescope is 3!9 at 115 GHz. This allows a direct comparison with 
the IRAS survey maps (angular resolution of about 4' to 6'). We selected only relatively 
faint point sources (F100t,,n < 100 Jy). This criterion selects either intrinsically strong 
distant sources or faint nearby sources. Beam dilution in the 3~9 beam will select in favor 
of outflows around nearby and intrinsically faint IR sources. 

R e s u l t s  

Forty point sources were observed in x2CO using frequency switching mode and 167 kHz 
spectral resolution (0.44 km s -1 at 115 GHz). CO emission was detected at every position. 
The general characteristics of the observed CO lines are: 

�9 Antenna temperatures are typical to those observed in dark clouds (2 K to 5 K). 
�9 Line widths 2 km s -1 to 5 km s -1  
�9 Often asymmetric outflow like wings which axe at most 12 km s -1 broad 

A sample of the objects lying in unconfused regions of the sky were mapped in 12CO 
and 1~CO. The CO spectra in the direction of three point sources (20582+7724 in L1228, 
IRAS 22266+6845 in L1221 and IRAS 22336+6855) and contour plots of the associated 
molecular outflows are shown in Figures 1 and 2. A CO and IR study of the outflow 
associated with L1228 and its surroundings is given in Haikala and Laureijs (1989). The 
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IRAS propert ies  (flux and IR luminosity) and the geometrical parameters  of the outflows 
are given in Tables 1 and 2, respectively. The  archetype molecular outflow in L1551 is 
included in the tables as a comparison. Because only the kinematical distance to the new 
outflows is known, the parameters  (including those of L1551) are scaled to the distance 
of 100 pc. Even though the angular  sizes of the new outflows are relatively large, the 
calculated parameters  are quite moderate.  This is true even if the distances are a factor 
of four larger. Especially the IR luminosities of the outflow central sources are very small. 
This leads one to conclude tha t  we are observing outflows associated with low-mass stars. 

D i s c u s s i o n  

The selection of faint IR candidates for outflow central sources from the IRAS point 
source catalogue has proved to be succesful. This approach has the advantage that  it is 
not biased towards clouds where optical signposts of star formation activity are observed 
or towards conspicuous cores of extended dark clouds. In general, telescopes tend to 
probe s tructures  which are about  the size of their beams. A small telescope has therefore 
the advantage of being sensitive to structures larger than few arcminutes and is ideal for 
searching for such structures (Fukui et al., 1986; Armstrong and Winnewisser, 1988). 

R e f e r e n c e s  

Armstrong, J. T. and Winnewisser G.: 1988, Astron. and Astrophys, accepted 
Fukui Y., Sugitaai K., Takaba H., Iwata T., Mizuno A., Ogawa H. and 
Kawataba K.: 1986, Astrophys. J. (Lett.) 311 L85 
Haikala L. K. and Laureijs R.: 1989, Astron. and Astrophys, submitted 

T a b l e  1. IRAS properties of the outflow central sources. Luminosity is scaled to a distance of 100 pc 

Source F12[Jy] F2~[Jy] F60[Jy] F100[Jy] LIRAs[L| 

L1551 I0.I  106 373 456 21 
L1228 1.2 3.2 11.6 17.6 0.4 
L1221 1.0 3.6 12.2 25.4 0.4 
22336+6855 1.6 2.0 17.4 55 0.6 

T a b l e  2. Outflow parameters. The diameter and the dyanarnical age are scMed to a distance of 100 pc 

Sour  Diam. [pc] v.,,x Td,. a ,tPC] 

L1551 0.6 15 2.3 x 104 
L1228 0.5 12 2.4 x 104 600 
L1221 0.3 10 1.5x 104 370 
22336+6855 0.3 6 2.5x104 580 
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Far-Infrared Spectroscopy of Bipolar Flows 
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M. R.  Haas ,  D. J .  Hol lenbach ,  and E. F. Er ickson 
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Moffett Field, California 94035 
ABSTRACT 

We report observations of the far-infrared fine-structure emission lines of [O I 1 at 
63#m, [SilI] at 35#m, and [CII] at t58#m, and of the J -- 2 2 - 2 1  rotational 
llne of CO at 119#m from the region of massive star formation associated with 
the DR 21 H II region/molecular cloud core. We conclude that most, and possibly 
all, of the fine-structure line emission from DR 21 is produced in warm, dense, 
photoelectrically-heated atomic gas associated with a clumpy molecular medium. 

I N T R O D U C T I O N  

The DR 21 H II region/molecular cloud core contains one of the most energetic and spa- 
tiaily extended bipolar outflow sources yet discovered. At a distance of roughly 3 kpc, the 
high velocity molecular gas which defines the outflow source covers a region over 5 arcmin 
in extent, resulting in a linear size of -.~5 pc - nearly 30 times that of the well-studied 
Orion A/IRe2 outflow. A map of the 2.1 #m vibration-rotation line of molecular hydro- 
gen published by Garden e~ al. (1986) reveals a highly collimated, double-lobed structure 
similar to that seen in the NGC 2071 outflow source (Lane and Bally 1986), but of far 
greater luminosity and linear extent. Between the two lobes of H2 emission is a "gap" 
precisely coincident with the diffuse component of the DR 21 H H region, which extends 
eastward from the cluster of OB stars which ionize the gas. Based on H2 line ratios, the 
excitation of the H2 emission has been determined to be coUisional excitation in nondis- 
sociative "molecular" shocks. We undertook far-infrared spectroscopic observations of 
the DR 21 region with the aim of determining whether these shocks or accompanying 
fast, dissociative "wind" shocks radiate strongly in [0 I] at 63 pm, or whether the ultravi- 
olet radiation field from the early-type stars in the region produces intense [O I] (63 pro), 
[C II] (158 pro), and [Si II] (35 pm) emission from photodissociated gas lying just outside 
the H II region. 

O B S E R V A T I O N S  A N D  R E S U L T S  

The data were obtained in August 1986 and June 1987 using the facility cooled grating 
spectrometer (Erickson et al. 1984, 1985) aboard NASA's Kuiper Airborne Observatory. 
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We detected the 3PI ~ 3 P 2  line of [O I] at 63.1837/~m at 75 positions over a region of 
similar extent  to that  producing the 2 #m H2 emission. A contour map showing the 
spatial distr ibution of the [0 I] line emission is shown in Figure 1, superposed on the 
molecular hydrogen v = 1 -  0 S(1) line map from Garden r al. The  H II region is 
indicated by the shaded area, from the 14.7 GHz continuum observations of Roelfsema, 
Goss, and Geballe (1988). 

' I = | ' i I ! ' I I 

+ 4 2  ~ 10'  - " 

Dec.  L " -- "/e--'w~ewzs('ns2~ 
(1950) / - " " " 

+42~ t- 
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Fig. 1. Map of the DR 21 63 pm [O 1] line emission (heavy lines). Contour levels are 1.90, 1.65, 1.39, 
1.14, 0.89, 0.63, 0.38, and 0.13 x 10 -2 ergs - t c m  -~ sr -z. Light lines show selected contours from the 
map of the v = 1 -0  S(1) line of H2 from Garden et al. (1986). The shaded area shows the extent of 
the 14.7 GHz radio continuum emission from Roelfsema, Goss, and Geballe (1988). Positions of three 
20 pm sources are shown as dots (Wynn-Williams, Becklin, and Neugebauer 1974) and the H20 maser 
as a cross (Genzel and Downes 1977). 

The  [O I] emission is strikingly asymmetr ic  with respect to the H2 emission. At our  
spatial resolution (35"), a single strong [O I l peak with flux (4.9 + 0.2) x 10 -17 W cm -2 is 
seen at the eastern edge of the H II region. The  total  [0 I] line luminosity is 600 =E 100 L| 
,~0.1% of the total  far-infrared luminosity of DR 21. 

We also mapped the 2P3/2 --*2Pz/2 ground-state  transit ion of [Sin] at 34.816#m 
and the 2P3/2 --~2P1/2 transit ion of [C II] at 157.741 #m on a strip along the axis of the 
molecular flow. Nine positions were observed in the [Si II] line with a 33.9" beam and 
six positions were observed in [C ]I] with a 41.3" beam. The distribution of these line 
fluxes also appears to be asymmetr ic  with respect to the H2 emission. The  [O I]/[C II] 
line intensity rat io ranges from 2 to 8 (at the [0 I] peak). 

We searched for J = 2 2 - 2 1  CO emission at 118.6#m at three positions, obtaining 
upper  limits (3a) of 0.06 to 0.2 x 10 -3 ergs  -1 cm -2 sr -1. 
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I N T E R P R E T A T I O N  

There are several possible mechanisms for collisionally exciting the far-infrared fine- 
structure lines in massive star formation regions. The far-ultraviolet (912-2000JQ radia- 
tion field of young, early-type stars (O4-B9) is capable of producing a photoelectrically 
heated region of predominantly neutral atomic gas at the H II/molecular cloud interface 
which cools primarily through the [OI] 63pm and 145#m lines, the 158/zm [CII] line, 
the 35 pm [Si II] line, and high-J rotational transitions of CO, as well as by far-infrared 
continuum emission from UV-heated dust (Tielens and Hollenbach 1985). In addition, 
shocks may be present in the vicinity of newly-formed stars, produced by the impact of 
high velocity gas outflows on ambient molecular cloud material. Molecular shocks coo l  
primarily by line radiation of molecular and atomic species in the near- and far-infrared, 
particularly the quadrupole vibration-rotation lines of H2, rotational lines of H~ O and 
CO, and the 63 pm [O I] line (Draine, Roberge, and Dalgarno 1983; McKee, Chernoff, 
and Hollenbach 1984). 

By comparing our results with predicted line intensities and line ratios of shock 
models (e.g., Draine, Roberge, and Dalgarno 1983; Hollenbach and McKee 1989), we 
find that neither "molecular" shocks nor "wind" shocks (nor a combination) can account 
for the FIR line emission. We conclude that the [C II], the [Si II], and probably most 
(if not all) of the [OI] emission is produced in dense (n = 1 - 5 x 10*era-a), warm 
(T = 250 - 500 K) photodissociated atomic gas on the surfaces of molecular clumps. 
These photodissociation regions are illuminated by FUV fluxes > 104 times the ambient 
interstellar field. The gas phase silicon abundance relative to hydrogen appears to be 
enhanced by a factor of ,~6 over that observed toward ( Oph. The morphology of the 
[O I] emission region, combined with other available data, suggests that a cavity filled 
with low-density ionized gas has formed in the molecular cloud, to the east of a cluster of 
newly-formed OB stars, with the [O I] peak marking the H II/molecular boundary layer. 
A more complete presentation of this work is given by Lane et al. (1989). 
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A COMPLETE CO SURVEY OF THE LARGE MAGELLANIC CLOUD 

T. M. Dame 
Harvard-Smithsonian Center for Astrophysics 

60 G~den  St., Cambridge, MA 02138 

I'm going to describe a complete CO survey of the LMC which was carried out during 

1983--84 with our 1.2 meter telescope at Cerro Tololo in Chile (Cohen 1983). The inner 6 ~ x 

6 ~ of the LMC, the region containing nearly all the Population I material, was observed 

every 7.5', slightly better than every beamwidth, to an rms of 0.06 K. The telescope, 

essentially a copy of the Columbia instrument (Cohen et el. 1986) now at the CfA, has a 

beamwidth of 8.8' at the J=l--)0 rotational transition of CO, and its 256 channel filter bank 

spectrometer provides a velocity resolution of 1.3 km s -1 and a range of 333 km s -1. The 

survey and some of the work presented here result from a collaboration between our 

laboratory and the University of Chile (Cohen et al. 1988); the people involved were R. S. 

Cohen, G. Garay, J. Montani, M. Rubio, P. Thaddeus, and me. 

A map of CO emission integrated over velocity, WCO, is shown in Figure 1. The 

intensity in this map is roughly proportional to the column density of molecular 

hydrogen, although, as I will show below, the conversion from CO intensity to H 2 column 

density is probably different in the LMC from in the Galaxy. As expected from the 

abundance of active star formation, there is a great deal of molecular gas in the LMC: CO 

emission was detected over nearly 10% of the 38 deg 2 surveyed, and because the emission 

is very weak, with peak line temperatures of order 0.15 K, it is quite possible that a good 

deal more molecular gas lies just below the limit of our sensitivity. 

The most striking object in Figure 1 is the gigantic molecular complex extending south 

from 30 Doradus. Since one degree in the LMC corresponds to nearly 1 kpc, this object is at 

least 2500 pc long, an order of magnitude larger than "giant" molecular complexes in our 

Galaxy. Even at this resolution the object is dearly composed of smaller dumps, and at 

higher resolution it would undoubtedly resolve into many clouds, complexes, and 

filaments. Nevertheless, it is evidently a fairly isolated and well defined object in its own 

right, certainly not a chance collection of clouds like those seen elsewhere in the LMC. 

Because the LMC is so dose, is favorably orientated to the line of sight, and contains an 

abundance of Population I, it is uniquely well suited to a study of the relation of molecular 

clouds to the process and immediate products of star formation. As Figure 1 shows, nearly 

all the known supernova remnants of the LMC - -  including SN 1987A - -  and most of the 

H [I regions lie toward molecular clouds. The correlation of the molecular clouds with the 
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Figure 1. Map of velocity-integrated CO intensity in the LMC. The window of velodty 
integration is 30 km s-1 wide, centered at each position on the velocity of the strongest 21 
cm component from Rohlfs et al. (1984), except toward three clouds in the 30 Dor complex 
where the window was widened by 10-20 km s-1 to include all emission. The contour 
interval is 0.38 K kin s-l, about the 1.6 ~ noise level. SNRs (Mathewson et al. 1983; 1984; 
1985), supernova 1987A, and H II regions (6 cm continuum sources not identified as SNRs; 
McGee, Brooks, and Batchelor 1972) are shown for comparison. K.C. marks the kinematic 
center of the LMC (de Vaucouleurs and Freeman 1973). 
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H II regions is not unexpected, but that with the SNRs is surprisingly good because only 

the short-lived progenitors of type II SNs should be found near their parental molecular 

clouds at the time of detonation; this correlation may be evidence that type IT SNs 

predominate in the LMC. 

We have identified 40 individual molecular clouds in the LMC and cataloged positions, 

radial velocities, velocity dispersions, radii, and masse s ,  computed both from the virial 

theorem and from their CO integrated intensities (Wco). Although in our Galaxy the 

virial masses of molecular clouds are typically within a factor of 2 of their CO masses, in 

the LMC the virial masses are about an order of magnitude larger. It is likely that the 

N H 2 / W c o  ratio in the LMC is different from the Galactic value, since the metallicity there 

is several times lower than in the Galaxy (Dufour 1984). We were therefore faced with the 

problem of calibrating the NH2/Wco  ratio in the LMC. 
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Figure 2. CO intensity integrated over velocity and projected area, LCO, versus FWHM 
average line width, Av, for molecular clouds in the LMC. LCO is directly proportional to 
cloud mass. The line labeled LMC is a least-squares fit to the LMC clouds (plotted points). 
The line labeled Galaxy is a fit to the 34 large Galactic molecular clouds anaIyzed by Dame 
et al. (1986); [,CO values for these clouds were determined from Table 2 of Dame et al., with 
a calibration correction of 1.29 applied (see Bronfman et al. 1988). The Galactic clouds are 
not plotted, but the shading indicates their +1 c~ spread about the linear fit. 
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Since the calibration of XLM C with the virial theorem requires both the uncertain 

assumption of virial equilibrium and the measurement of doud  radii often at the limit of 

our resolution, we chose instead not to calibrate XLM r directly but to determine only the 

ratio XLMC/XGalaxy. As Figure 2 shows, the LMC clouds follow a luminosity-line width 

relation very similar to that of Galactic clouds, except that the LMC clouds are about six 

times fainter. On the assumption that these two relations reflect an underlying mass-line 

width relation that is the same in both the LMC and the Galaxy, the offset of the 

luminosity-line width relation implies a six times larger NH2/Wco  ratio in the LMC, i.e., 

XLM C = 6 XGalaxy. It thus appears that X scales roughly with the inverse first power of the 

metallicity, or perhaps slightly more steeply. The visibility of many of the clouds as dark 

nebulae (Hodge 1988), despite the four times higher gas-to-dust ratio in the L M C  

(Koornneef 1982), suggests that there is a large amount of gas in these objects. If we assume 

that all of the gas is molecular, a conversion factor at least six times the Galactic value is 

required to account for the optical opacity. 

Using an N H 2 / W c o  ratio six times the Galactic value, the individual complexes we see 

have masses ranging from 300,000 to 17 million M| comparable to the masses of the 

largest complexes in our Galaxy, and the total mass of the huge 30 Dor complex is 60 

million M| comparable to a segment of one of the inner spiral arms of our Galaxy 3 kpc 

long. The total mass of the molecular clouds observed in the LMC, 142 million Mo, is 

about one-fifth of the total H I mass (McGee and Milton 1966), and over the inner 3 ~ of the 

disk where most of the molecular clouds are found, the molecular clouds are about one- 

third of the interstellar mass. It is quite possible that the space density of molecular gas in 

the plane of the disk is comparable or even larger than the atomic density, since the 

molecular gas is probably more confined to the plane, and more molecular gas may lie just 

below our sensitivity limit. 

Although most of the motions of molecular clouds in the LMC can be attributed to the 

orderly rotation of the galaxy, toward 30 Doradus there is clear evidence of a lot of molecular 

mass accelerated by local processes. In Figure 3a-d the major H II regions in the vicinity of 

that complex, including 30 Doradus itself, are represented by the shaded regions. A section 

of the velocity-integrated map from Figure 1 is reproduced in Figure 3a, while 3b-d show the 

emission integrated over three contiguous velocity bins each 21 km s "1 wide. Figure 3b is 

centered on the velocity expected from galactic rotation in this region, which is also the 

velocity of the main body of the 30 Dor complex. The picture in Figure 3b is a familiar one, 

an H II region "blister" on the edge of a molecular cloud, but the linear scale here is much 

larger than for similar objects in the Galaxy. Figure 3c, integrated over a window centered 

20 kra s -1 higher, shows evidence of a ring of material roughly centered on the star- 
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been  s m o o t h e d  to a spat ia l  r e so lu t ion  of  0~ to i m p r o v e  the si~;nal-to-noise. The  con tour  
in terva l  in all the  m a p s  is 0.44 K k m  s -1. The  axes are  angula r  offsets  f rom a = 5 h 20 m, 

= -69  ~ 
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formation activity, and 20 km s -1 higher still, in Figure 3d, emission appears near the center 

of the ring. Although the signal-to-noise ratios in Figure 3b-d are not high, we estimate that 

-9 x 106 M<~ is contained in this apparent shell of expanding molecular material. With a 

radius for the shell of -250 pc and an expansion velocity of order 20 km s -1, the timescale of 

the expansion is -10 million years and the kinetic energy of expansion -3 x I052 ergs - -  

equivalent to the total energy ejected by about 30 supernovas. Since the efficiency of energy 

transfer to the clouds is probably quite low, that factor might have to be multiplied by 100 or 

more to account for the motions we see. 

Evidence suggests that such an explosion of star formation has occurred previously in 

the LMC, in the region of Shapley's Constellation HI (centered near 4 h 30 m, --66~ the only 

region in Figure 1 where the correlation of molecular gas with other Population I is not 

particularly good. A large H I shell with a diameter of 800 pc and an associated velocity 

perturbation of order 15 km s -1 is known to exist in the Constellation HI region (Goudis 

and Meaburn 1978). The kinetic energy of expansion is -7  x 1051 ergs, and the expansion 

timescale -25 million years. It is plausible that what we are seeing is an evolutionary 

sequence, the 30 Dor complex and Constellation HI being two snapshots separated by 10 

million years or more. 

It has often been suggested that the past rate of star formation in the LMC has been 

highly variabte. For example, Hodge (1973), in a study of stars clusters, found that 60 % of 

the LMC clusters occur in groups isolated in space and time. The typical size of a group 

was about 1500 pc, and he found that groups apparently form very rapidly, in less than a 

million years, and that about one group was formed in the LMC every million years. 

Hodge noted that "this pattern of formation of stars in cells of approximately I kpc size is ... 

consistent with the idea that star formation occurs in locations and at times when the gas 

density is unusually large in areas of this scale." The existence of extremely large 

molecular complexes in the LMC, such as the one currently associated with 30 Doradus, 

and their rapid destruction by star formation, provides a ready explanation for Hodge's 

large groups of clusters, for the Shapley Constellations, and, more generally, for the 

episodic, highly variable rate of star formation in the LMC. 

How .and why do such huge objects, much larger than the molecular complexes in our 

Galaxy, form in the LMC? As is well known, much of the inner disk of the LMC rotates as 

a rigid body. Such a low-shear environment may be conducive to the formation of such 

large objects; Oort (1971) has cited the absence of differential rotation over the inner disk as 

a possible explanation for the fact that globular clusters apparently still form in the LMC, 

while in the differentially rotating Milky Way they do not. It may also be significant that 

the 30 Dot complex sits at the tip of the stellar bar. The essential difference between here 
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and the LMC may  be the existence of the bar, which constitutes about 15% of the mass of 

the LMC, displaced about 1 ~ from the kinematic center (de Vaucouleurs and Freeman 

1973). 

The wealth of information our survey provides on the kinematics of the LMC can only 

be summarized briefly here. We have fit the cloud velocities to the s tandard kinematic 

model of the LMC (e.g., de Vaucouleurs 1960), a thin, inclined, rotating disk which we 

characterized by four free parameters: the position angle of the line of nodes, the systemic 

velocity, and two parameters for the rotation curve. Since our data are insensitive to the 

position of the kinematic center of the disk and to its inclination, we have taken these 

parameters as fixed; they have been fairly well determined by others (see, e.g., de 

Vaucouleurs and Freeman 1973), and our  results vary negligibly over their ranges of 

uncertainty. As Figure 4 shows, our best-fit rotation curve agrees extremely well with that 
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Figure 4. Galactocentric radial velocities for LMC molecular clouds (LSR velocities 
corrected for a solar motion of  220 km s -1 around the Galactic center) plotted versus 
projected angular distance along the kinematic line of nodes (p.a.=172~ The solid curve is 
the best-fit rotation curve (i.e., radial velocity versus angular distance along the kinematic 
line of nodes), eiven by equation A1 of Miyamoto and Nagai (1975) for the case of one 

�9 " 9 o . . v �9 o spheroid, with TV[ = 7.1 x 10 M 0 and (a + b) = 2 .0, an mchnatlon of 27 has been assumed 
ahd the fit systemic velocity, 72 km s -1, has been added. The dotted curve is from 
Feitzinger (1980; adapted from his Fig. 15, with i = 32~ and Vsv s = 71 km s-I), determined 
from a variety of kinematic tracers. The scatter of points abouf the  rotation curve is not 
representative of the true dispersion of the fit: owing to the differential rotation, only 
clouds lying precisely along the line of nodes are expected to fall on this line; the rest will 
have velocities somewhat  less in absolute value. 
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derived by Feitzinger (1980) from a variety of other Population I species. Our position for 

the kinematic line of nodes, 172 ~ coincides more closely with the position of the 

geometrical major axis (~170~ de Vaucouleurs and Freeman 1973) than previous 

kinematic determinations using various objects (188~ Feitzinger et al. 1977), H I gas (208~ 

Rohlfs et al. 1984), or globular clusters (181 ~ - 221 ~ increasing with cluster age; Freeman, 

Illingworth, and Oemler 1983). The line-of-sight velocity dispersion of molecular douds 

determined from our model, 7.7 km s -1, is less than that of both H I clouds (11.5 krn s-l; 

McGee and Milton 1966) and the mean of other Population I objects (10.5 km s-l; Feitzinger 

1980), suggesting that molecular clouds form a highly flattened system in the LMC and, 

thus, may be the best tracer of the disk kinematics. 
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H2 and HI masses are compared with the optical luminosities, IR luminosities, colors, and dust 

masses for 124 galaxies whose molecular content have been measured as part of the FCRRO 

Extragalactic CO Surveg. The observations indicate the range of star formation efficiencies 

observed as a function of galaxg tgpe, luminositg, and environment. For a subset of these galaxies in 

which the distributions of ionized, atomic, and molecular gas are known, variations in the SFE as a 

function of radius are investigated. 

[. INTRODUCTION 

Because stars form in molecular clouds, the distribution and abundance of dense interstellar 

matter determine the morphologg and evolution of the disk. Using the I4 m telescope of the Five 

Coltege Radio Rstronomg Observatorg, CO observations have been made in more than 200 galaxies as 

part of the FCRRO Extragalactic CO Surveg (HPBW=45"). These observations have been used to 

determine the H2 distributions in galaxies, and the gield of goung stars per unit mass of available gas 

[L=/Mgas ] from galaxg to galaxg and as a function of radius in individual galaxies. Because mang of 

the galaxies being studied are ;~20 Mpc awag, the properties we are determining are averages over 

regions at least a few kpc across. 

If. THE Hz CONTENT RND STRR FORMRTION EFFICIENCY FROM GRLRXY TO BRLRXY 

R. COMPRRXSON OF BLOBRL H2 RNO HI MRSSES WITH IR LLIMINOSITIES 

Ever since the demonstration that CO and optical luminosities are correlated both within individual 

galaxies (Young and Scoville 1982a; Scoville and Young 1983; Solomon et aL 1983; DeGioia-Eastwood 

#t  a/. 1984) and from galaxg to galaxy (Young and Scoville IgB2b), substantial ef for t  has been made 

to determine the gield of goung stars in a galaxg per unit mass molecular gas available to form stars. 

With the success of the /RRS satellite, IR flux densities and color temperatures have now been 
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measured for galaxies across the skg. These observations provide a measure of the star formation 

occurring within a galaxg since studies of nearbg galaxies indicate that the ]R emission arises from 

dust heated bg goung stars in molecular clouds (cf. Rieke eta/. 1980; Telesco and Harper 1980). 

In this section, I compare the IR luminosities from coadded IRRS surveg data (Young ef a/. 

1988a) with the H2 masses derived from published CO observations for t2q galaxies observed at 

FCRRQ These galaxies are part of the FCRRO Extragalactic CO Surveg, which consists of 

observations at 2.6 mm of a complete, magnitude-limited sample of spiral and irregular galaxies 

selected on the basis of their declination and optical or infrared properties (~; > -20 ~ BT ~ < 12 or 

$1oo > 10 Jg or $6o > 5 Jg). The derivation of Hz masses emploged here, discussed in Kenneg and 

Young (1988), involves determining the CO flux of the model distribution which best matches the 

observed CO integrated intensities when sampled with a q5" gaussian beam. The CO fluxes are 

therefore corrected for source-beam coupling, and the H2 masses are determined adopting a constant 

ratio of N(H2)/Ico = 2.8x102~ H2 cm'2/[K(TR) km s -t] (Bloemen eta/. 1986). IR luminosities for 

the sample galaxies have been computed from I to 500 ~m using both the 6D and 100 ~tm flux 

densities bg following the method described in the Rppendix of the IRRS Extraaalactic Cataloe 

(Lonsdale eta/, 1985). The IR and CO fluxes described here are reported in Young eta/. (1988a). 

Figure 1 illustrates the comparison of the IR luminosities with H 2 masses for the sample galaxies, 

,.,here the points are coded bg dust temperature. The data in Figure 1 are best f i t  bg 

LI R ~ H(H2)t.O-+O.03 (1) 

It  is apparent from Figure I that some of the scatter in the LIR-M(H2) comparison arises due to the 

observed spread In dust temperature from galaxg to galaxg and the strong dependence of the IR 

luminositg on dust temperature; for galaxies of a given H2 mass, those with higher Tdust have 

higher luminosities. Such a temperature dependence Is no__~t seen for the comparison of the 1R 

luminosities and HI masses (Young eta/` 19BBa), from which we argue that the IR emmsmn m more 

close/# tied to the molecular gas than to the total atomic gas content for this sample o f  galaxies. 
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B. ORIGIN OF THE IR LUMINOSITY 

]f the energy source for the IR emission in galaxies is star formation, then comparisons of the 

IR luminosities with H= luminosities should show a correlation. For 49 of the galaxies in the FCRRO 

Survey sample for which Ho~ fluxes are available in the literature (Kennicutt and Kent 19B3; Bushouse 

1986; Kennlcutt eta[. 1987), we find 

L] R = L(H~x)t.O-+O.t (2) 

where the correlation coefficient is 0.78. Some of the scatter observed must certainly be related to 

extinction of the Ha, since the fluxes have not been corrected for extinction. The fact that the slope 

of the LIR-L(Ho~) comparison is unity is consistent with the hypothesis that star formation powers 

the IR luminosity. Furthermore, Hoc fluxes which have been corrected for extinction (Young, 

Klenimann, and Allen 1988) confirm this hypothesis, bJe therefore adopt the approach that the IR 

luminosity Indicates the star formation rate (SFR) and that the ratio LIR/M(H 2) measures the SFR 

per unit mass of molecular gas, or the star formation efficiency (SFE). 

Rnother measure of the present star formation rate is provided by the equivalent width of Ha, 

(EWHo,). The EIdHo, measures the Ha, flux normalized by the underlying red continuum flux, and 

indicates the ratio of the present massive star formation rate to the star formation rate integrated 

over the lifetime of the galaxy. In Figure 2 we show a comparison of ELdHr with the ratio 

LIR/M(H2) in 40 galaxies for which Hr equivalent widths were available in the literature. The 

galaxies are coded as either early type (~;Sb) or late-type (;~Sbc) because of the known dependence 

of EbJHr on type which arises from the large bulge contribution to the underlying red continuum In 

early-type galaxies. Figure 2 shows a good correlation between LIR/M(H2) and EWHoc for the 26 

galaxies of type later than Sl~c (correlation coefflclent=O.88). Since a high ELUH~ Indicates a high 

current rate of massive star formation relative to the star formation rate averaged over the 

lifetime of the galaxy, and assuming that LIR/M(H2) indicates the efficiency of star formation, the 
correlation between EWH~ and L IR/H(Hz) suggests thai galaxies which are forming mane high mass 
stars at the present time are doing so through efficient conversion of  gas into stars. 
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C. THE STflR FORMRTION EFFICIENCY 

Rs discussed in w ue conclude that the ratio LIR/M(H2) measures the efficiency of star 

formation in luminous galaxies of all dust temperatures. Figure 3 shores a plot of the ratio 

LIR/M(H 2) versus the 60/100 ~m flux density ratio for 12q galaxies. Ida find that high dust 

temperatures and high star formation efficiencies are found both in galaxies ui th high luminosities and 

in galaxies ui th Iou luminosities. Ida suggest that efficient star formation is responsible far  the 

high dust temperatures observed, independent of the size of the gd/dXy, through the formation of 

more stars per unit molecular mass. It is clear from studies of selected samples of galaxies that 

isolated galaxies have a lou mean value of L]R/M(H~), uhile merging/interacting galaxies have the 

highest values (Young et aL 1986b; Sanders et eL 1986; Solomon and Sage 1988). To illustrate 

this, the data points in Figure 3 are Coded by environment. 

One physical mechanism uhich may cause the SFE to be higher in merging/interacting galaxies than 

in isolated galaxies is cloud-cloud collisions. From numerical simulations, Noguchi and Ishibashi (19B6) 

have shown that the rate of cloud-cloud collisions can increase substantially as a result of a galaxy- 

galaxy interaction. I f ,  in addition, high mass stars form as a result of cloud-cloud collisions, the 

merging/Interacting galaxies uould be expected to have higher luminosities in young stars per unit 

molecular cloud mass, or higher SFE's, than isolated galaxies. 

Ide note that environment can account for only part of the scatter in LIR/M(H~) found among 
galaxies. Other parameters must also be important in causing variation in the SFE since even among 

isolated or interacting galaxies of a given dust temperature, there is a factor of 6-10 variation in 

the ratio LIR/H(Hz). Part of the scatter may arise from variations in the gas-to-dust ratio, the 

dust grain properties, the CO-H2 proportionality, or the IMF from galaxy to galaxy. 

Figure 3. Comparison of the 

ratio LIR/M(H2) with 

Sso/S1oo for 12q galaxies. 
Points are coded by 
environment as indicated. 
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D. COMPRRISON OF Hz RNO HI MRSSES WITH DUST MRSSES 

Figures qa and 4b show the comparison of H2 and HI masses with dust masses derived from 

ERRS data. The best correlation found is for the M(H2)-Mdust comparison, with a correlation 

coefficient of 0.97, compared with 0.79 for  the comparison of M(H[) with Mdust. The f i t  to the 

data in Figure 4a indicates 

1.O-*O.O2 (3) 
M(H2) ~x Mdust 

The mean value for the observed M(Hz)/Mdust ratio is 570• a value which is significantly 

different from the values of ~100 for the Milky Wag (Spitzer 1978; Hildebrand 1983) without 

including any of the atomic gas. Rs we have suggested previously (Young et al. 1986a; see also Stark 

et al. 1986a), ]RRS is sensitive to warm dust, so that for galaxies containing a large fraction of dust 

colder than 30 K, the dust mass we calculate is an underestimate. The remarkably tight correlation 

between H2 mass and dust mass (Figure 4a) is independent of galaxy type and of the temperature of 

the dust. 
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l i t .  THE H2 CONTENT FIND STRR FORMRTION EFFICIENCY WITHIN 6RLRXIES 

R. THE DISKS RNO SPIRRL RRMS OF NBC 6946 RND M51 

R complimentary approach to understanding galaxy evolution is to study individual galaxies in detail 

and to compare the radial distributions of various tracers within the disk of each one. NGC 6946 and 

M51 are two nearby welt-studied relatively face-on late-type spiral galaxies which are ideal for 

comparing the distributions of young stars and gas within both the disk and the spiral arms. In both 

galaxies we find the remarkable result that all of the azimuthally averaged distributions --  blue light, 

FIR, Ha,, radio continuum, and CO --  show similar radial behavior except that of the atomic gas 

(Young and Scoville 1982a; Scoville and Young 1983; Tacconi and Young 1986, Lord and Young 1988)'. 

Ide note that other luminous late-type spirals show these same characteristics in the azimuthallg 

averaged radial distributions (Solomon eta/. 1983; Kenney 1987). 

The fact that the CO, blue light, H~, FIR, and radio continuum distributions all show similar radial 

behavior when sampled at 2 kpc resolution is significant in terms of galaxy evolution, t f  the blue light 

measures the star formation rate integrated over the last ~2x109 gears (cf. Searle, Sargent, and 

Bagnuolo t973), and the H= flux measures the rate of formation of high mass stars, the tact that 

the blue/CO and H=/CO ratios are constant as a function of radius indicates that both the star 

formation rate for high mass stars and the integrated star formation rate for intermediate mass 

stars are proportional to the available supply of  molecular gas, or the star formation efficiency is 

constant. Because the atomic gas contributes such as small fraction of the total mass in the ISM in 

the inner disk of this and other luminous spirals, the data are also consistent with the star formation 

rate proportional to the gas surface density (N2+H[) as a function of radius. 

While azlmuthallg averaged radial distributions of CO, blue light, and Ha, within the disks of N6C 

6946 and 1151 decrease smoothly as a function of radius when sampled at >_2 kpc resolution, any 

variations which occur at a particular radius are averaged out. In order to investigate the star 

formation efficiency on and o f f  spiral arms, it is essential to study this azimuthal structure. Lord 

and Young (1988) and Tacconi and Young (1988) have compared futlg sampled CO maps of M51 and 

N6C 6946 with Ha, fluxes determined at 45" resolution. These studies do not address the 

arm/interarm contrast in the molecular cloud distribution, but do address the SFE on and of f  arms at 

a resolution of 2 kpc. Figure 5 shows the distributions of I-band light, Hc~, H2, and Ha,/H2 as a 

function of azimuth In N6C 6946 at a radtus of 1.5' (Tacconl and Young 1988). Rt this radius, the 

Ho, arms in N6C 6946 at 45" resolution stand out as factor of ~4 enhancements relative to interarm 

locations; in CO at 45" resolution, the spiral arms appear as factor of ~2 enhancements. Thus, at 

45" resolution, the Hc,/H2 ratio in NGC 6946 is a factor of 2 higher on the arms than in interarm 

regions; Lord and Young (1988) find a similar result for M51. We conclude that the eff/ciencg o f  

forming high mass stars in spiral arms o f  luminous galaxies is enhanced. Rt larger radii in NGC 

6946, we find the arm-intererm contrast in the Hc~IH2 ratio to be even greater. 

Elevated H=ICO ratios at particular locations in a galaxy indicate that there is a non-linear 

dependence of the star formation rate on the gas surface density. One possible mechanism which can 

explain the enhanced star formation efficiency is that of cloud-cloud collisions (Noguchi and Ishibashi 

1986; Scoville et al 1986), which should depend on the square of the cloud number density. The 

collection of clouds in a spiral potential could lead to star formation through an increase in the rate of 

cloud-cloud collisions. 
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B. THE CENTERS RND DISKS OF MBZ RND N6C 2146 

The next question naturally arises is what locations in galaxies other than spiral arms are 

locations of elevated star formation efficiency. Tuo galaxies uhich ue have found to ehxibit 

unusually high SFE's in the centers are H82 and NGC 21q6. 

The H~ morphology of MB2 is uell-known, Leith emission extending primarily along the minor axis 

(el.  I'lcCarthg ef a/. 1987). In contrast, the CO distribution is more extended along the major axis 

(Stark and Carlson 198q; Young and Scovllle 198q). While the CO integrated itensitles drop by a 

factor or 50 betueen the center and a radius of 3', the He, flux in the same aperture drops by a 

factor of 2000. Thus, the observed ratio o f  H~/CL7 decreases by a factor o f  qOO with radius/ 

This result is in sharp contrast uith the constant Hr ratio as a function of radius in N6C 69q6 

and MS1 described above. Because the intense radiation field in the center of 1'182 will heat the gas, 

the CO luminosity there may provide an overestimate of the Hz mass, and thus an underestimate of 

the Ho,/H2 gradient. 
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NOC 2146 Is a peculiar galaxg with an ultra-high IR surface brightness, rivaled onlg bg N6C 

1068. The Ha morphologg of N6C 2146 Is peculiar, with strong emission from the central 5 kpc and 

a string of HI[ regions extending along an arc 8' (50 kpc) long (Young et aL 1988b). The Ha, 

distribution along the major axis sampled at 45" resolution shous a decrease in flux bg a factor of 

1000 over the central 90", while the CO distribution shous a decrease over the same region of a 

factor of 60. This galaxg, too, shous a marked drop in the observed Hr ratio uith radius. 

The high central ratios of ionized to molecular gas in M82 and NGC 2146 suggest a high 

efficiencg of high mass star formation in the centers of these galaxies. The gas depletion times 

there are several times 108 gears. I t  is noteuorthg that the mass of H2 in the central 45" of these 

galaxies is -~20% of the dgnamical mass in the same region. 6iven such large central gas 

concentrations, one expects a high rate of cloud-cloud collisions. I f  cloud-cloud collisions lead to the 

formation of high mass stars, one expects a high star formation efficiencg in regions of high gas 

concentration. The mechanisms for producing such high central gas mass fractions include gas f lou 

along bars in barred spiral galaxies, and galaxg-galaxg interactions uhich cause the gas clouds to lose 

angular momentum and fall to the center. Either or both mechanisms may be operating in MB2 end 

N6C 2146. 

IV. CONCLUSIONS 

1) There is a good correlation betueen global ]R luminosities and He masses for 124 galaxies 

observed as part of the FCRRO Extragalactic CO Surveg, such that LIR o, I'1(H2)1.0"-0.03. Ida find 

that the [R emission In galaxies wtth LIR;~ 10 t~ Lo Is from dust associated with molecular clouds. 

2) We find a good correlation between ]R and He, luminosities, supporting the suggestion that the 

IR tuminositg measures the star formation rate and the ratio LIR/M(H 2) measures the star formation 

efficiencg. The correlation betueen Hcx equivalent width and LIR/M(H2) indicates that galaxies uhich 

are forming unusuallg large numbers of high mass stars are doing so through efficient conversion of 

gas into stars. 

3) We find an excellent correlation betueen the uarm dust and H2 masses for 124 galaxies. 

The mean value of the ratio YI(H2)/Pldust = 570+-50 for this sample. 

4) The efflclencg of star formation [from LIR/M(Hz)] is higher in merging/interacting galaxies 

and lower In Isolated galaxies. 

5) Within the disks of the face-on spirals N6C 6946 and M51, we find that the azimuthallg 

averaged star formation efficiencg is constant uith radius. On the spiral arms in these galaxies, ue 

find Hoe/CO enhanced bg factors of 2-25 relative to the interarm regions, indicating that spiral arms 

are regions of enhanced efficiencg in forming high-mass stars. 

6) The peculiar galaxies MB2 and N6C 2146 have azimuthallg averaged Ho,/CO ratios uhich 

decrease bg factors of 400 and 15 as a function of radius, respectivelg. The centers of these 

galaxies have high molecular mass concentratlons, with M(H2) comprising approxlmatelg 20% of the 

dgnamlcal mass. 

7) The elevated star formation efficiencies in Interacting galaxies, on spiral arms, and in the 

centers of the peculiar galaxies H82 and NGC 2146 map result from the high gas concentrations in 

these regions uhich cause an increased rate of cloud-cloud collisions and subsequent high mass star 

formation. 
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ON THE FAR-IR AND SUB-MM SPECTRA OF SPIRAL GALAXIES 

A. A. Stark 
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ABSTRACT. We compare 160pro and 360#m photometric measurements of three normal 

spiral galaxies with theoretical models and observations at other wavelengths. Our 

observations indicate that on average spirals have few large, cold grains, in apparent 

discrepancy with the 1.3 mm mea~urements of Chini et  al. (1986). 

We have mapped three Virgo cluster spirals, NGC4254, NGC4501, and 

NGC4854, at 160/~m (far-infrared) and 360pro (submillimeter) wavelengths with arrays of 

3He-cooled bolometers (Harper et  al. 1989) using the NASA Kuiper Airborne Observatory 

and the NASA Infrared Telescope Facility (Stark et  at. 1989). Almost all the power 

emitted from normal spiral galaxies appears at visible wavelengths or in the far-inrr~red; 

very little of the total power appears at radio wavelengths. The shape of the broad-band 

spectrum as it falls off towards radio wavelengths is not well known, because it is difficult 

to do photometry in the far-infrared and submillimeter. This paper briefly compares our 

observational results with predicted spectra. 

Figure 1 is a composite far-infrared spectrum for "normal" spiral galaxies. 

Much of this figure is re-drawn from Figure 1 of Chlni et  al. (1986). It shows measured 

data points with error bars, and some theoretical curves. The points measured by us are 

plotted as triangles. 

Far-infrared emission from spiral galaxies results from re-radiation of starlight 

energy absorbed at visual wavelengths by interstellar dust grains. The shape of the 

spectrum depends on the far-infrared emissivity of the grains and their temperature 

distribution (e.g. Puget 1985). The emissivity is a function of grain size and composition, 

quantities about which there is still considerable uncertainty; grain temperatures depend 

on the ambient starlight and visual opacity of the grains, quantities which are somewhat 
more certain. 
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Draine and Anderson (1085) and Rowan-Robinson (1086) have different grain 

models, but  both use the radiatlon field of Mathis, Mezger and Panagia  (1083) to compute 

the expected flux from the interstellar medium, so their a..~umptions about filling factors 

at various temperatures  are similar, Draine and Anderson (1085) used a composite 

graphite  and silicate model, as proposed by Mathks, Rumpl and Nords|eek (1077). The 

predictions of this model are shown as the lower dashed curve in Figure 1. Rowan- 

Robinson (1086) proposed an appreciable population of large grains in the diffuse 

interstellar  medium, by analogy with the grain populations observed in dense regions. One 

of Rowan-Robinson's  models for large, cold grains is shown as the upper  dashed curve in 

Figure 1. The middle, sold curve in Figure 1 ks a model fit by Chini eL aL (1086) to their 

1.3 mm da ta  and the IRAS points. This model contains an appreciable population of large 

grains with a temperature  of 16 K. 
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composite far-infrared spectrum of the total flux density from normal spiral 

galaxies. All da ta  has been normalized so that  vSv *- 1 at t00~,m. The square 

point,  the solid curve, and the four round points are redrawn from Figure 1 of 

Chini eL al. (1986). The square da ta  point at 1.3 mm is an average of galaxies 

measured by Chini eL al.. The round points are averages of IRAS total flux 

densities for the same galaxies. The triangles are averages of our three 

(different) galaxies, normalized to their IRAS 100~m flux densities. The upper 

dashed curve is a model of Rowan-Robinson (1086); the lower dashed curve is a 

model of Draine and Anderson (1985). 
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[t is immediately clear tha t  the da ta  at  360~m and 160pro da ta  do not fit any 

of the models very well, al though a Draine and Anderson (1985) model with a slightly 

higher mean grain tempera ture  would fit our points but  not the 1.3 mm da ta  of Chini 

ct aL (1988). There seem to be four possibilities: (1) The 360#m and lfl0pm points are 

incorrect. The point at  360#m has a large uncertainty,  because the atmospheric opaci ty 

over Mauna Ken varied from about  40~ to about  OO~ during the night these observations 

were made. We cal ibrated frequently and have a t tempted  to include the uncertainties 

caused by atmospheric fluctuations in the error estimates, but  it is possible tha t  there is 

some uncorrected systematic error. We are considerably more confident of the  160#m 

point  because of the low atmospheric noise at  the KAO and because the 32F far-infrared 

camera has a lO0~m filter which gives results consistent with IRAS measurements.  

Measurements in these two band~ are independent ,  but  both fail below the model 

predictions. (2) The 1.3 mm da ta  of Chini are systematically high by a factor of about 3, 

and the appropria te  grain emissivity model for galaxies as a whole is tha t  of Draine and 

Anderson (I085), but  with a sl ightly higher average grain temperature .  {3) Both our da ta  

and the Chini et aL da ta  are correct, indicating tha t  the theoretical models are all 

inappropriate  or incomplete. There might, for example, be a significant population of large 

grains with a tempera ture  of 8 K. This could be checked by photometric observations at 

6fl0~m. (4) The premis of Figure t is ~ncorrect - -  a composite far-infrared spect rum of 

normal spiral galaxies is meaningless, because normal spiral galaxies vary considerably in 

their  far-infrared properties.  The galaxies we observed at  360~m should be observed at L3 

mm as well. 

Our da ta  in the far-infrared and submill imeter are inconsistent with models 

having large, cold grains. We argue that  there are few very large or cold grains 

contr ibuting to the far infrared and submill imeter  flux from these galaxies. There is, 

however, an apparen t  discrepancy between our  observations and those of Chini ct aL 

(1986) which can only be resolved by further observations. 

This work was suppor ted  in par t  by  NASA grant  NGR14-O01-227 and NSF 

grant  AST-8513974 to the University of Chicago. 
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SUMMARY. We have measured 158 ~m [CII] llne emission from a sample of thirteen gas 

rich galaxies. The new data are combined with the previous sample of six infrared 

bright galaxies of Crawford et al. 1985. The [CII] line is bright in all of the 

galaxies detected amounting to between .I and 2% of the total nuclear far-lnfrared 

(FIR) luminosity, and is therefore one of the primary gas coolants in these regions. 

The [CII] emission arises from warm (T - 300 K), dense (N H ~ I03~I0"cm -~) 

photodlssoclated gas at the interface regions between giant molecular clouds and 

ionized gas regions, and is a very sensitive indicator of starformatlon activity. 

The integrated [CII] to the '2C0 llne intensity ratio is constant for starburst 

galaxies and star formation regions in our own galaxy. This suggests that much of 

the observed *zCO llne radiation from starburst galaxies arises in the warm, (Tex > 

50 K), molecular gas immediately interior to these photodlssoclatlon regions, and 

not from the cold disk molecular cloud component as is commonly assumed. For the 

non-starburst galaxies in our sample, the llne intensity ratio varies significantly 

from galaxy to galaxy but is always significantly less than the starburst value, in 

support of this model. The integrated llne intensity ratios may thus be used as a 

sensitive probe of the physical conditions of the molecular gas in galaxies. 

I. Introduetlon 

Recent advances in far-infrared (FIR) technology have permitted FIR fine structure 

lines to be observed from several nearby galaxies (see Stacey et al. 1988a., and 

references therein). The 2P3/2 ~ 2P,/2 (157.7408 ~m) transition of singly ionized 

carbon is observed to be among the brightest of these fine structure lines and is the 

primary coolant for much of the warm neutral interstellar medium. [CII] llne 

emission has previously been reported from a sample of six nearby gas-rich infrared 

bright galaxies by Crawford eta!. 1985, who found (I) the [CII] llne radiation is 

bright, amounting to roughly .5% of'the total FIR luminosity of the nuclear regions 

of these galaxies; (2) the [CII] llne radiation arises in the warm dense 

photodissociated gas lying at the interface regions between giant molecular clouds 
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and fully ionized gas regions - it is not associated with atomic clouds or the 

diffuse interstellar medium; (3) the [CII] llne intensity is sensitive to the local 

[IV energy density, hence star formation activity; (4) the integrated [CII] to L2CO 

(I + O) line intensity ratio is a constant for the observed galaxies and galactic 

star formation regions. 

We have expanded the data set to include a much wider variety of galactic spectral 

types and luminosity classes ranging from the relatively low luminosity early RSab 

galaxy NGC 4736 through the mid luminosity late Scd galaxy NGC 6946 to the 

ultraluminous IRAS galaxies NGC 3690 and NGC 6240 (Table I). The expanded data set 

confirm all of the conclusions of Crawford et al. but greatly extend their 

applicability to include the environs of both normal spiral galaxies (including those 

very similar to our own, e.g. NGC 891) and the ultralumlnous galaxies. For this 

paper, we concentrate on comparisons between the observed *ZCO (I + O) and [CII] line 

emission. A more complete discussion may be found in Stacey et al. 1988a. 

T a b l e  I 

Galaxy R.A. Dee. Type Dtstanoe L(FIR) X([CII]) L([CII ] )  L([CII] ) /L(FIR)  
(1950) (1950) (Hpc) (IO'L| (lO-Serg s-' ( lO lL  e) 

C=-* St-S) 

NGC 660 olh40m20.7 s 13"23'32" SB(s)a pec 12 22. S3.9 (3o) ~1.5 ~7 - 10 -4 
NGC 891 02h19~24.5: 42~ SACs)b 9.6 9. 11.0 • 1.1 2.8 3.1 I0-~ 
M a f f e l ' I I  02h38 10.1 59~ SAB(Ps)bc 5 4.2 19.0 • 1.2 1.2 2]9 10 -5 
NGC 2146 06nlom40.1 s 78~ SB(s)ab pec 14.4 49. 39.0 • 0.8 22.3 4.6 10-~ 
NGC 3079 o9h58m35.OS 55=55'17" SB(s)c 16. 28. 1 t . 3  ~ 0.9 7-9 2 .8  10 - j  
NGC 3109 10hOOm49.0 s -25~ " SB(s)m 1.7 0.02 ~3.4 (30) ~O.O3 ~1.6 10-~ 

h 1 m 9 6 s NGC 3628 11 7 3 �9 13~ Sb/pec 9.6 7.2 7.9 r 0.9 2 .0  2.9 10 -5 
NCC 3690 11h25m44.2 s 58~ IBm pec 44. 330. 9,4 z 1 .5  49 .0  1 .5  10 -3 

/1C 694 " 
NGC q565 12h33m52.2 s 26~ SA(s)b 10.2 3. 3.0 • 1.0 0.85 2.8 , 10-~ 
NGC 47]6 12h48m32.0 s 41a23'36" RSA(r)ab 5. 1.8 7.3 • 0.8 0.5 2.8 10-~ 
NGC 5907 15h14m36.8 s 56~ SA(s)c 10.4 2. 6.0 • 0.9 1.8 6.1 10-~ 
NCC6240 16nsom28.0 s 02~ IO pec 100. 620. 3.3 • 0.66 90.0 1.5 tO-~ 
NCC 6946 20h33m48.8 s 59~ SAB(rs)cd 11. 8.9 7 .6  • 1.1 2.6 2 .9  10 - j  

2. Observations and Results 

We made our observations during eleven separate flights on the Kuiper Airborne 

Observatory using three incarnations of the UC Berkeley Tandem Fabry-Perot 

spectrometer. The detective elements were stressed Ge:Ga photoconductors. The beam 

size at 158 pm was 55" (8.55 x 10-Ssr) and we typically chose a velocity resolution 

of ~ 100 km s-*. We detected eleven of the thirteen new galaxies investigated, five 

of which we mapped with our new three element spatial array. Figure I shows 

representative spectra obtained on the starburst galaxy NGC 2146 and the normal 

spiral galaxy NGC 5907. The [CII] lines are bright in the nuclear regions of both 

galaxies totalling roughly 0.5% of the FIR luminosity. For comparislon, we have 

superposed the *=CO (I § 0) spectra observed at the [CII] positions with similar 

sized beams. The spatial and spectral correlation between the two lines is very good 

indicating that they arise from in or about the same gas. 
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Figure I. (left) Spatially multiplexed [CII] spectra (dark lines) of the starburst galaxy NGC 21 46 
obtained in 22 minutes of integration time. TMn([CII]) is the main beam Raleigh Jeans brightness 
temperature scale for the (spectrally resolved}--[CII] lines. The superposed 12CO (I * O) spectrum 
(light lines) is from Young et al. 1988. (right) [CII] spectrum of the nuclear regions of the Se 
galaxy, NGC 5907 obtained in 29 minotes of integration time. The superposed ~2CO spectrum is from 
Stacey et al. 1988a. 

Figure 2 plots the integrated [CII] line intensities in the nuclear regions of the 

observed galaxies (~,O) against the integrated zZCO line intensities observed in 

similar sized beams. For completeness, we also include the galaxies from Crawford et 

al., and selected galactic molecular clouds (O)and star formation regions (~). There 

is a good general correlation between the llne intensities for most of the observed 

objects. This correlation becomes much tighter when one restricts the objects to 

galactic star formation regions (~), and external galaxies with dust temperatures 

(derived from FIR continuum measurements) in excess of 40 K (~). This latter 

restriction picks out those galaxies generally thought to be undergoing a starburst. 

3. D i s c u s s i o n  

The close association between [eli] and CO line emission is not too surprising. 

Both lines require similar gas densities ( ~ 10' cm-') for excitation, and the [CII] 

line requires the presence of nearby ionization source (e.g. OB stars). Both 

requirements are well met by star forming giant molecular clouds. On galactic scales 

these clouds will presumably be well mixed with non-starforming clouds. What is 

surprising, however, is that the integrated line flux ratio is constant for the 

observed starburst galaxies, and this constant value is the same as that found for 

star formation regions in our own galaxy. 

The CO (I ~ 0) llne emission in galaxies is presumed to be dominated by emission 

from the cold (T - 10 K) molecular disk. This cold component should produce very 
ex 

little [CII] line radiation due to the lack of nearby ionizing radiation (c.f. 

Wolfire, Hollenbach, and Teilens 1988). The integrated [CII]/CO line intensity 
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ratio should therefore be substantially less in galaxies than in galactic star 

formation regions, and vary, depending on just how the UV energy density is 

distributed. This is exactly what we find (Figure 2) for the normal spiral galaxies 

and non-starformlng clouds in the Galaxy. However, for the starburst galaxies the 

integrated line intensity ratio is the same as that for star formation regions in the 

Galaxy. This suggests that the CO line emission from these galaxies arises in the 

warm molecular gas associated with star formation regions and not from the cold disk 

component. This molecular gas is likely to have substantially elevated excitation 

temperatures (Tex ~ 50 K) similar to those observed in galactic star formation 

regions (Harris et al. 1987, Jaffe et al. 1988, Stacey et al. 1988b). The '2C0 

(I ~ 0) integrated line intensity may thus be severely affected by gas excitation in 

these infrared bright galaxies and therefore not in of itself reliably trace 

molecular gas mass. 
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A 12C0 SURVEY OF THE SMALL MAGELLANIC CLOUD 

Monica Rubio and Guido Garay 

Departamento. de Astronom/a, Universidad de Chile 

In tnis contribution we summarize the results of a complete survey 

of the 12C0 emission, in the J=l 0 transition, from the Small Magel- 

lanic Cloud (SMC) made at an angular resolution of 8'8, corresponding 

to a linear resolution of 160 pc at 63 Kpc. The survey, made using the 

1.2 m Columbia Millimeter-wave Telescope in Chile, covers the central 

3~ ~ region of the SMC with full resolution (angular spacing of 

09125). The spectral resolution was 1.3 km/s and the sensitivity in 

antenna temperature was 0.02 K. 

We detected CO emission from two large complexes, located in the 

outermost soutnwest and northeast regions of the SMC bar. Table i 

gives tne observed parameters of the 12C0 emission from these two 

complexes. There is good correspondance between the distribution of 

molecular emission and peaks in the 60 and 100u iRAS infrared emission 

(Schwering 1988). Both CO complexes are projected toward regions of 

atomic gas naving the largest column densities of HI (N(HI) ~ 1022 
-2 

cm ). In addition, the radial velocities of the CO and associated HI 

gas are similar. We suggest that molecular clouds in the SMC may be 

the dense cores of large regions of atomic gas. The theoretical criti- 

cal HI column density required to shield the cloud interior from the 

external UV radiation field is 5x1020 (Z/Z| cm -2, where Z is the 

heavy element abundance (Franco and Cox 1986), For the SMC~ Z~1/10 Z| 

and the critical column density is 5x1021cm -2. The column densities of 

HI toward the CO complexes are ~i022 cm -2 (Mc Gee and Newton 1981), 

wnicn gives strong support to the contention that molecular clouds in 

the SMC are the UV shielded cores of large diffuse regions of atomic 

gas (Rubio and Garay 1988). 

The antenna temperatures of the CO emission from the SMC are typical- 

ly ~ 0.03 K, about two orders of magnitude smaller than that of Galac- 

tic molecular couds. Possible explanations for the weakness of the CO 

emission are (Elmegreen, Elmegreen and Morris 1980; Israel et al. 1986): 

(i) optically thin 12C0 emission, (ii) low excitation temperatures; 

and (iii) small filling factors or beam dilution. We suggest that the 

extremely weak 12C0 antenna temperatures of the molecular clouds in 
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TABLE 1. Observed parameters of the 12CO emission 

Complex T A AV R Lc21 2 
K km s -1 pc K km s pc 

SW 0 . 0 6  16.5 278 1.3XI06 

NE 0.03 20.4 254 1.1x105 

the SMC are most likely due to small filling factors of the CO regions. 

Assuming that the 12C0 line emission is optically thick, we infer that 

the CO emission, within an antenna beam, should arise from clumps 

whose sizes are ~10 times smaller than the typical size of the clumps 

making up giant molecular clouds in our Galaxy. Recently, Maloney and 

Black (1988) investigated the effects of changes in the metal abundance 

on the properties of molecular clouds and found that a decrease in the 

metallicity make the size of the CO region smaller relative to the 

size of the hydrogen molecular cloud. Thus, the small sizes of the CO 

clumps in the SMC are probably a consequence of the low dust content 

and low metallicity of the interstellar gas in this irregular galaxy. 

To determine the molecular mass of the SMC we assume that, as in 

the Galaxy, the velocity integrated CO emission, Wco, is a tracer of 

the molecular hydrogen column density, N(H2). However, for low metal- 

licity systems, such as the SMC, the CO abundance in molecular clouds 

differs drastically from that in Galactic clouds, while their molecular 

hydrogen content is similar (Maloney and Black 1988). Thus, to apply 

the value of the N(H2)/Wco ratio derived for Galactic clouds, XG, to 

extragalactic clouds is probably not adequate. The conversion factor 

in the SMC can be derived by analysing the CO luminosity, Loo , versus 

linewidth, Av, relationship as we have already done for molecular 

clouds in the LMC (Cohen et al. 1988). Figure 1 shows this relation 

for molecular clouds in the SMC, LMC and a fit to the Galactic rela- 

tionship. We note here that each molecular complex in the SMC has been 

dissected into two well defined clouds, whose observed parameters have 

been used in the correlation. The ~lope of the Leo - ~v relations is 

similar, but for a given linewidth the clouds in the SMC appear ~25 

times fainter than Galactic clouds. We therefore adopt X = 25 X smc g 
or, with X~=2.8x1020 cm-2K-Ikm-ls (Bloemen et al. 1986), Xsm c = 7x1021 

cm-2K-ikm-ls. The cloud masses calculated using this conversion factor 

agrees with the virial masses to about a factor of two. 

The total molecular mass of the SMC, determined with this calibra- 

factor, is 3.Sx107M| and the ratio of molecular to atomic mass tion is 

9%, about I0 times smaller than the ratio derived in our Galaxy. 
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During a run of submillimetre observations from Antarctica, we detected the mil- 

limetric emission of the two Magellanic Clouds and a few galactic molecular clouds. 

The mm spectra does not match with the long wavelength tail of the thermal emission 

observed by IRAS and very likely represent a coexisting very cold dust component. 

Millimetric and submill imetric observations from the ground are contaminated  by  

the a tmospher ic  emission and fluctuations, mainly due to the water  vapour  content.  

For this reason very cold and dry sites are preferred. During the 1987-88 expedit ion to 

the Italian Base at Terra  Nova Bay (74 ~ 41.61 S, 164 ~ 06.89 E) in Antarct ica,  the good 

atmospheric conditions allowed am instrument ,  devoted to the search for the fluctuations 

on the CBR spec t rum,  to detect  the millimetric emission of the Galaxy at  about  8 ~  16 ~ 

from the plane and the Magellanic Clouds, a t  a level weI1 above the a tmospher ic  noise. 

The  instrumental  set-up,  the observation procedure and the da ta  analysis can be 

found in Andreani  et al (1988a, I988b) 

A striking correlat ion between our measurements ,  at  1 and 2 mil l imetre wave- 

lengths, and the IRAS 100#m emission in the same sky regions provides s t rong evidence 

for the detection of the IRAS clouds a t  b ~ - 8  ~ + 16 ~ and I ~ 290 ~ + 310 ~ and the 

Magellanic Clouds. 

As it is evident f rom the figures 1,2 and 3 at least two dust components  axe required 

in order to explain the I R / m m  spectra  of these sources. 
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1 I n t r o d u c t i o n  

In the following we report CO observations of the two nearby irregulars IC 10 and NGC 3077. 
We have mapped giant molecular cloud complexes in both systems in the CO 3=1-0 and 3=2-1 
transitions simultaneously, with the [RAM 30-m telescope, at angular resolutions of 21" and 13", 
respectively. 

2 I C  10 

IC 10 has been classified as a dwarf irregular galaxy of the Magellanic type with a barlike core (de 
Vaucouleurs and Freeman 1972). It has an optical diameter of 4 arcmin. Estimates of its distance 
range from 1 to 3 Mpc. We shall here assume a distance of 1 Mpc. The Linear dimensions of IC 10 
appear to be similar to those of the SMC, but otherwise this galaxy seems to be denser and brighter 
(more like NGC 4449; de Vaucouleurs and Ables 1965). Only its high surface brightness allows a 
detection of this galaxy, because it is dose to the galactic plane (b H = -3~ Huchtmeier (1979) 
found a huge IH shell around IC 10 extending to 80' in diameter at a surface density level of 3.8 10 Is 
atoms cra-=. This is 20 times the observed optical diameter. Interferometric measurements by 
Shostak and Skillman (1989) reveal that the HI distribution is characterized by a 7x10 arcmin disk 
of high surface brightness and the extended envelope of weaker emission, found in the single-dish 
study of Huchtmeier. According to Shostak and Skillman, the disk has several high surface density 
regions with peak column densities of 4.2 10 n atoms cm -2, while the average column density there 
is about 1.5 l0 n atoms cra-=. IC 10 has two main centers of star-formation activity. One is located 
in the south-eastern part (IC 10/SE). Toward this region Henkel et al. (1986) detected CO emission 
and an unusually luminous intersteUar HaO maser. The first CO map was obtained in March 1987 
with the Onsala 20-m telescope. In July 1988 simultaneous observations in the CO J=l-0  and 
J=2-1 transitions at 115.271 GHz and 230.538 GHz, respectively, were carried out with the IRAM 
30-m telescope at Pico Veleta. In IC 10/SE we found a giant molecular cloud complex (GMC) that 
coincides with one of the peak positions of the HI distribution and with the position of the strongest 
radio continuum emission (Skillman 1988). The H20 maser is bcated at the northern edge of this 
GMC, which has a deconvolved linear FWHP size of 130x120 pc 3. Line calibration was obtained 
by assuming T~=100 K for both transitions toward Orion IRc2. For IC10/SE we measured peak 
line temperatures up to 1 K. A second very luminous H=O maser was discovered in February 1987 
towards the star-formation complex in the north west of ICI0. This maser also coincides with a 
molecular cloud which appears to be compact (_< 40 pc) even when measured with a 13" beam. The 
detection of CO emission from additional positions in the HI disk, but outside the optical dimensions 
of IC 10, was first reported by Ohta et al. (1988). With the IRAM 20-m telescope we mapped a 
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GMC outside the optical radius, which coincides with one of the dense HI peaks reported by Shostak 
and Skillman. In this CO complex we found two giant molecular clouds with deconvolved linear 
FWHP sizes of 90x160 pc= and 100xlT0 pc=. As pointed out by Ohta et 81. there are no counterparts 
in the optical, infrared or radio continuum. The peak line temperatures are ~300 inK. Accounting 
for the different beam sizes, the T~(2-1)/T~(1-0) line temperature ratio is 0.8 for all CO clouds. We 
determined the tt= mass of the molecular clouds in IC 10 using the integrated 3=1-0 line intensity, 
I~o, and a "galactic" conversion factor N(H2)/Ico=4 102o a n  -2 (Kkms-1) -1 and compared these 
values to the virial H2 masses that we derived. For ICI0/SE we find that the virlal mass is equal 
to the mass derived from Ico and for the giant molecular douds outside the optical, disk the virial 
masses are larger only by a factor of two. This suggests that the conversion factor we used may 
be appropriate for IC 10. The N(H3)/Ico conversion factor depends on the metallicity and the 
physical conditions within the molecular clouds (see e.g. Maloney and Black 1988). Therefore the 
use of a "galactic" value can significantly underestimate the H2 mass of molecular clouds in low 
metallicity systems. The atomic hydrogen mass contorted in the GMC's is about 20 % that of 
the molecular mass. CO has been observed also at another peak position in the HI disk of IC 10, 
where no optical counterpart is known, but this CO map is not yet completed. Molecular clouds can 
be formed from diffuse interstellar clouds only when the interior of the cloud is shielded from the 
external UV radiation field. Franco and Cox (1986) find that the required critical HI column density 
is ~5 10 =~ (Z| a n  -a,  where Z is the metallicity (see also Rubio and Garay 1987). Adopting 
the metallicity values given by Lequeux et al. (1979), the critical column density for IC 10 is 
~1.8 10=lcm -=. The peak HI column densities in IC 10 are well above this value (see Shostak and 
Skillman 1988). The metallicity is usually determined by the means of optical spectrophotometry of 
bright HII regions. These are found only in the innermost parts of IC 10. A lower metal abundance 
in the outer regions could be inferred by the fact that the virial H3 masses are systematically larger 
than the H= masses derived via conventional N(H=)/Ico conversion factors. More CO observations 
are needed for a more reliable conclusion. 
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3 N G C  3 0 7 7  

NGC 3077, an I.rr II galaxy, is a member of the M81 group at a distance of 3.25 Mpc. It is embedded 
in a large dynamically complex cloud of neutral hydrogen (Appleton et al. 1981). The HI distribution 
near NGC 3077 shows two regions with enhanced emission: one at the nucleus with column densities 
up to 1.4 1021 cm -2 and the other approximately 4' SE of the nucleus with similarly high peak HI 
column densities (van der Hulst 1979). A prominent optical absorption region is located near the 
nucleus (Barbieri et al. 1974). Large quantities of dust are also suggested by the presence of an [RAS 
point source (LzR=5 10 s Le). The metallicity of the gas near the center is approximately solar and 
at least a factor of two higher than what is expected for such a low mass galaxy (Mr=3.3 10 g Me; 
Heckman 1980). We discovered and mapped a giant molecular cloud complex (GMC) in NGC 3077. 
The position of the GMC coincides with the HI peak and the dust cloud near the center. Observed 
peak line temperatures are ~200 mK. As for IC 10, the line temperature ratio T~(2-1)/T~(1-0) is 
0.8, a value that is higher than in nearby galactic dark clouds, indicating that a substantial fraction 
of the gas may be heated to Tk~n >10 K (see also Becket et al. 1989). The GMC has a deconvolved 
FWHP size of about 320 pc. Using the conversion factor N(H2)/Ivo=4 1020 cm -2 (Kkms-1) -1 
(this may be appropriate for an interstellar medium with approximately solar metallicity; see e.g. 
Maloney and Black 1988) we obtain Mg~=l.0 10 v M| Adopting R=160 pc and AV=30 kms -1 
the virial mass of the GMC is M~i,=3.0 10 T M o . The discrepancy between the virial mass and the 
mass derived from ]co suggests that there may be a great deal of substructure not resolved with an 
angular resolution of 13" (=205 pc at 3.25 Mpc). 

References 
Appleton,P.N., Davies, R.D., Stephenson,R.J.: 1981, Monthly Notices Roy. Astron. Soc., 

195,327 
Barbieri,C., Bertola,F.,di Tullio,G.: 1974, Aztron. Astrophys, 35,463 
Bccker,R., Schilke,P., Henkel,C.: 1989, Astron. Astrophys., in press 
de Vaucouleurs,G., Ables,tt.: 1965, Pub1. Astron. Soc. Pacific, 77, 272 
de Vaucouleurs,G., Freeman,K.C.: 1972, Vistas in Astronomy 14,163 
Franco,J., Cox,D.P.: 1986, Pub1. Astron. Soc. Pacitlc 98,1076 
Heckman,T.M.: 1980, A~tron. Astrophys. 87, 142 
Henkel,C., Wouterloot,J.G.A., Bally,J.: 1986, Astron. Astrophys., 155,193 
Huchtmeier,W.K.: 1979, Astron. Astrophys, 75,170 
Lcqueux,J., Peimbert,M., Rayo,J.F., Serrano,A., Torres-Peimbert,S.: 1979, 

Astron. Aztrophys.80,155 
Maloney, P., Black,J.H.: 1988, Astrophys. J. 325,389 
Ohta,K., Sasaki,M.,Saito,M.: 1988, Pub1. Astron. Soc. Japan, in press 
Rubio,M., Garay.: 1987, pre-publication, Departamento de Astronomia, Universidad de Chile 
Shostak,G.S., Skillman,E.D.: 1989, Astron. Astrophys., submitted 
Skillman,F,.D.: 1988, in The Interaction of Supernova Remnants with the Interstellar Medium, 

IAU Coll. 101,p465 
van der Hulst,J.M.: 1979, Astron. Astrophys, 75, 97 

278 



FINE STRUCTURE F.I.R. LINES: 

A TOOL TO INVESTIGATE THE CIRCUMSTELLAR ENVELOPE OF SOME YOUNG 

STARS. 

C.Ceccarelli I, G.Ingrosso 2 D Lorenzetti I, P.Saraceno 1 

F.Strafella 1,2 

i. Istituto di Fisica dello Spazio Interplanetario 

C.N.R. - Frascati (Italy) 

2. Dipartimento di Fisica Universita' di Lecce (Italy) 

Ae/Be Herbig stars are known to be pre-main sequence stars. 

Some of these show evidence of mass ejection whose associated 

phenomenology comprises: 

i) molecular outflows (CO mm lines) 

ii) optical outflows (HH objects, jets) 

iii) P Cyg profile ~stellar winds) 

These manifestations often coexist, suggesting the presence 

of correlated excitation mechanisms. Because the associated 

angular scales are very different (unresolved for stellar winds 

and several arcminutes for molecular outflows) it is worthwhile 

to identify suitable tools for investigating the possible 

continuity of the phenomenon at intermediate scales. 

On the basis of their spectral types these stars are 

expected to produc~ a small HII region and a relatively extended 

region where photons with energies lower than the Lyman limit 

still ionize atoms as C,S,Fe,Si etc. and maintain the oxygen 
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mostly atomic preventing the formation of molecules. This region 

could be traced by means of the fine structure emission lines of 

[OI] 63~m , 145~m and [CII] 158~m. Among the more abundant ions 

in this region it is expected that only these lines could be 

collisionally excited. We have estimated the extent of the CII 

and OI regions surrounding a Herbig star considering the 

photoionization and photodissociation processes balanced by 

recombination and molecular formation respectively. 

We assumed: 

- spherical symmetry 

- solar abundances 

- far UV field as described by the Planck function at the stellar 

effective temperature. 

- process rates given by Tielens and Hollenbach (1985). 

- far UV photons absorbed according to the relation 

Av=5.9 10-22NHI mag (Savage and Mathis, 1979). 

The extent of the CII and OI emitting regions is estimated 

according to the choice that the ratios CII/C and 0/02 are 0.3. 

The aim is to compensate for the overestimation due to the 

neglecting of chemical processes depleting C and O. 

The results are summarized in Table i. 

The flux densities requiring reasonable exposure times with 

the Long Wavelength Spectrometer (LWS) for the Infrared Space 

Observatory, are underlined. Taking into account the continuum 

IRAS observations of the Herbig stars, we obtain a line to 

continuum ratio in the limit of the read out accuracy of LWS. 
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MOD. T,(K) ~H(~! ~ N FLUX DENSITY IN LINE (W m -2) 
N. Sp [cm ) (~m -2) [CII]158~m [OI]63~m [OI]145~m 

1 1 1010 0 1 .0 (22)  2 . 8 ( - 2 4 )  1 . 7 ( - 2 1 )  1 . 5 ( - 2 2 )  
2 8100 1 5 .0 (22)  2 . 9 ( - 2 2 )  1 . 7 ( - 1 6 )  1 .5( ' -17)  
3 A5 1 i0 II 0 1.0(22) 2.2(-25) 4.0(-23) 3.6(-24) 
4 1 8 .3 (21)  2 . 4 ( - 2 5 )  1 . 6 ( - 2 2 )  1 . 4 ( - 2 3 )  

5 1 1010 0 1 .3 (22)  7 . 0 ( - 2 4 )  2 . 4 ( - 2 1 )  2 . 1 ( - 2 2 )  
6 9700 1 6 .8 (22)  6 . 0 ( - 2 2 )  7 . 6 ( - 1 7 )  6 . 7 ( - 1 8 )  
7 A0 1 I0 II 0 1.2(22) 4.6(-25) 6.6(-23) 5.7(-24) 
8 1 8.3(21) 5.3(-25) 1.7(-22) 1.5(-23) 

9 1 i0 I0 0 3.2(22) 9.2(-23) 7.0(-21) 6.1(-22) 
i0 13800 1 2.2(23) 6.2(-20) 7.3(-16) 6.4(-17) 
ii B5 1 i0 II 0 3.2(22) 4.0(-24) 1.9(-22) 1.7(-23) 
12 1 4 .0 (22 )  7 . 0 ( - 2 4 )  7 . 0 ( - 2 2 )  6 . 2 ( - 2 3 )  

13 1 i0 I0 0 5.0(23) 2.9(-20) 4.8(-19) 4.2(-20) 
14 30900 1 5.3(24) 1.3(-14) 7.6(-15) 6.7(-16) 
15 BO 1 I0 II 0 1.0(24) 1.4(-21) 2.1(-20) 1.8(-21) 
16 1 6.0(24) 1.1(-18) 2.1(-17) 1.8(-18) 

NH (cm-2) / ~V o (Kin/s) 9.27(21) 2.62(20) 9.28(20) 

Table 1 

Column: 

i) Model number 
2) effective temperature according to the given spectral type. 
3) density value at the stellar surface. 
4) according to the density law: 

n(r)= nH(R,)[(R,/r)~ ] the ~ value is given 
5) Hydrogen column density 
6,7,8) Flux densities for the considered lines at a gas tempe- 

rature of i000 K and at a distance of i000 pc. 

At the bottom the values of the H column densities required to 

the unit of optical depth in units of NH(Cm-2)/ ~VD(Km/s) obtain 

where Av D is the line width. 
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Molecu lar  Cloud E v o l u t i o n  and Star F o r m a t i o n  

J o s e p h  Silk 
Department of Astronomy, University of California, Berkeley, CA 94720 

Abstract 

The origin and growth of molecular clouds is described and mechanisms for molecular 
cloud support are reviewed. Cloud disruption is discussed with emphasis on star 
formation efficiency. Issues pertaining to massive star enhanced star formation are 
summarized, and a mechanism for bimodal star formation is presented. Applications 
axe made to the global star formation rate and to starburst galaxies. 

I. INTRODUCTION 

This conference has had as an important theme the role of small telescopes in millimetre- 
wave astronomy. I will in this review attempt to work with the theorist's analog of a 
small telescope, namely pen and paper, in order to give a broad review of molecular 
cloud evolution. Star formation issues are inseparable from molecular clouds, and some 
relevant aspects of star formation will also form a major part of this review. I will em- 
phasize physical evolution of clouds, and describe cloud growth, support and disruption. 
Subsequently, I will exaznine the efficiency of star formation, discuss the initial mass 
function, and evaluate the star formation rate. A global model for star formation leads 
to consideration of starbursts in disk galaxies. 

Molecular clouds with Av > 1 can be divided into dark, and usually cold, clouds, 
and massive clouds or cloud complexes, which in spiral arms are warmer and associated 
with H II regions and massive star formation. The clouds are generally gravitationally 
bound, although subcondensations (cores or clumps) are not necessarily self-gravitating, 
and have supersonic line widths. I begin with a description of the origin, longevity and 
fate of these clouds. 

2. Origin and Growth 

A cloud becomes predominantly molecular when the total gas density exceeds -~ 100 cm -~. 
The molecular gas is highly dissipative, and collisions between gas fragments lead to for- 
mation of small self-gravitating clouds. These clouds are likely to be below the critical 
mass Merit "* ~G I/2, where �9 is the magnetic flux, required for magnetostatic support 
against gravitational collapse. Support of subcritical mass clouds can be maintained for 
a time of order the ambipolar diffusion time-scale, which is of order 30 cloud initial free- 
fall times (Nakano 1985) or ,~ 3 x 10 T yr. If ensuing star formation involves low mass 
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stars, as argued below, cloud disruption is not likely to be catastrophic over a time-scale 
as long as a cloud-cloud collision time--scale, which for -,~ 7.5 molecular clouds kpc -1 
(averaging over the cloud mass spectrum) and velocity dispersion 6 km s - l  is ,,~ 108 yr. 
These clouds orbit the galaxy on ballistic trajectories, and grow as a consequence of 
cloud-cloud collisions and of orbit focussing by spiral density waves (Casoli and Combes 
1982; Kwan and Valdes 1987). Cloud growth is favored as cloud collisions are likely to be 
highly dissipative, the collision rate being enhanced by cloud self-gravity and by large-- 
scale density waves, whether in grand design or flocculent spirals. Numerical simulations 
show that giant molecular clouds or cloud complexes inevitably form along spiral arms 
in grand design spirals (Roberts and Stewart 1987). Typical masses are 105 - l0 s Mo, 
and densities are 100-300 cm -3, as observed in our galaxy. High resolution observations 
in 12CO of the spiral galaxy M51 lend considerable support to such a model, revealing 
the non-circular motions acquired by gas clouds from the density wave, the formation of 
giant cloud complexes in the dust arms, and the delayed, downstream formation of OB 
stars that demarcate the grand design spiral arms (Vogel et al. 1988). 

These massive clouds or cloud complexes certainly have mass > Merit, and the mag- 
netic field can no longer regulate their collapse to form stars. However, we know obser- 
vationally that these clouds, which contain the bulk of the molecular gas (Solomon and 
Rivolo 1987), are somehow supported against free-fall collapse in order to avoid an exces- 
sive rate of galactic star formation. Possible explanations are described in the following 
section, where I argue that energy input from forming stars provides the most plausible 
source of support, with ensuing disruption as massive stars form (cf. Oort 1954). 

3. Support 

For the cold dark clouds, with masses 103 - 104 MO, magnetic field support is indicated 
by the fact that measured field strengths are consistent with the cloud line widths being 
equal to the Alfvgn velocity (Myers and Goodman 1988). The statistical correlations 
between line width, density and clump scale can then be explained with an approximately 
constant magnetic field, B ~ 30 #G, if the clouds are assumed to be self-gravitatlng. 

Th.ere is an additional contribution, however, to cloud support. Once stars begin to 
form, high velocity outflows from pre-main-sequence stars inject considerable momentum 
into the clouds. This is graphically illustrated in observations of the dark cloud L43, 
which is being disrupted by a high velocity bipolar flow (Mathieu et aL 1988). A study 
of NH3 cores in cold clouds reveals that cores with embedded infrared objects tend to 
have broader lines on the average than the cores without such objects, these latter cores 
having near-thermal line widths (Myers 1983). Unfortunately, this does not constitute 
a good test of the role of outflows in cloud support, because the cold, dense ammonia 
cores rarely have very supersonic line widths and are also inferred to be in extremely 
early stages of low mass star formation. The ubiquity of optical jets, which are closely 
associated with high velocity molecular flows, suggests that with the presently available 
incomplete mapping of cold clouds, we may be missing many flows from low luminosity 
objects. 

If outflows rather than magnetic fields are the primary agent of cold cloud support, 
then the original correlation between line width and core scale needs an explanation. Of 
course, even if magnetic support prevails, there is no fundamental reason why B should 
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be approximately constant over a wide range of scales. The observational dispersion in B 
is so large that one cannot directly test this hypothesis. Alternative explanations, which 
have similar degrees of plausibility, are that either the ambient pressure is approximately 
constant or that there is a column density through a molecula~ cloud, amounting to 
Av ~ 10: these conditions actually axe a consequence of the observed correlations if the 
clouds are in virial equilibrium. Models have been developed which require clouds to exist 
on the threshold of photodissociation, thereby limiting the column density to a narrow 
range (McKee 1988), or in a state of marginal stability to gravitational collapse, subject 
to a universal ambient pressure of p /k  = 104 cm -3 K (Chieze 1987). Indeed, Elmegreen 
(1988) has combined the ambient pressure and internal magnetic support into a unified 
model of self-gravitating clouds, although attempts to apply this model to the LMC, 
where the scaling relations differ from those in galactic giant molecular clouds, have not 
had much success. 

The situation with regard to the generally more massive warmer clouds, includ- 
ing the giant molecular clouds, is less well understood. Here the linewidths are larger 
(2-5kms-a) ,  the massive clouds are mostly very distant, and their structure is more 
complex. The role of energy input from the associated OB associations and embedded 
massive stars is extremely uncertain. If the masses of these cloud complexes considerably 
exceeds Merit, as is suggested by the arguments of the previous section, then their line- 
widths cannot be attributed to internally generated Alfv~n waves. If the giant clouds 
were magnetically coupled to the surrounding medium (Falgarone and Puget 1986), one 
could sustain greater Alfv~n speeds, and perhaps explain the linewidths in this manner. 
Such a model might be appropriate if the clouds form by Parker instability, coagulating 
along field lines. However the correlation of the massive complexes with spiral struc- 
ture argues against any dominant role for such magnetic coupling in cloud formation or 
structure. 

What then supports the massive molecular clouds? One possibility is outflows from 
massive pre-main-sequence stars. Bally and Lada (1983) originally dismissed this pos- 
sibility in their survey of high velocity outflows within 1 kpc of the sun. However re- 
cent observations provide a strong incentive to reconsider the earlier conclusion as unbi- 
ased surveys reveal more and more flows (Fukui et al. 1986; Margulis and Lada 1986). 
Higher resolution studies indicate the flows are more extended than previously realized 
(Moriarty-Schieven and Snell 1988). Mapping of the Orion molecular complex has re- 
vealed a remarkable patchwork of filaments, sheets and bubbles that is qualitatively 
suggestive of a cloud dynamically dominated by relic outflows (Bally, these proceedings). 
The only quantitative statement that can be made at present, however, comes from the 
results of the first unbiased (and fully sampled) studies of molecular clouds. 

In the case of Mon OB1, Margulis et al. (1988) find between 5 and 9 flows with an 
aggregate momentum input of between 190 and 830 M| km s- l into  this molecular cloud 
of mass 3 x 104 M| The uncertainties enter because not all of the flows are unambiguous 
identifications of bipolar outflows and because of plausible corrections for inclination and 
flow lifetime that tend to increase the minimum estimates of momentum input. In order 
to assess the role of these flows in stirring up the Mon OB1 molecular cloud, one ma~; 
simply compare the momentum injected over the momentum-dissipation time-scale tdiss 
with that required for cloud support. Since there can be several generations of flows over 
this time-scale, which is at least the free-fall time ,~ 5 x 106 yr, the relevant quantity 
to evaluate is the implied star formation efficiency of the molecular cloud. Let there 
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be at any given time N flows each of average momentum {MflowVflow) and of average 
duration {t~o~). Then if the cloud has mass Mcloua and Iinewidth AV, the ctoud support 
hypothesis, assuming that momentum is conserved as the flows expand and dissipate, 
requires 

Ntto., (MitowVtiow)/tttow = Mcloud AV/tdiss. 

The star formation efficiency, or the mass fraction of stars formed over the cloud lifetime 
tclou d , is 

Nflow tcloud 
SFE = (M. ,  ~ Mc--~o~a ' 

where (M.) is the average mass of the forming stars that drive the flows. One infers that 

((M*)/0.5 M| km s - l )  (t~lo~3/tdi~) 
SFE = 0.03 ((MaowVttow)/50 M| km s - I )  

With a dissipation time-scale for the turbulence equal to the dynamical time, one obtains 
a cloud lifetime of ~ 1.5 x 107 yr with star formation efficiency of 3 percent, which is 
consistent with observations of massive clouds, although a somewhat longer lifetime for 
the cloud may be preferable. 

Alternatively, one can try to allow for undetected flows by utilizing the empiri- 
cad correlation between flow and luminosity L of the embedded young stellar objects 
(.YSO's) suspected of driving the flows. One may crudely fit the data on flows with 
M~owV~ow ~ 100fL/c, f = O(1). Since L ~ M3., this implies that the more luminous 
and massive YSO's play the most important role. One can integrate over the protostel- 
lax luminosity function to infer the net rate of momentum input and compare this with 
the cloud momentum observed, MAV. If this integration yields a mean YSO luminosity- 
to-mass ratio (L/M>, one obtains 

SFE = 
0002r,00 o .o ( 

100f(L/M} tdiss f \ ~ ,/ l k m s  - f  tdiss " 

This suggests that one could comfortably have 10 generations of flows with (L/M) = 
10 L o / M o  (corresponding to {M.) ~ 3 Mo) and support the cloud against collapse over 
its lifetime, ending up with a SFE of 2 percent. 

There are additional complications that should be considered before any firm con- 
clusion is reached. The flows may be deflected by inhomogeneities in the cloud or expand 
into lower density cavities, dumping their momentum into diffuse molecular gas and leav- 
ing the bulk of the dense molecular gas unaffected. Magnetic coupling should however 
play more of a role (although this is unlikely if Ivli~owV~ow e(L), and there may be more 
than one outflow episode during the lifetime of a pre-maln-sequence star. However, the 
conclusion that massive cloud linewidths axe largely due to outflows seems to be well 
within present uncertainties. 
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4. Disruption 

If outflows are responsible for injecting momentum into massive clouds, one consequence 
is likely to be disruption. Theoretical arguments (w suggest that stirring by massive 
stars is likely to enhance rather than reduce the rate of massive star formation. Observa- 
tionally, one finds that the number of H II regions increases proportionally with molecular 
cloud mass. 

Other forms of energy input into molecular clouds by massive stars include main 
sequence winds, ionization fronts and supernova explosions. These probably arise too late 
to have had a large impact on observed clouds, which are younger than the adjacent OB 
associations whose nuclear turn-off ages are ,~ 3 x 107 yr. However these processes must 
play important roles in the late stages of cloud disruption. For example, a molecular cloud 
of mass M produces -~ 5 (SFE/0.01)(M/105 M| Type II supernovae, but only at a rate 
of 10 -7 yr -1. Disruption by ionization is probably the most important of these effects. It 
is most efficient via the "champagne" effect, with cavities being progressively excavated 
in the low density regions of the molecular clouds. Analytic estimates (Whitworth 1979 
and Larson 1988) and simulations (Tenorio-Tagle et al. 1979) indicate that for a standard 
initial mass function, a SFE of about 5 percent is required for destruction of a molecular 
cloud. Allowance for clustering of the stars increases this by up to a factor of 2 (McKee 
1982). This is rather high, and it may be either that predominantly massive stars are 
formed once OB star formation is initiated, a possibility discussed in the next section, 
or that pre-main-sequence outflows provide a more efficient destruction mechanism. 

5. Efficiency 

A critical role in the preceding discussion of cloud support and disruption is played by 
the SFE. It is helpful to define this in two ways. The local SFE refers to any individual 
molecular cloud, and is the mass in stars and long-lived dense stellar remnants at the 
end of the cloud's lifetime, relative to the initial gas mass of the cloud. In terms of the 
instantaneous star formation rate (SFR) in the cloud, which of course includes the short 
lived massive stars as well as the long lived low mass stars, we have 

SFR 
S F E  = (1 - R)  Mc,o~d ~doud 

where ~'cloud denotes the cloud lifetime and Mcloud its mass. R is the mass fraction 
returned to the interstellar medium by massive stars and presumed to be retained in 
the cloud: for a solar neighborhood initial mass function, R = 0.4. To obtain the global 
SFE for the galactic disk, we replace rdoud by raynamic~, the time--scale appropriate for 
build-up of molecular clouds and also for triggering OB star formation; SFR now denotes 
the galactic star formation rate. 

The observed efficiency in molecular clouds where OB stars have formed is between 
1 and 3 percent. In cold cloud cores, it is higher, the most extreme nearby example being 
the p Oph core, where the SFE exceeds 20 percent (Lada and Wilking 1984). However, 
such SFE's are unrepresentative of larger-scale complexes: for example in Taurus-Auriga, 
the cold cores which have formed low mass stars with 5-10 percent efficiency only amount 
to a small fraction of the total gas mass. This indeed means that there must be several 
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generations of cold cores in a dark cloud complex of this size in order to end up with a 
low mass SFE of one percent.  One consequence is tha t  there should be a spread in the 
ages of low mass pre--main-sequence stars in associations, as a relic of such a history of 
early star formation. This age spread, which should amount  to > 10 T yr, may  manifest 
itself in the distr ibution of rotat ion velocities of T-Taur i  stars (Har tmann  e~ al. 1986), 
as well as in the occurrence of low mass stars above the main sequence in young s tar  
clusters (Stauffer e~ aL 1984; Stauffer and Har tmarm 1987). The  SFE is also inferred to 
be 20-40 percent in order  to form a bound star  cluster: again the presumption is that  
these axe relatively rare, with most  stars forming in expanding associations. 

The  global SFE for the galactic disk is, not surprisingly, similar to the local SFE. 
We estimate it by taking the galactic SFR to be (3 - 5) M@ yr -1 and the mass of atomic 
and molecular gas to be (4 - 6 )X 109 M| For a dynamical t ime appropr ia te  to 4 kpc 
galactocentric distance, where the bulk of the molecular gas is located, namely 6 x 107 yr, 
the global SFE -- 2 - 4 percent,  suggesting that  a mean cloud lifetime is --~ 4 • 107 yr, 
and hinting that  the SFE may be marginally higher in the inner galaxy than  in the solar 
neighborhood. 

I shall subsequently adopt  a mean galactic SFE of 3(+1) percent.  There  is an 
immediate  problem, recently quantified by Sandage (1986). The  gas will be exhausted in 
~'dyn/SFE or < 3 x 109 yr. In fact, this is the e-folding time for the gas mass to decrease 
in a closed system where the only gas sink is due to star formation with a s tandard  IMF 
(R = 0.4). The  gas amounts  to at least 10 percent  of the mass of the galactic disk, and so 
the age of the disk should be about  7.5 x 109 yr, an uncomfortably shor~ age. The  disk 
is generally believed to be between 10 and 12 billion years old, so that  one might be able 
to have enough gas survive if the SFE is 1 or even 1.5 percent. While this low a global 
SFE can probably not be excluded, there is a fur ther  argument which suggests a serious 
deficiency in the assumptions of the model. We would have to be living at a very special 
epoch in the universe if our  galaxy were just  on the verge of being exponentially depleted 
of gas. It would then be difficult to unders tand why most luminous disk galaxies in the 
field are gas-rich. The  implication is tha t  one of the simple model assumptions is wrong: 
either the galaxy is not  a closed system, so that  gas infall replenishes the gas surplus, or 
else the IMF is biased towards massive stars, so that  R ~-. 1. 

I will not consider possible gas infall here, because the evidence for infall in a suffi- 
cient amount  to alleviate the gas exhaust ion problem, ~ 3 M O yr -1,  is extremely uncer- 
tain. However the possibility tha t  the mean galactic value of R is very different from the 
value observed locally merits being taken seriously, particularly in View of the implica- 
tions for the rate of massive star formation. 

6. Mass ive  S t a r - E n h a n c e d  Star Format ion  

In the inner spiral arms of our galaxy, where the bulk of galactic star format ion is occur- 
ring, we directly observe only massive star formatign. If the IMF were deficient in iow 
mass stars, we would not  detect such a shortfall. To increase R significantly, to say 0.9, 
one has to t runcate  the IMF below (2 - 4) Mo.  Most of our information about  the IMF 
is based on measurements  in the solar neighborhood, where we observe only the current  
rate of massive star formation as well as the t ime-integrated product ion of low mass 
stars. The  massive SFR could have been much higher during the first several 10 9 yr  of 
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the galactic disk. Even with regard to observations of nearby molecular clouds, we know 
that there are regions of exclusively low mass star formation, such as Taurus-Auriga, 
and regions where both massive and low mass stars are forming contemporaneously, as 
in Orion. Such questions as whether massive star formation is an inevitable consequence 
of low mass star formation in a given cloud, and whether massive stars can form with- 
out accompanying low mass star formation, have not yet been answered from studies of 
galactic molecular clouds and stellar associations. 

It has been proposed that exclusively massive star formation is occurring in the inner 
spiral arms of our galaxy (GListen and Mezger 1983). This result is motivated by the 
radial distribution of molecular gas and of massive star formation. However the inference 
that low mass star formation is suppressed in the spiral arms is indirect, and dependent 
on the slope and upper mass adopted for the IMF. Scalo (1987) argues that there is 
little necessity to invoke ~patially bimodal star formation to account for the observations 
of galactic star formation, and the indirect consequences of a contemporaneous bimodal 
model, including radial abundance gradients and lowered gas consumption rate, are not 
unique to this model. 

Larson (1986) argues that star formation is femporally as well as spatially bimodal, 
with the massive star forming mode dominating in the first 2 billion years or so of the 
galactic disk. This provides a solution to the G dwarf problem (the solar neighborhood 
naturally being deficient in metal-poor stars), and allows a high star formation rate in 
the inner galaxy while being consistent with the mass inferred from the galactic rotation 
curve. It is not unique, of course: for example, the star formation rate could be oscil- 
latory, as in a bursting model. There are several potential problems with this model, 
including the possible overproduction of white dwarfs and of heavy elements. However, 
parameters can be adjusted (white dwarf cooling times, upper mass cut-off in the IMF 
at -,, 20 M| instead of 100 Mo in the massive star mode) to make the model acceptable. 
The bimodal model does account for the history of iron production in the disk, for the 
variation in mass-to-light ratio between spirals and luminous ellipticals, and for the 
large dispersion in radio galaxy colors at modest redshift (Wyse and Silk 1987), which 
otherwise suggests that intense star formation has occurred uncomfortably recently in 
many giant ellipticals if the IMF is unchanging in time and if the remote radio galaxies 
are the counterparts of the nearby ellipticals. 

There is evidence in starburst galaxies that the IMF is truncated at low masses. A 
starburst may be defined as a greatly elevated ratio of star formation rate to gas mass 
in the star-forming region. One could achieve a starburst by enhancing the SFE by an 
order of magnitude or more above the galactic value of -,, 3 percent. It seems difficult 
to achieve a SFE of more than about 10 percent, however, when massive stars form, 
because of the disruption of molecular gas clouds by the ionizing photons from OB stars, 
as well as energy input from winds and supernova explosions. Formation of exclusively 
massive stars should not lower the global SFE very much, because there is now time for 
several generations of massive star formation over the local dynamical time--scale. The 
gas is still used up, in forming remnants of massive stars, over the duration of the burst. 
Nevertheless, the effect of a high returned fraction (R --- 0.9, say) allows a substantially 
higher SFR (itself proportional to (1 - R) -1. 

Evidence for a truncated IMF has been found for the well-studied case of M82, 
where the inner 600pc has been undergoing a starburst over the past 3 x 10 v yr, and in 
a variety of other galaxies, including NGC 253, Mk 171, IC 2153, I Zw 36, ESO 338-IG04, 
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NGC 6240, and Arp220, as reviewed by Scalo (1987). The SFE, defined in terms of the 
observed SFR, is, when corrected for the large returned fraction, not greatly different 
from the galactic value. The high SFR per unit gas mass means, however, that even 
with R ~ 0.1, the gas is exhausted within 109 yr or less, so that this high SFR can.not 
be sustained continuously. To enhance the SFR, in addition to increasing R, one also 
has to increase the amount and rate of supply of gas. A simple model for starbursts 
will be presented below: first, however, I address the issue of a physical mechanism for 
truncation of the IMF at the low mass end, thereby allowing bimodal star formation. 

7.  M e c h a n i s m s  f o r  B i m o d a l  S t a r  F o r m a t i o n  

The relevant issue for bimodal star formation is how the minimum stellar mass in a 
star-forming region is determined. One approach has appealed to consideration of grav- 
itational instability, utihzing an estimate of the Jeans mass. The opacity-limited Jeans 
mass reaches a minimum value of ,-~ 0.01 Mo in hierarchical fragmentation during quasi- 
spherically symmetric dynamical collapse, but the relevance of this to realistic fragmen- 
tation is unclear, numerical simulations lacking sufficient dynamical range to provide a 
satisfactory test. An alternative approach attempts to apply linearized gravitational in- 
stability calculations to molecular clouds in order to estimate clump masses. The most 
rapidly growing scale is again, to within numerical factors,the Jeans mass and is propor- 
tional to T2P -1/2, but now applies to a variety of geometries (sheets, filaments) and to 
non-thermal support (turbulence, magnetic fields), provided that T is suitably general- 
ized (using AV or VA) (Larson 1985). Non-linear collapse is initiated, subject to a given 
external pressure, at a similar scale. What is not clear, however, is the relation between 
the final stellar mass and molecular cloud parameters. Angular momentum is evidently 
a limiting factor, as is the coupling with the magnetic field which transfers angular mo- 
mentum from the core to the cloud envelope. This certainly sets the scale of the dense 
clump from which a protostar forms, but the ultimate determinant of protostar mass 
is fikely to involve the interaction of the protostellar wind with the accreting envelope. 
Indeed, the dense cores in which low mass stars form are directly observed in some cases 
to be dispersed by outflows (Mathieu et al. 1987; Myers et al. 1988). 

An estimate of the typical stellar mass cart be made from the following argument. A 
collapsing cloud tends to non-homologously develop a quasi-isothermal core. The accre- 
tion rate M ,,, (ZXV)3/G in such a cloud core with velocity dispersion ZXV regulates the 
growth of the protostellar core and the protostellar luminosity (Shu 1977). Interpretation 
of the clustering of T-Tauri stars near a "birth-line" in the H-R diagram for a suitable 
choice of M lends support to a simple model according to which deuterium burning is 
identified with triggering the convective phase that heralds the optically visible emer- 
gence of protostars (Stabler 1988). To incorporate magnetic field-limited collapse, one 
can naively replace AV by the AlfvSn velocity. Rotation is assumed to not be a limiting 
factor in modulating the accretion rate via disk formation: the empirical birth-line may 
justify this assumption. To determine the stellar mass, one has to specify a duration for 
the accretion phase. The mechanism for initiating a protostellar wind is poorly known: 
speculations span the range from initiation of convection at the onset of deuterium burn- 
ing coupling with the excess angular momentum of the differentially rotating core to 
drive a dynamo which in turn powers a wind (Shu and Terebey 1984) to magnetically 
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(Uchido and Shibata 1984) or centrifugally (Pudri tz  and Norman 1986) driven outflows 
associated with disk formation. Common to all mechanisms, however, is the requirement 
for a central core to have formed. 

The t ime-scale for core formation is the Kelvin-Helmholtz contraction time, and 
this must give a rough est imate of the time elapsed before the protostellar outflow phase 
gets underway. Thus  I est imate a typical protosteUar mass to be very approximately  
given by M. ~ 1VI tKn. To evaluate this expression, I take tKH = GM2./R.L, with 

L = 647r M. aT4, d l n T .  
3 ~p.  d l n p , ,  

where ~ is the Rosseland mean opacity, T .  is the core tempera ture  at the onset of the 
outflow phase, which is plausibly identified with the D ignition tempera ture  (-~ 10 s~ K) 
for M. < 2 M| R ,  is the effective radius, and p.  the interior pressure. For a polytropic 
model with index 3/2,  appropriate  to a convective protostar ,  one has p = cpGM2/R 4, 
p = cpM/R 3, T = c- rGMm/kR,  with cp = 0.77, cp = 1.43, CT = 0.54 and mean molecular 
weight m = 0.62mH. Taking ~ = ~opT-7/2 cm2g -1 with ~o = 1.5 x 1024, one obtains 

M.  = 4 . 1 ( A V / k m s - 1 ) 3 / 5 ( T . / 1 0 '  K) 1/'~ M e .  

For cold cores in dark clouds, AV ~ 0 .1kms  -1 and M. ,~ 1 MO, while in massive 
molecular clouds with AV ~ 3 - 5 km s -1,  M. ~ 8 - 10 M e .  This critical mass moti- 
vates the rationale for bimodal star formation (cf. also Palla 1988). Dimensionally 
(if not conceptually) equivalent derivations of a critical protostar  mass tha t  distinguish 
massive cores dominated  by gravitational free-fall from low mass cores undergoing quasi-  
hydrostat ic contract ion can be traced back to a pioneering paper  by Gaustad (1963). 

8. Global Star Formation and Starbursts 

A simple model for the global star formation rate is given by 

SFE M , ~  (1) 
SFR = I~ rdyn 

The motiwtion for this comes from consideration of non-axisymmetric perturbations of 
a disk, necessary to drive angular momentum transfer involved in radial gas flows and 
responsible for spiral density wave propagation. A marginally unstable disk is heated by 
gravitational instabilities and cools by gas dissipation and star formation, maintaining 
Q = t~a/IrGlz ~ 1 where a is the disk velocity dispersion and t~ is the epicyclic frequency. 
The instability growth rate is ~Q-I -I rdy n. One can apply (1) to grand design spirals by 

replacing r~ by ~2(r) - 12p, where ~2p is the pattern frequency, or to flocculent spirals 
by setting ~ = 0. A similar formula, with SFR --*/~H2 and Ms~ --* PHI, describes the 
agglomeration of molecular cloud complexes, and successfully accounts for the radial H2 
distributions observed in nearby spiral galaxies (Wyse 1986). Global successes of the 
model for the SFR include production of metallicity gradients in disks, the increase of 
~2 ( ~ r -I) in the inner regions enhancing star formation and metal production, and 
chemical evolution with disk age, the enhanced early rate of star formation being a 
simple consequence of the proportionality of SFR to gas surface density (Wyse and Silk 
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1987). Bimodal star formation with R ,~ 0.9 during the first 2-3 billion years provides 
an explanation of the paucity of metal-poor dwarfs, and allows an ample gas supply to 
survive to the present epoch, especially if it prevails today in the inner spiral arms. 

To obtain a starburst, inspection of equation (1) suggests that there are essentially 
three limiting factors. One can increase R to ~ 0.9, or alternatively, increase the SFE 
by an order of magnitude. A massive star-dominated IMF must necessarily form stars 
at low SFE because of the energy feedback produced by the ionizing photons, winds and 
supernova explosions. In rare regions (cold clouds, formation of bound clusters) where 
incidentally R ~ 0.4, the SFE is known to exceed 20--40 percent, and this could be the 
situation in starbursts. The young globular clusters in the LMC may be examples of such 
activity. One additional uncertainty which would allow higher SFE in a bimodal model 
is that the IMF might also be truncated at the upper end: with considerable uncertainty 
this has been inferred for the starburst galaxies M82 and NGC 253 at ,-- 20 M| (Rieke 
1988), and in the M83 spiral arms at -,- 10 - 15 M o (Jensen et al. 1981). Interestingly, 
the bimodal hypothesis requires an upper mass cut-off in this range in order to avoid 
excessive metal production. 

The remaining factors that limit the SFR are the gas surface density and the dynam- 
ical time-scale. In a gas-rich disk, #g~, can be increased by an order of magnitude relative 
to its value in our galaxy before it dominates the local gravity. In the inner regions of 
a disk, the dynamical time is an order of magnitude shorter at, say, 1 kpc galactocentric 
radius, and the surface density is enhanced by an additional order of magnitude. This 
suggests that one would expect to find a starburst occurring within the inner kpc, and 
to be triggered by a high gas surface density. The extreme starburst galaxy Arp 220 is 
a good example: the SFR is about 200 M| yr -x for stars above 2 M| within the central 
kpc, where #g~ -,~ 7000 M O pc -2 (Scoville 1988). 

A more useful comparison involves the ratio LIrt/LB, which measures the rate of 
current star formation to the past average SFR over ,~ 3 x 109 yr. This ratio is enhanced 
by a factor < 3 in starbursts associated with central bars, by 10-30 in tidally inter- 
acting systems, and by ,-, 100 in systems that are undergoing mergers or contain AGN 
(Soifer et al. 1987). One understands this circumstantial evidence as follows: mergers 
and tidal interaction are driving radial gas flows, the mergers resupplying the gas, and 
swing amplification of non-axisymmetric gravitational instabilities (Toomre 1981) trig- 
gers the central starburst. Bars are presumed to represent the late phase of a merger, 
and the non-circular motions drive gas flows that help transfer angular momentum out- 
ward and drive gas into the central region (Combes 1988). One inference from numerical 
simulations is that once sufficient gas inflow occurs that gas self-gravity is important, the 
gas coagulation processes are greatly enhanced. Studies of molecular emission from M82 
have shown that the pressure of the molecular gas is elevated by up to two orders-of- 
magnitude relative to that in galactic giant molecular clouds. Since for self-gravitating 
clouds, p ,,, G/~ 2, this implies that #gas is enhanced, thereby providing one of the nec- 
essary ingredients for the observed starburst. Of course, not all starbursts are nuclear, 
nor are all closely interacting galaxies undergoing starbursts. Nor is the role of the AGN 
clear: in extreme starbursts, as much as 50 percent of the infrared luminosity is at- 
tributed to the AGN. It is not known whether the AGN drives the starburst or whether 
the gas flow fuels both the starburst and the AGN. 
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9. S u m m a r y  

Dynamical  evolution of molecular clouds is governed by density-wave s t imulated growth. 
Cloud support  and disruption are plausibly governed by outflows. Magnetic support  
plays an impor tan t  role for the less massive clouds, and a major  contr ibutor  to giant 
cloud disruption is the ionizing photon output  from massive stars. The  star  formation 
efficiency is about  3 percent,  averaged either over the lifetime of a massive cloud or 
over a dynamical  time-scale. Allowance for the gas fraction re turned by massive stars 
means that  even in extreme starbursts,  the SFE need not greatly exceed the galactic 
value. In these galaxies, there are persuasive, if not conclusive, arguments  tha t  the IMF 
is t runcated below several M| leading to a returned fraction as high as 90 percent.  
Bimodal star formation may have occurred in our own galaxy over the first 2-3 billion 
years, based on circumstantial  arguments pertaining to chemical evolution. While the 
case for ongoing bimodal  star formation in regions of vigorous star format ion activity 
is weaker, one can still argue that  predominantly low mass stars form in dark clouds 
while massive stars, possibly accompanied by low mass stars, form in massive molecular 
clouds. It would be of considerable interest to ascertain whether low mass star formation 
inevitably accompanies massive star formation to the extent inferred from the local IMF: 
the inference from starbursts  is that  it need not. Starbursts may be described by a simple 
model which allows either the SFE or the returned fraction, the gas surface density, and 
the rate of gas supply to increase. Plausible enhancements by an order of magni tude in 
each factor suggest that  the most extreme starbursts undergone by a massive galactic 
disk should result in a SFR of order 103 M O yr -1. Such starbursts  could be sustained for 
up to SFE -1 dynamical  times, or l0 s yr  for a nuclear starburst ,  before the gas supply is 
depleted. This suffices to make a substantial  fraction of a galactic mass. 
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ABSTRACT 

Magnetic fields cause relatively violent behavior in diverse astrophysical systems. Yet they 
also mitigate would-be violent behavior. Although they destabilize the interstellar medium on 
scales ~ 1 kpc and lead to the formation of clouds, they also provide effective support against 
the self-gravity of interstellar clouds. On the one hand they allow gravitational contraction of 
clouds and star formation to take place by redistributing angular momentum (magnetic braking). 
Yet, on the other hand, they transform the would-be violent gravitational collapse of interstellar 
clouds to an almost quasistatic, but still rapid, contraction of their cores which often endures to 
densities > 10 s cm-~; this is achieved by a well controlled redistribution of mass in the central 
flux tubes of clouds (ambipolar diffusion). We show that magnetic fields also unavoidably 
introduce a natural length scale in cloud interiors. The typical mass inside this length scale is 
~ 1 M o which, deprived of effective magnetic support due to ambipolar diffusion, contracts 
relatively rapidly, while the surrounding envelope is much better supported by magnetic forces. 
Hence, magnetic fields may also play a crucial role in the determination o f  the initial (stellar) 
mass function as they tend to inhibit accretion of the envelope onto a protostellar core. These 
quantitative results and the star formation scenario that they suggest are qualitatively different 
from current ideas concerning star formation in nonmagnetic clouds or in cores which have lost 
their magnetic support. The latter ideas postulate the absence of any characteristic length (or 
protostellar mass); we prove its existence and calculate its precise magnitude. 

A new analytical determination of the ambipolar diffusion time scale, including the effect 
of thermal pressure, is given for both quasistatic and dynamical contraction of cloud cores, and 
the expected reduction of the flux-to-mass ratio is re-examined in light of these results. 

I. I N T R O D U C T I O N  

a) The Wide Front of  Contact  Between Theory  and Observat ions  

Observations of  interstellar magnetic fields have been reviewed recently and have been 
compared with theoretical predictions (Heiles 1987; Mouschovias 1981, 1987a). Remarkable 
agreement is found between .theory and observations concerning (1) the alignment of cloud 
complexes, OB associations, and giant H II regions like "beads on a string" separated by regular 
intervals ~ 1 kpc along spiral arms; (2) the enhancement of synchrotron radiation in spiral arms 
relative to the interarm region; (3) the relatively small variation of the intensity of synchrotron 
radiation along a spiral arm; (4) the relation between the magnetic field strength (B) and the gas 
density (p) in self-gravitating clouds; (5) the rate of rotation of H I and molecular clouds as 
well as that of their dense cores; (6) the support of extended cloud envelopes against self- 
gravity; (7) the retrograde rotation of some fragments in molecular clouds; (8) angular velocities 
of some dense fragments near or even above breakup; (9) the variation of the width of spectral 
lines with size of the observed object; (I0) the narrowing and eventual thermalization of the 
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widths of molecular lines sampling regions of progressively larger density in one and the same 
cloud; (I1) the existence of a single maximum in the period distribution of binary stars (as 
opposed to two peaks corresponding to short period spectroscopic binaries and wide visual 
pairs); (12) the rotational velocities of spectral type O5 - F5 main-sequence stars; and (13) the 
ease with which binary (and multiple) star systems can form, as opposed to single stars. The 
observational confirmation of so many theoretical predictions and the theoretical explanation of 
numerous previously unexplained observations coupled to the absence of a single contradiction 
between theory and observations leave little doubt that magnetic fields play a crucial role in 
star formation. 

�9 ,We summarize first in w II the key elements of the scenario for star formation in magnetic 
clouds presented recently (Mouschovias 1987a), which accounts for the results of the most 
recent calculations and observations and which thus represents a refinement of the original 
scenario proposed a decade ago (Mouschovias 1977, 1978). New quantitative results are 
presented which necessitate significant qualitative changes in current ideas concerning star 
formation in molecular clouds and, more specifically, in the notion that stellar masses are 
determined by the stars themselves via the onset of energetic stellar winds that reverse the infall 
of the envelopes. Then in w III we concentrate on the role of ambipolar diffusion in star 
formation. We obtain new expressions for the ambipolar diffusion time scale in cloud cores for 
both quasistatic and dynamical contraction and use them to study the reduction of the flux-to- 
mass ratio by ambipolar diffusion. 

Since a new, potentially significant measurement of the magnetic field strength in the 
molecular cloud Barnard 1 has been presented at this meeting (Goodman et al. 1988), we first 
compare this observation with theoretical predictions. Since, also, the role of magnetic fields in 
explaining quantitatively the supersonic widths of molecular lines has not been widely accepted 
yet, we summarize the theory and the observational evidence immediately below. 

b) Theoretical Predictions and Recent  Observations 

The OH Zeeman observation presented by Goodman et al. has detected a magnetic field 
strength of 27 _+ 4 #Gauss in Barnard 1, where the number density is estimated to be n "-- 103 
cm -3. In order to compare with theory, we use Mouschovias' (1976b) relation (which is a simple 
approximation but an approximation nevertheless to the exact result) between the field strength 
and the gas density in the cores of self-gravitating clouds with frozen-in fields, namely, 

8 0  = /7ooj ' = ~ . '  
(la) 

where the quantity Po is the gas density at which gravitational forces become comparable to 
magnetic forces and significant contraction perpendicular to field lines begins. Converted to a 
number density of protons (no) , it is approximately given by 

n o ~ I37 (Ib) 

where Bo, which is expected to be only slightly larger than its galactic value = 3 #Gauss, is 
measured in microgauss and the cloud's mass M in solar masses (see brief review by 
Mouschovias 1985). Equation (Ib) yields a density range n o -'- 1 - 320 cm -3 for B o = 3 #Gauss 
and for M in the corresponding range 5 x 105 - 5 M o. The slope ~ is essentially zero below 
the density n o and becomes equal to 1/2 above no; the value x = 1/2 corresponds to 
establishment of force balance along field lines, with gravitational contraction taking place only 
as rapidly as magnetic forces (perpendicular to the field lines) may allow. (For the spatial 
variation of ~ within a cloud and its physical explanation, see Mouschovias 1978, w IIIa2.) 
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Using a mass of -~ 103 M o for the (whole) cloud observed by Goodman et al., equation 
(lb) yields n o -- 22.5 cm -3, and equation (la) predicts a field strength B e = 28.3 #Gauss. This is 
in excellent agreement with the measured value of 27 • 4 /~Gauss. This comparison, however, 
assumes that the full strength of the field is measured by the Zeeman observation. If, instead, 
there is a comparable component of the field perpendicular to the line of sight, then the 
excellent agreement between the predicted and measured field strength can be maintained only 
if either B o is somewhat larger than 3/~Gauss or the mass of the whole cloud is larger than the 
estimated M --, I0 a M| or both B 0 > 3 #Gauss and M > 10 a M| 

In order to understand how the above theoretical result has unique implications on 
molecular line widths and their often observed virialization in magnetically supported clouds, 
we combine equations (la) and (lb) and the definition of the Alfv6n speed [v A - B/(4rp)l/2] to 
find that 

= 1.7 [ B~ M ]1/4 
VA 3 /~G 104 M O 

km s -1, (2a) 

where, as above, B o is the field strength at the stage at which the gravitational energy of the 
cloud became comparable to its magnetic energy, and M is the total mass of the cloud. (Note 
that B o is not independent of M; the two quantities are related through equation [lb]. Note also 
that v A is remarkably insensitive to the values of physical quantities characterizing a cloud up 
to the stage at which rapid ambipolar diffusion sets in; recall that equation [lal is valid only 
under flux freezing or very slow ambipolar diffusion.) Since the field B o is certainly expected 
to be at least as large as the background field (i.e., B o > 3 /zG) and since the total mass of a 
molecular cloud is seldom less than 103 M o, it follows that the Alfv6n speed is greater than or 
equal to the speeds implied by observed line widths after subtraction, wherever appropriate, of 
the contribution of systematic motions, such as rotation and outflow or inflow. It is always the 
case (for magnetically supported, self-gravitating clouds) that the value of v A given by equation 
(2a) is consistent with 

[ . ~ ) 1 / 2  1rGoR)I/2 v ~- - -  ~ ( ~ v (2b) 
A ff ' 

where a = M/rR  z is the column (or, surface) density, and vff is the free-fall speed. It is clear 
from equation (2b) that virialized line widths are naturally expected in such clouds. In other 
words, the motions responsible for the "unusually large" line widths are most likely long- 
wavelength hydromagnetic waves, which resemble large-scale oscillations (translational or 
rotational) within a cloud (Mouschovias 1975b) and which damp essentially on the ambipolar 
diffusion time scale. The trapping and damping of these disturbances within fragments (or 
cores) and in the envelopes of molecular clouds have important observational consequences, 
aside from causing the observed spectral line widths, some of which were summarized in 
Mouschovias 1987a (w 2.2.3) and 1987b. 

The so-called "turbulence law" (Larson 1981; Myers 1985), namely, that the velocity 
dispersion Av (as reflected by line widths) in a few tens of clouds varies as Av o~ R1/2, is thus 
seen from equation (2b) to have nothing to do with turbulence. It is a natural consequence of 
magnetic support of clouds having comparable surface densities or. Also, the issue emphasized 
by Myers (1985, p.95) as an unexplained consequence of the so-called "condensation law" pR ~- 
const of Larson (1981), namely, that cloud surface densities seem to vary by less than a factor ~ 
10, finds a natural explanation in this picture. Simply, self-gravitating clouds are expected to 
have surface densities comparable to ecru, given by equation (3b), which depends only on the 
mean field strength (6), which in turn is not expected to vary much from place to place in the 
interstellar medium under conditions suitable for the formation of self-gravitating clouds. It 
follows, therefore, that a (= 4pR/3) = const, but only to the extent that (B) -,' const for 
different self-gravitating clouds. 
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II. S U M M A R Y  OF THE SCENARIO FOR STAR F O R M A T I O N  

The schematic diagram on the following page summarizes the key elements of the scenario 
for star formation recently described elsewhere in detail (see Mouschovias 1987a). A dashed line 
in the diagram signifies a possible but unlikely evolutionary path. Collapse means indefinite 
contraction, but not necessarily free fall. 

Cloud Formation and Ear ly  Evolut ion.  The most likely mechanism responsible for the 
formation of interstellar clouds and cloud complexes is the Parker (1966) instability triggered in 
the galactic disk by spiral density waves or by any other large-scale disturbance (Mouschovias 
1974, 1975a; Mouschovias, Shu, and Woodward 1974; Shu 1974; Blitz and Shu 1980). The 
thermal instability (Field 1965) and the Jeans instability (Jeans 1928) cannot be responsible for 
the formation of  typical clouds (see detailed discussion in the review by Mouschovias 1981, 
w 4). Regardless of  the nature of this mechanism, its significance stems mainly from the fact 
that the mechanism determines the distribution of forces (such as gravitational, magnetic, 
thermal, and centrifugal) within a cloud. Soon after a cloud's formation, thermal-pressure and 
centrifugal forces lose memory of initial conditions. The temperature of an H I cloud is 
determined by the cloud's environment (heat input by ionizing cosmic rays and X-rays) and by 
its local density and composition (heat losses through collisional excitation of elements such as 
C II, and heat input through photoelectric emission from grains). Also, H I clouds are predicted 
to be in nearly synchronous galactocentric orbits (fl ~ 10 -xs rad s -x) (see Mouschovias 1977). 
The differential mass-to-flux ratio [dm(~)/d~)] determines the relative magnitude of 
gravitational and magnetic forces, and affects crucially the subsequent evolution of a cloud. One 
can obtain reasonable theoretical estimates for this function, but no observational determination 
exists as yet. Observations such as those by Bregman et al. (1983) and by Schwarz et al. (1986) 
should be pursued most vigorously if  this important quantity is to cease to be treated as a free 
parameter by theoretical calculations. 

For a cloud to collapse, its mass-to-flux ratio must exceed a critical value given by (see 
Mouschovias and Spitzer 1976) 1 

f ,  l"' Meat 0.53 1/2 0.126 OB -~ OB �9 (3a) 
= 3 r  OB = G1/2 [6--~J 

This is also equivalently written in terms of a critical mean column density of matter, 
commonly referred to as surface density, as 

[ ] ]1/2 <B> (3b) 
(a)erit = [6--3-GJ (B) = 2.4 x 10 -2 50 #G g cm-2' 

where, with R being the cloud radius, a - M/TrR 2. Other forms of this equation, for example, 
in terms of a critical visual extinction, are given in Mouschovias (1987a). It follows from 
equation (3b) that clouds, as opposed to cores, with supercritical masses should be very rare. 

A cloud which has not contracted sufficiently to become self-gravitating could either 
disperse once the cause of  its formation is removed or exist in pressure equilibrium with the 
intercloud medium. In the latter case, it will await an external disturbance (such as a supernova 
shock wave or an ionization front) to either disperse or implode it - - o r  implode part of it and 
disperse the rest. Theoretical considerations, as seen above, and the observational fact that 
velocity fields characteristic of gravitational collapse are not observed suggest that very few, if  

Xln order for a cloud to collapse, the external pressure must also exceed a critical value 
given by Peat = 1.89 C~G-3M -z [1 - (Mcnt/M)Z] -3, where M _> Merit, C - (kT/#mH) 1/2 is 
the isothermal speed of sound in the gas, k the Boltzmann constant, and # the mean mass 
per particle in units of the atomic hydrogen mass m H. 
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A SCENARIO FOR STAR FORMATION IN MAGNETIC CLOUDS 
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any, clouds acquire a supercritical mass-to-flux ratio from the outset and begin to collapse as a 
whole. Instead, clouds reach first a relatively quiescent state (near hydrostatic equilibrium with 
magnetic and thermal-pressure forces balancing gravity), with possible leftover stable 
oscillations about the equilibrium state. Centrifugal forces remain small at this stage due to 
magnetic braking, which operates over a time scale strictly smaller than (see review by 
Mouschovias 1987b) 

Pcl Z 
= , ( 4 )  

rll Pext VA,ext 

where Pel, R, and Z, are the density, equatorial and polar radius, respectively, of a cloud (or 
fragment) rotating about its (z-) axis of symmetry which is aligned with the magnetic field. 
The matter density and Alfv6n speed in the external medium (or envelope) are denoted by Pext 
and VA,ext, respectively. Since the magnetic braking time scale for a perpendicular rotator has 
been found to be rj. << r u (see Mouschovias and Paleologou 1979; or summary in Mouschovias 
1987b, w 2.3.2), most clouds and fragments tend to become aligned rotators in time. 

Molecules form over time scales shorter than evolutionary time scales once the density 
becomes sufficiently large. Collapse may receive a boost or even be initiated by the decrease in 
sound speed due to the larger molecular weight and the possible decrease in temperature that 
may accompany the formation of molecules. The electrical conductivity is so large that the 
magnetic field remains frozen in the matter (Spitzer 1962) and lengthens the collapse time scale 
(even after the onset of ambipolar diffusion in the core; see below) by at least one order of 
magnitude compared to the characteristic free-fall  time (Mouschovias 1983; Mouschovias, 
Paleologou, and Fiedler 1985). 

Onset,  Essence, and Consequences of  A m b i p o l a r  Diffusion.  Ambipolar diffusion is 
unavoidable in the core of a self-gravitating, magnetically supported cloud. The essence of 
ambipolar diffusion is to permit self-gravity to redistribute mass in the central flux tubes of a 
cloud and thereby induce fragmentation (Mouschovias 1977, 1978, 1979; see also discussion 
associated with eq. [6] below), recently being referred to as core formation (Paleologou and 
Mouschovias 1983; Shu 1983; Scott 1984; Mouschovias, Peleologou, and Fiedler 1985; Myers and 
Goodman 1988), followed eventually by gravitational collapse of dense cores that have exceeded 
the critical mass-to-flux ratio specified by equation (3) above. I f  ambipolar diffusion in cloud 
cores can prevent the magnetic field strength from increasing much above a few x 102 pGauss 
up to densities 10 lo-xl cm -3, then the bulk of the (or even the entire) magnetic flux problem of 
star formation will be resolved. This is so because the ratio of the flux of a protostellar 
fragment and the flux of a magnetic star (of the same mass) is 

�9 . ,~8.R.----5 = 5 7 .  lpr, j ' 

[Bfr/(10"4 G)]  f l011._cm-3] 2/3 

": "~  J 

(5a) 

(5b) 

where we have taken p. - 1 g cm -~ as a representative mean stellar density. The distinction 
between the onset o f  rapid ambipolar diffusion and the actual resolution of  the magnetic f lux 
problem is of  the essence. Approximate analytical calculations (Mouschovias 1977, 1978, 1979) 
as well as one-dimensional collapse calculations (Paleologou and Mouschovias 1983; Mouscho- 
vias, Paleologou, and Fiedler 1985) have demonstrated that rapid ambipolar diffusion can 
indeed set in by the stage n n - 10 e c m  -3 in cloud cores, and can have very important effects 
on the core's evolution. However, whether ambipolar diffusion can resolve the magnetic flux 
problem remains an open question due to lack of reliable multi-dimensional collapse 
calculations properly accounting for ambipolar diffusion (see, also, end of w Illb below). 
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The Role of the Mass- to-Flux  Ratio and of the External Pressure. The mass=to-flux 
ratio, the central=to=surface pressure ratio, and the chemical composition of a cloud determine 
the stages at which the angular momentum and magnetic flux problems will be resolved (see 
below), the stage at which fragmentation will take place and, consequently, the number and 
kinds of stars which will form; this includes the interaction between the forming protostars and 
the surrounding cloud material as well as the interaction among the protostars themselves. Once 
collapse begins, a cloud will usually evolve on its own time scale, affected only by objects to 
which it itself may give birth. It is therefore sensible to study physical processes in a single, but 
not necessarily isolated, collapsing cloud. However, the interaction among fragments (or cores) 
within one and the same cloud at least through torsional Alfv6n waves cannot, in general, be 
ignored (see Mouschovias and Morton 1985a, b; review by Mouschovias 1987b). 

Although collapse at subAlfvSnic speeds in cloud cores should be the most common case 
(see Mouschovias 1978, Appendix B), Alfvenic or superAlfv6nic collapse of a cloud or 
fragment (e.g., due to implosion, as discussed above) will lead to a very different sequence of 
events and, most likely, to a different IMF; i.e., more high-mass stars. 

a) SubAlfv6nic Collapse 

Redis t r ibut ion of Angular  Momentum and Magnetic Flux,  and Core-Envelope  
Separation. The tension of the field lines effectively supports the outlying portions of a cloud, 
thus forming an extended envelope, while allowing a dense central core to develop and a highly 
nonhomologous contraction to set in once gravitational forces become strong enough (see 
Mouschovias 1976b). During the initial stages of contraction, magnetic braking is so effective 
that the cloud contracts at nearly constant angular velocity, comparable to that of galactic 
rotation. (Thus the kinetic energy of rotation decreases as R2.) Since magnetic braking becomes 
somewhat less efficient at densities ~ l04 cm -3 due to slow onset of ambipolar diffusion and 
the development of a larger density contrast between a core and the envelope (see Mouschovias 
1978, w two phenomena should reveal themselves at such densities. (i) A cloud core (or a 
molecular cloud with a dense envelope) should spin up noticeably above the rate of rotation 
that it would have if it remained in a synchronous galactocentric orbit at all stages of 
contraction - -bu t  still well below the rate of rotation implied by angular momentum 
conservation from an initial density of n - l cm -3 and angular velocity fl ~ l0 -zs r a d s  -x. 
[Observed angular velocities are at least one (and usually two or more) order(s) of magnitude 
smaller than those implied by conservation of angular momentum (see Clark and Johnson 1978, 
1981; Martin and Barrett 1978; Mattila, Winnberg, and Grasshof 1979; Young et ak 1981; 
Baudry et al. 1981; Schloerb and Snell 1984; Arquilla 1984; and Goldsmith and Sernyak 1984; 
see also review by Goldsmith and Arquilla 1985). There is little doubt that magnetic braking 
has been at work from scales larger than - l0 pc to scales smaller than - l0 -2 pc.] ( i i)The 
central flux tubes of a cloud should keep increasing their mass-to-flux ratio due to ambipolar 
diffusion. 

Fragmentation.  Even with the magnetic field still frozen in the matter, fragments with Mfr ~ 
150 M o can separate out in a cloud of mass M - 104 M o at a density n (= np./2) - 104 cm -~ - -  
recall that the critical mass for gravitational collapse (eq. [3a]) may also be written as 

Mcrit -- 5.04 x 10 5 (B/3 #G) 3 Mo , 
(np/1 cm-a) 2 

(6) 

(see Mouschovias and Spitzer 1976; Spitzer 1978; Mouschovias 1978). As ambipolar diffusion 
increases the mass-to-flux ratio in a fragment (or core) above the critical value for collapse, 
lower-mass fragments separate out gravitationally and begin to contract on their own. For 
example, even with a magnetic field as large as - 100 pGauss in a core in which ambipolar 
diffusion is in progress (and, consequently, with the magnetic field only partially coupled to the 
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neutrals), equation (6) implies that fragments with masses Mfr < Mcrit "" 3 M o can separate out 
at neutral densities n n ~ 4 x 104 cm -a. A plethora of low-mass, low-spin fragments (or cores) 
should therefore be forming preferentially in (and perhaps only in) the cores of self-gravitating 
clouds which (clouds) contract either subAlfv6nically or not at all, while more massive 
fragments can form further out from a cloud's core (see also Mouschovias 1978 for the same, 
but somewhat less refined, prediction). This is consistent with observations of low-mass 
fragments in molecular clouds (see review by Myers 1985). 

Disk Formation and Bipolar Outflows. That a contracting core should form a disk with its 
axis of symmetry aligned with the common direction of the magnetic field and the angular 
momentum vectors is an inevitable consequence of the inherent anistropy of magnetic and 
centrifugal forces. [Recall that magnetic braking is much more efficient in redistributing 
angular momentum in the case of a perpendicular rotator than in the case of an aligned rotator 
(see Mouschovias and Paleologou 1979, 1980), so that an initially oblique rotator will tend to 
become an aligned one relatively rapidly.] However, there is as yet no theory that can predict, 
as opposed to assume, what the distribution of mass in the disk should be and what fraction of 
that mass should eventually find its way into a protostar. Neither is there as yet a theory that 
can predict, or just explain, the commonly observed bipolar outflows in regions of low-mass 
star formation --although preliminary calculations and ideas, each with its own problems, 
abound (see review by Shu, Lizano, and Adams 1987; or Shu, Adams, and Lizano 1987). 

Formation of Binary Stars and of In termedia te-  and Low-Mass Stars in Cloud Cores. 
For these subAIfv6nically contracting cores, it was demonstrated early on that magnetic braking 
followed by ambipolar diffusion can explain the entire range of periods of binary stars from 
10 hr to 100 yr (Mouschovias 1977). Moreover, a single maximum in the distribution of the 
number of binaries as a function of (orbital) period was predicted, in disagreement with earlier 
but in agreement with more recent observations (see review by Abt 1983). It has also been 
shown very recently that, in subAlfv6nically contracting cores, magnetic braking can be 
effective even while ambipolar diffusion is in progress, so that sufficient angular momentum is 
lost to the envelope for Sun-Jupiter "binaries" and single stars to form without interference 
from centrifugal forces (see Mouschovias and Paleologou 1986; or summary in Mouschovias 
1987b, w 4). To the extent that microscopic physical processes in a cloud determine the degree 
of ionization (and the presence of small, charged grains), which in turn significantly affects the 
density at which ambipolar diffusion may reduce the effectiveness of magnetic braking (and, 
therefore, affect the leftover angular momentum in a protostellar fragment), these microscopic 
processes may be nature's way of  apportioning, with magnetic fields as its indispensable agent. 
collapsing interstellar mass between binary stars on the one hand and single stars on the other. 

In the case of magnetically connected fragments, the torsional Alfv6n waves generated by 
the rotation of the fragments bounce back and forth among fragments and set each one os them 
in a series of (relatively) high-spin and low-spin states (see Mouschovias and Morton 1985a,b). 
Thus the angular momentum problem for each fragment may be resolved, recreated, and then 
resolved again, perhaps several times, before the torsional Alfv6n waves reduce the angular 
momentum of the system of fragments sufficiently for star formation to take place. 

Since low-mass fragments owe their existence to ambipolar diffusion, they reach the fully 
dynamical stage of contraction and protostar formation before the more massive, outlying 
fragments, which may have formed while the magnetic field is nearly frozen in the matter 
begin to evolve dynamically. However, once a massive star has formed, it evolves relatively 
rapidly and either the expansion of the resulting H II region or the eventual supernova 
explosion changes the evolution of other, especially massive, fragments substantially. In 
particular, a supernova may induce rapid collapse of nearby fragments with masses - 101 - 103 
Me, while it may disperse the least massive ones, and may lead to more efficient star 
formation. 
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b) Alfv6nic  or  SuperAlfv~nic  Collapse 

Both theoretically and observationally such rapid collapse of a cloud as a whole should be a 
very rare phenomenon. It should happen, if  at all, mostly in relatively massive fragments 
imploded by a sudden and large increase in the external pressure. [The sequence of events 
described here or in Mouschovias 1987a, w 3.6, differs qualitatively, quantitatively, and in 
specificity from ideas concerning "bimodar' star formation under the assumption that rapid 
collapse and the formation of massive stars are the result of M > Merit (e.g., compare and 
contrast this discussion with that in Lizano and Shu 1987, w 3), in which case the magnetic 
tension force increases rapidly with contraction (see Mouschovias 1978).] During the rapid 
implosion of a clump with mass M '-- Mcrit in a cloud complex, magnetic tension cannot stop or 
significantly slow clown the collapse and, in addition, the torsional Alfv6n waves remain 
trapped within the clump. Contraction with angular momentum nearly conserved implies that 
centrifugal forces will become progressively more important. Depending, however, on the 
precise density at which rapid collapse begins, they may not increase sufficiently to prevent the 
formation of  very wide binaries, including rapidly rotating, massive single stars as members. 
For example, if  angular momentum begins to be conserved above a density --- 104 cm -a, the 
angular momentum left over in a fragment (due to earlier efficient magnetic braking) is exactly 
what is required to form a relatively wide (visual) binary system, with a period r b = 100 yr. 
This argument does not depend on mass. In fact, a simple model shows that binaries forming 
according to this scenario will have periods scaling with the density nor, above which angular 
momentum is nearly conserved, as 

l J 
(7) 

(see Mouschovias 1977). Note that nor exceeds the density at which rapid ambipolar diffusion 
sets in (i.e., at a rate that significantly affects the evolution of a core) because magnetic braking 
continues to remove angular momentum, although at a reduced rate, even while ambipolar 
diffusion is in progress (see Mouschovias 1977; and Mouschovias and Paleologou 1986). 

If  Alfv6nie or superAlfv~nie contraction begins at n < 103 cm -a, centrifugal forces will 
lead to a quasi-equilibrium configuration by balancing gravity perpendicular to the axis of  
rotation. Further contraction takes place only as rapidly as magnetic braking can remove 
angular momentum to the envelope. Since the fragment still has most of its magnetic flux 
trapped inside at this stage and since it was magnetically supported before implosion, magnetic 
forces will also contribute significantly to this quasi-equilibrium, and both magnetic braking 
and ambipolar diffusion are expected to occur simultaneously, probably over comparable time 
scales. Although this complex configuration has not been studied in any satisfactory fashion, it 
seems likely that stars which will form in such fragments will be characterized by both rapid 
rotation and strong magnetic fields. Since these are signatures of massive stars, it is tempting to 
suggest, at least tentatively, that this is how such stars form (see also w 1TI below for a 
strengthening of this suggestion and for a scenario of high-mass star formation even in 
subAlfv6nically contracting but very massive clouds). 

Although calculations do exist, simplifying assumptions concerning the geometry do not 
presently allow definitive conclusions on the issue of whether a protostar (low-mass or massive) 
becomes opaque while possessing a relatively weak magnetic field which will be amplified by a 
dynamo process, or whether it does so while having too much magnetic flux which will be 
dissipated during this or subsequent stages of contraction. We believe, nevertheless, that it is 
during these relatively late stages of  protostar formation that its magnetic field will detach from 
the background. This view is based on calculations (see Mouschovias 1976a, b; 1978) which 
show that conditions conducive to magnetic detachment do not arise during the earlier, 
relatively diffuse stages of fragment contraction and protostar formation. Once magnetic 
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detachment takes place, further loss of angular momentum becomes very inefficient (compared 
to earlier stages) and occurs through a magnetic wind. 

e) Selection of - 1 M o as a Typical  Stellar Mass 

Detailed calculations have shown that there exists a characteristic length scale )~a,cutorf 
below which ambipolar diffusion is so effective that Alfv6n waves in the neutrals cannot 
propagate at all [see summary in Mouschovias 1987a, w 2.2.6(b)]. In clouds with an Alfv6n speed 
significantly larger than the sound speed (a common occurrence), this length scale is given by 

~A,r '~ 7rVA~'ni, (8) 

where v A and rai are the Alfv6n speed and the neutral-ion collision time, which are given by 
equations (2a) and (12), respectively. The physical origin of AA,cuto ff lies in the fact that any 
disturbance in the magnetic field having wavelength ), < "~Acutoff diffuses (or decays) before 
collisions between neutrals and ions have had time to transmit to the neutrals the magnetic 
force associated with the disturbance. For a core density of 104 cm -3 and v a = 2 km s -1 (see 
eq. [2a]), we find that AAcutoff ----- 0.14 pc and the mass in a core of this diameter is _-2 1 M o. 
Since v A is relatively insensitive to (massive) cloud parameters (see eq. [2a]), protostellar masses 
in the approximate range 1 - 0.1 M| are selected quite naturally in molecular cloud cores in the 
corresponding density range 104 - l0 s cm -~. 

The Jeans critical wavelength Aj (in the presence of ambipolar diffusion) is comparable to 
)~Acutoff and, as long as v A ,-~ const (e.g., as a consequence of eq. [la]), both "~A,cutoff and ,Xj 
va~'y with density as nn'l/2. Both analytical calculations (Mouschovias, Morton, and Ciolek 
1989) and numerical collapse calculations (Mouschovias and Morton 1989) show that ambipolar 
diffusion allows relatively rapid contraction of the mass inside this region to take place, while 
in the surrounding envelope at distances significantly larger than "~A,cutoff magnetic forces 
provide much more effective support against gravity. A natural core-envelope separation takes 
place. Although infalI of some envelope material onto the rapidly formed high-density core still 
takes place, the preliminary results suggest that the amount of this material and perhaps even its 
accretion rate are limited by magnetic forces. Thus, although the onset of a stellar wind at a 
later stage may indeed reverse the infall, as suggested by Lada (1985, w 4.3.1) and by Shu, 
Lizano, and Adams (I987), it may be the effective magnetic support of the envelope, rather 
than the later onset of the wind, that determines the protostellar mass. Collapse calculations now 
under way with graduate students Robert Fiedler and Scott Morton should answer this central 
question of star formation. 

The above considerations also hint on how massive stars may form even in subAlfvdnically 
contracting clouds. Since the protostellar mass contained in a sphere of diameter hA,cutoff goes as 
M o: VA3/nl/2, it appears that any mechanism which can increase the Alfven speed at a given 
density is likely to lead to the formation of more massive stars. For example, since the Alfven 
speed varies as v A ~x (BoMcl)I/4 (see eq. [2a]) in the cores of self-gravitating clouds, if such a 
cloud can form as (or by agglomeration become) a single entity, as opposed to a cloud complex, 
with mass ~- l0 s M e at an initial field strength B o --- 6 #Gauss, then protostars with masses up 
to 10 M e can form in cores due to ambipolar diffusion. The formation of massive stars in this 
manner will be an inefficient process, just like the formation of low-mass stars in the cores of 
subAlfvenically contracting clouds discussed in w IIa above, and unlike the formation of massive 
stars by the spherical implosion of massive fragments. We suggest that this kind o f  formation o f  
massive stars (and consequent supernovae) in primordial proto-globular-cluster clouds is most 
likely responsible (since causes for implosion are not available) for metal contamination o f  the 
parent cloud and thus for explaining the observed presence o f  metals in globular cluster stars. 
Since cluster masses are - l0 s Mo, it follows that the protocluster clouds must have been at 
least as massive. Hence, assuming only that a magnetic field strength of a few microgauss was 
present in these clouds when they became self-gravitating, protostellar masses > 10 M o would 
be selected naturally by the above mechanism - -a  necessary condition for metal contamination 
of the clouds by the resulting supernovae (see review by Wheeler et al. 1989). 
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l l I .  A M B I P O L A R  D I F F U S I O N  T I M E  SCALES IN C L O U D  CORES 

We consider the contraction of a core having neutral and ion densities On and pi, 
respectively, magnetic field strength B, and isothermal speed of sound C, Denoting the 
acceleration of gravity by g, the actual acceleration of neutrals by a, and the magnetic force 
per uni t  volume by F m, we may employ cylindrical polar coordinates (r, ~, z) in an 
axisymmetric geometry and write the r -component  of the equation of motion of the neutrals in 
the equatorial plane as 

Fm,r C 2 OPn 
% :  = gr  + (9)  

Pn Pn Or ' 

where gr < 0 and an, t _< 0. The magnetic force is, in general, given by 

B2 ~ B 2 
y~ = - v ~  ~ + n 4 - ~ ,  (1o) 

where the subscript • refers to a direction perpendicular to a field line, the unit vector ~ is 
normal to a field line and points toward the local center of curvature, and R e is the local radius 
of curvature of the field line. In the equatorial plane, V~_ = ~(O/ar), and ~ = ~. 

Due to the small ion inertia, the drift  velocity between ions and neutrals in the equatorial 
plane is obtained by balancing the magnetic force and the collisional drag on the ions, i.e., 

v D - v ~ -  v a = p~Irn iFra : ,  ( l  l)  

where collisions of ions with He are neglected, the cosmic abundance of He is accounted for in 
Pn (= I'4PH), and the mean collision time of a neutral particle in a sea of ions is given by 

mi + mn l 
rni - mi ni(o.W)in �9 (12) 

The quantity (ow)i n is the average collisional rate between ions of mass m i (and number  density 
ni) and neutrals of mass ran; it is equal to 1.69 x 10 -9 cm 3 s -~ for HCO+-Hz collisions (see 
McDaniel and Mason 1973) - -no te  that mi/rn  n = 14.4 for this particle pair. 

a) Cy l i n d r i ca l  Col lapse 

In cylindrical geometry, we may write the force equation (9) near the axis of symmetry as 

2 rf 1 _ rr 1 1 - 2 r g  2 : 
z 1.4~r rta9 rni r r~y n 2 rff rs2 

(13) 

where the following definitions of the dynamical time scale rdyn, the ambipolar diffusion time 
scale r:d~, and the sound crossing time r s have been used: 

( r ] l /z  r rs r (14a, b, c) 
= L j , = = 
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The gravitational field near the axis is given by gr = -DrGpn,c r, where Pn,e is the core (or, 
central) density, and the free-fall time near r = 0 in cylindrical geometry is 

rff = (4GPn,c) -1/2 ; (15) 

it is 8% smaller than the free-fall time in a spherical geometry. The last term in the parentheses 
on the right-hand side of equation (13) may be rewritten, by using equations (14c) and (15), as 

1-2 
2 ff 1 mcr 
- -  - -  = 

rs2 4 m ( r ) '  
(16) 

where re(r) is the mass per unit length inside a radius r, and rncr is the critical mass per unit 
length above which no thermal support against gravity is possible and is given by 

mcr = G 
l L u ~ J  

Quasistat ic  Contract ion.  It follows immediately from equation (13) and the definition (14b) 
that, for quasistatic contraction of the neutrals (i.e., a n --* 0, hence 'rdy n ~ oo), the ambipolar 
diffusion time scale is 

2 "f~ ]1 2 
2 r f  2 1 ~r " for 2rff < 1. (18) 

tAD 1.4r Tni Ts2 ' 71" rs2 

If magnetic forces provide the main support against gravity, the second term in parentheses on 
the right-hand side of equation (18) is negligible; hence, tAD = (2/l.41r)(rf2/rni), which is the 
exact expression obtained by Mouschovias (1979) for a quasistatically contracting, cylindrically 
symmetric cloud (see also the review by Mouschovias 1987a, w 2.2.5). If thermal-pressure forces 
dominate the magnetic forces (a likely situation after ambipolar diffusion significantly reduces 
the flux-to-mass ratio in a core), then the difference of the two terms in parentheses becomes 
small, and consequently tAD becomes longer than its quasistatic contraction value. The physical 
meaning of this is that, when a cloud is mainly thermally supported against gravity, ambipolar 
diffusion is primarily due to ions moving outward with respect to the axis of symmetry (and 
relative to the nearly stationary neutrals). Such motion, however, is extremely slow because the 
magnetic force is weak by assumption and, consequently, v D is very small (see eq. [l 1]). 

It is clear from equation (13) that although the accelerations (at a given small distance r 
from the axis) due to gravity and thermal-pressure forces are proportional to rf? 2 and rs-2, 
respectively, the magnetic acceleration on the neutrals is not proportional to tAD-2;  it varies 
instead as (raOrni) "1, where 'tAD is defined as in equation (14b) and is not, in general, equal to 
its quasistatic value given by equation (18). 

Dynamical  Contract ion.  If the acceleration of the neutrals cannot be neglected (i.e., if the 
left-hand side of equation (13) is a significant fraction of the first [gravitational] term on the 
right-hand side), the ambipolar diffusion time scale is given by 

2 rr2 1 - 2 rr 2 r r  (19) 
~D 1.4a rni ~rr~y n - a- rs2 J 
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If thermal-pressure forces are negligible and one takes lanr I Z (l/3)lgrl as the condition at 
which quasistatic contraction breaks down, equation (19) wo'uld imply that when rat ) exceeds 
its quasistatic value by about 50%, the dynamics of contraction cannot be ignored. Does it also 
become progressively more difficult for the collapsing core to lose magnetic flux beyond this 
stage? The answer depends on geometry. 

In the case of one-dimensional rectilinear geometry (a slab-shaped cloud with the magnetic 
field parallel to the faces of the slab), the gravitational field at the comoving coordinate of a 
neutral fluid element is constant in time, while the magnetic acceleration (force per gram of 
n e u t r a l  matter) increases upon compression (it would increase as z -2 if the field were frozen in 
the matter). Hence, even while ambipolar diffusion is in progress during contraction, it is not 
very difficult for the magnetic force to balance the gravitational force and thus ensure 
quasistatic contraction and, therefore, continued loss of flux at a significant rate, as found by 
Mouschovias, Paleologou, and Fiedler (1985). In the case of cylindrical symmetry, the 
gravitational acceleration at a shell of matter increases as r -x, but the magnetic acceleration can 
still increase more rapidly (it would increase as r -3 under flux freezing). Thus, even in this 
geometry, in which the collapse is qualitatively different from the rectilinear case in that no 
thermally supported final equilibrium states can exist once the critical mass (per unit length 
along the axis of symmetry) rner is exceeded (see eq. [17]), the magnetic field may eventually 
enforce quasistatic contraction, despite the fact that dynamical evolution can precede that stage 
if rni - rff. The axisymmetric case, however, to which we now turn, is different from the 
above two cases in that magnetic forces cannot enforce quasistatic contraction of the core 
indefinitely because of the existence of a critical mass-to-flux ratio for gravitational collapse 
(see eq. [3a]). 

b) Axisymmetric  Collapse 

Quasistatie Contraction. Up to the stage that ambipolar diffusion will increase the mass-to- 
flux ratio of the core above the critical value (1 /63G)1 /2  (see eq. [3a]), the contraction will 
remain quasistatic and an expression for tAD similar to that given by equation (18) can be 
obtained: 

= . for 8 rft  < 1 (20) 
tAD 1.471- 2 rni ~r 2 rs2 ' 71. 2 rs2 ' 

where rfr is now the spherical free-fall time 

rff = (3rc /32Gp) l /2  . (21) 

In deriving equation (20), no assumption was made as to the relative magnitude of the 
magnetic-pressure force and the magnetic tension. The gravitational field was taken as gr = 
- (47r/3)Gpn er, corresponding to a spherical distribution of mass inside the core. A comparison 
of equation~ (20) and (18) reveals that the expression for the ambipolar diffusion time scale in 
the form r a p  - r f fZ/rni  , valid for quasistatic contraction, is indeed a property of the general 
equations governing ambipolar diffusion in magnetically supported clouds and does not depend 
on the dimensionality of a model (as shown earlier by Mouschovias 1987b from a more general 
point of view). 

DynamicaI Contraction.  Equation (20) can easily be modified, by adding the term 
- ( 8 / x a ) ( r f Z / r  d f  yn 2) in the parentheses on the right-hand side, to account for dynamical 
contraction. However, since rdv. would still need to be estimated from equation (9) and the 
corresponding expression for ~t~l~e z-direction, we revert to first principles. We consider, for 
simplicity, a spherical core which has just exceeded the critical mass-to-flux ratio due to earlier 
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quasistatic ambipolar diffusion, described by equation (20). Using the definition (14b) for TAD 
and the expression (11) for the drift velocity VD, with the magnetic tension force taken as the 
dominant contribution in equation (10), we find that 

,OH 4~rr 
= r - -  ( 22 )  

rni B2 ' 

where we have taken R e = r, the radius of the core, as a reasonable estimate. We now multiply 
and divide the right-hand side of equation (22) by Pn and by the appropriate factors of r and r 
so as to introduce M2/OB 2, and we use the definition (21) for rff and equation (3a) for the 
critical flux at a given mass to write equation (22) as 

Pd9 

f 
| B,crit | for  ~B < OB,crit, (23a) = 0.27 ff 

, 

7"ni 

2 

ll~176 % J 
where (I)t3 is the actual flux of the core at any stage past the onset of dynamical contraction, 
and (I)B, erit is uniquely determined by the mass of the core from equation (3a) as OBcrit = 
(63G)VZM. The normalization of ni/nH2 in equation (23b) refers to a neutral density ' -  109 
cm -a, above which n i no longer increases with n n (see Elmegreen 1979; Nakano 1979). 

It should be emphasized that equation (23) refers to a core, not to the entire cloud. The 
cloud as a whole has M -~ Men t because it is magnetically supported. However, a core of mass 
- 1 M o has M < Merit or, equivalently, g)B > e/'&crit for a relatively long time, i.e., until the 
quasistatic phase of ambipolar diffusion manages to reduce the flux of this (fixed) mass so as to 
make the mass-to-flux ratio equal to its critical value, l]" this marks the onset of accelerated 
contraction of the core (see w II, footnote 1 for the sufficient condition for such collapse), then 
equation (23) shows clearly that this will also mark the stage at which tAD begins to increase 
above its quasistatic contraction value by the factor (OB,crit/OB) z. It therefore becomes more 
difficult to lose flux during this late phase of accelerated contraction. Although ambipolar 
diffusion may have reduced the flux of such a core by a few orders of magnitude prior to this 
stage, equation (3a) yields a critical flux for a - 1 M o core which is larger than the observed 
fluxes of magnetic stars by a factor 10 - 50. Hence, unless one of the simplifying assumptions 
that we have made (such as ignoring flattening, which tends to enhance the magnetic force by 
reducing the radius of curvature of field lines) in order to obtain an analytical answer breaks 
down, it seems that ambipolar diffusion may not resolve the entire magnetic flux problem of 
star formation. To complete the task, then, one may need to appeal to another dissipative 
process (such as ohmic dissipation) that sets in at higher densities, at which the electron density 
becomes negligible and the negative charge is mainly carried by grains (Spitzer 1963). Ohmic 
dissipation at densities z 10 z" cm -3 has recently been studied by Nakano and Umebayashi 
(1986), who conclude that it can reduce the protostellar flux to the desired level prior to flux 
re-freezing (originally studied by Pneuman and Mitchell 1965) due to thermal ionization. 
Detailed collapse calculations beyond the density ~ 109 cm -3, accounting for the significant 
reduction in the electron density and the fact that collisions no longer permit the dominant 
charge carriers to remain attached to the magnetic field, are essential for understanding 
precisely how nature resolves the magnetic flux problem during star formation. 

For the time being, equation (23) taken at face value implies that, if magnetic forces 
maintain quasistatic contraction up to a density n n ~ 109 cm -3 (not an unreasonable proposition 
given the conclusions by Mouschovias [1976b, 1978] concerning the effective support against 
gravity by magnetic tension, confirmed also by Nakano's 1979 quasistatic calculation), it may be 
possible for ambipotar diffusion to reduce the core's flux by at least another order of 
magnitude prior to the stage n n - 1012 cm -a. This is so because we now have that (i) raD/rff cx 
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pn-1/2~B-2 (since n i ~ const above n n = 109 cm-a), and (ii) the charged particles themselves are 
not well attached to the magnetic field. Hence, arnbipolar diffusion may still have its day in 
resolving the magnetic flux problem... 

IV. S U M M A R Y  

Magnetic fields are instrumental in the formation of interstellar clouds, and they regulate a 
cloud's evolution up to densities - 101~ cm-~. This regulatory action includes (1) the resolution 
of t he  angular momentum problem by effective magnetic braking even while ambipolar 
diffusion is in progress; (2)effective support against the self-gravity of molecular clouds; 
(3) core-envelope separation and self-initiated core collapse due to ambipolar diffusion; 
(4) introduction of a characteristic length scale and consequent selection of ~ 1 M| as a typical 
protostellar mass at a stage preceding stellar winds; (5) reduction of the f lux-to-mass ratio of 
protostellar fragments by a few orders of magnitude; and (6)formation of close and wide 
binary stars as well as single low-mass and massive stars. Magnetic fields, by naturally selecting 
pro~ostellar masses _> 10 M e in primordial clouds of mass _> l0 s Mo,  may also be ultimately 
responsible for the observed metal contamination of globular clusters. 

We have shown that ambipolar diffusion in quasistatically contracting cores progresses with 
a time scale rAD = 0.6 Tf f2 /Tn i  , where rfr is the free fall time scale and rni the mean collision 
time of a neutral particle in a sea of ions. When the critical mass-to-flux ratio ( M / ~ B ) c r i t  -- 
(63G)-1/2 is exceeded, dynamical contraction may ensue with ambipolar diffusion characterized 
by the time scale TAD = 0.3 (rff2/rni)(~B,crit/~B) 2, where ~B,erit = (63G) 1~aM is the critical flux 
below which a core of mass M may begin to contract dynamically. These results have been used 
to re-examine the resolution of  the magnetic flux problem of star formation. 
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and 
G. Winnewis se r  

I. Physikalisches Institut der Universits zu K61n 

Je t  

Summary 
We will give only a short outline of an analytical treatment for the "working surface" 
of the astrophysical jet associated with the early stage of star formation based on 
gas dynamics. Further details will be presented in a separate paper. For a general 
review of outflow and jet phenomena see [1]. For a detailed observational study of 
the typical "working surface" HH 34 see [2]. 

I .  A n a l y t i c a l  s o l u t i o n s  f o r  t h e  c a s e  o f  n o n - r a d i a t i n g  s h o c k s  

We first consider the following gas dynamical problem: a hypersonic jet forges its way 
through a uniform ambient medium which is assumed to be at rest before being disturbed 
by the jet. Because of the hypersonic speed and the finite lateral size of the jet, the 
boundary between the disturbed part and the undisturbed part of the medium must be 
a "bow shock." Since the bow shock is formed by the squeezing effect of the jet, it must 
move more slowly than the jet itself. The velocity behind the bow shock is even smaller 
than the speed of the bow shock, and the hypersonic jet has to pass through another 
shock, which is referred to as the rear shock hereafter, in order to reduce its velocity 
before getting close to the bow shock. Thus, in a reference frame comoving with the 
double shock structure, the flow pattern is as shown in Fig. 1. The two supersonic flows 
travel in opposite directions. After each crosses a shock, they meet in between and form 
a contact discontinuity. 

The pressure balance at the stagnation point C and the strong shock approximations 
lead to the following relation between the shock velocity Vs and the central speed of the 
jet Vjo: 

ys = Vso (1) 
[1 + ' 

where the ratio between the densities of the undisturbed medium poo and the jet pj is 
involved. 
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Fig. 1. A sketch of the flow pattern in the frame comoving with the double shock structure. The order 
of magnitude of the velocity of the hypersonic jet is Vj0 ~ 10 2 kms -1, whereas the bow shock velocity 
V s is a density-dependent function of Vj0 (Eq. 1). 

We define a coordinate system in which R and 0 are the spherical coordinates with 
the origin at the center of curvature of the contact discontinuity. For the neighborhood 
of the X axis, the constant-density approximation is valid for each side of the contact 
discontinuity [3]. Thus, we introduce the stream function r  0), defined by r  8) = 
(1/2~p)M(R, 0), where .h~/(R, 0) is the mass flux through the surface spanning the loop 
defined by a given (R, 0) pair. The stream functions r and r for region 1 and region 
2 (Fig. 1) respectively, then satisfy 

1 0r 1 0r  
VR = R2 sin0 08 Ve Rs in0  OR' (2) 

By using an analysis similar to that  for a hypersonic flow around a solid sphere [4] and 
that  for the Hill vortex sphere [5], we obtain the equations governing the stream functions 
for both regions as follows: 

02r sin0 0 ( 1 0 r  R2sin2 O ( i = 1 , 2 ) ,  (3) 
0R -----~ + R ----~ 00 Si~ 0 0e 

where - A i  ~ J~i/r, the ratio of the vorticity ~i in region i to the distance r from the 
X-axis. These equations allow solutions of the following form: 

r = + CiR2 + 10 / sin'  O (i = 1, 2). (4) 

There are nine constants involved: AI, B1, C1, A2, B2, and C2, as well as Rc,  Rs ,  and 
XB, where Rc and Rs  are respectively the radii of curvature of the contact discontinuity 
and the bow shock, which are assumed to share their center of curvature. XB is the 
distance between the rear shock and this center of curvature. All these constants can be 
determined by the boundary conditions at the two shocks and the matching condition 
at the contact discontinuity. For 7 = cp/cv = 5/3, which enters through the shock 
conditions, the final results are as follows: 
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r = -0 .1627  Vs R2c sin 2 0 - - -  , (5) 

- , ( 6 )  

Rs/Rc= 1.176, (7) 

XB/Rc= 0.8414, (8) 

Rc/H= 2.712, (9) 

where H is a scale factor  for the half width of the jet and U j0 = Vd0 - Vs is the central  
speed of the jet  observed in the comoving frame. The flow field and the t empe ra tu r e  
distr ibution based on the s t r eam function axe shown in Fig. 2. Since, str ict ly speaking, 
the approximat ions  we used are valid only for the neighborhood of the X axis, we show 
the full side view of only the central  h igh- tempera ture  region in Fig. 3, which represents 
the basic features of the working surface to be compared  with observed working surfaces 
such as HH 34. 

disconhnulty ~ _ _ _ ~  

~Otl=C line ~ Ik\' 

recu" shock 

pj .Oj 

socxr hne 

C 

o~ sonc hne contoct 
d i ~ t t r ~ y  

rear ~ 

8 A 

Fig. 2. a: The flow field between the two shocks, b: The temperature distribution. Contours are 
labelled in terms of TC• , which are the temperatures immediately to the right (4-) and left ( - )  of the 
stagnation point. The sonic line indicates where the flow between the shocks changes from subsonic to 
supersonic. 

II. A n a l y t i c a l  s o l u t i o n s  for t h e  case of  radiat ing  shocks  

The  effect of radia t ion cooling at the post  shock regions is usually impor tan t  for astro- 
physical jets. The  mechan ism of radiat ion cooling involves the processes of dissociation, 
ionization and exci tat ion of various components  of the gas. The  detailed processes are 
so complicated tha t  it is very difficult to give an analytical  t r ea tment  of the flow field 
when radiation cooling is included. However, if the scale of radiat ion cooling is small 
compared to the size of the working surface, and if we are not concerned with the process 
of radiation cooling, but  only with its influence on the flow field, we can approx imate  the 
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Fig. 3. The full side view of the central high-tempera- 
ture region. 

Table 1. The relation between the geometrical parameters and the radiation loss factor 

R s / R c  (Rs  - RG)/H (Rc  - X B ) / H  (Rs - X B ) / H  R c / H  

0 1.176 
0.1 1.147 
0.2 1.121 
0.3 1.099 
0.4 1.080 
0.5 1.063 
0.6 1.048 
0.7 1.034 
0.8 1.022 
0.9 1.010 
1 1.000 

0.4773 
0.4276 
0.3802 
0.3380 
0.2996 
0.2627 
0.2269 
0.I883 
0.1513 
0.0990 

0 

0.4301 
0.3922 
0.3559 
0.3214 
0.2876 
0.2548 
0.2217 
0.1867 
0.1486 
0.1020 

0 

0.9074 
0.8198 
0.7361 
0.6594 
0.5872 
0.5175 
0.4486 
0.3750 
0.2999 
0.2010 

0 

2.712 
2.909 
3.142 
3.414 
3.746 
4.170 
4.726 
5.539 
6.878 
9.904 

O0 

radiation cooling region as a thin layer and combine it with the shock to form a radiating 
shock. We introduce a radiation loss factor (, defined by 

( = q  + , (lO) 

where q is the radiative energy loss from unit mass as the mass crosses the shock, and 
u_ and a_ are the propagating velocity of the shock and the sound speed immediately 
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before the shock, respectively. The denominator in Eq. (10) represents the upper limit 
of the energy loss q from the unit mass. 

By following the same procedure as the last section, we can still obtain the ana- 
lyticM solutions of the flow field for given ~. The relations between various geometrical 
parameters and the radiation loss factor ~ axe listed in Table 1. 
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Abstract 

A technique developed by Scharmer & Carlsson for finding accurate solutions to the 
multi-level line transfer problem in the presence of velocity fields has been adapted 
for modelling the submillimetre emission spectra of molecular clouds. Line profiles 
for transitions up to J=20-19 in CO and J=5-4  in tICO+ can be modelled for slab 
or spherically symmetric atmospheres exhibiting spatial variations in temperature, 
density and bulk velocity. The technique is used here to reproduce the published 
observed profiles of HCO +, CO and its isotopes, using a single physical model of the 
Bok globule B335. 

I n t r o d u c t i o n  

There are many radiation transport models available to the submillimetre astronomer 
who wishes to interpret spectral line observations of molecular clouds or circumstellar 
envelopes. Two of the more successful of these are the familiar LVG (for Large Velocity 
Gradient) or escape probability method (Goldreich & Kwan 1974, Scoville & Solomon 
1974), and the ANR (for Approximate Newton-Raphson) technique, recently adapted 
for multi-level molecular emission line work by Sch~nberg and co-workers (SchSnberg 
& Hempe 1986, SchSnberg 1988). A common feature of these two techniques is the 
assumption that the emission is determined by local physical conditions, with no coupling 
between distant parts of the atmosphere through the line radiation field. This situation 
is realised when the atmosphere is optically thick, or when the change in the bulk velocity 
field across a region where the kinetic temperature and density are effectively constant 
is significantly greater than the intrinsic linewidth. In other physical situations, the 
emission process becomes non-local, and the interaction of all layers of the cloud must 
be taken into account. 

In this paper we present the first results of a non-local model of molecular line 
emission which was originally developed to solve the line transfer problem in stellar at- 
mospheres with velocity fields by G.B. Scharmer and M. Carlsson, (Scharmer & Carlsson 
1985); we will only give a brief description of the technique here. 
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The model 

The non-local effects of the radiation field are included using an approximate 'A' operator 
solution to the equation of radiative transfer in a perturbed grand rate equation which 
connects all energy levels and regions of the atmosphere. An accurate error vector is 
calculated which describes the departure of the perturbed rate equation from statistical 
equilibrium. Iterative solution of this rate equation for the population perturbations 
necessary to reduce the error vector then gives the accurate source function throughout 
the atmosphere. 

Scharmer & Carlsson's original code has been modified to deal with the sub- 
millimetre spectra of molecular clouds by using rates for the rotational excitation of 
CO and HCO + by collisions with H2. For CO at temperatures below 100K, the rates for 
para-H2 (Flower & Launay 1985) were approximated by a linear interpolation formula, 
while at higher temperatures, rates were taken from Draine & Roberge (1984), with the 
authors factor 'ct' set to zero in accordance with the recommendation of Viscuso & Cher- 
noff (1988). Currently, transitions from levels up to J=20 can be modeUed for CO. The 
rates for HCO + at Tki,~tir < 30K were taken from Monteiro (1985). 

The original model's slab geometry was extended to treat spherically symmetric 
atmospheres by adopting a 'shell ray' approach (see for example Avrett & Loeser 1984); 
the details of this and other modifications will be described in a later paper. 

Adapted for sub-millimetre line transfer problems, the technique allows atmospheres 
exhibiting wide variations with depth of bulk velocity, density, temperature and turbu- 
lent broadening to be modelled, producing accurate and physically realistic line profiles 
and intensities. It is particularly suited to solving problems where the more familiar 
LVG approximation is inappropriate, such as the envelopes of late-type stars, the early 
stages of cloud collapse and low-velocity shocks. Convergence problems have only been 
encountered so far in the presence of strong population inversions. 

M o d e l l i n g  t h e  B o k  g l o b u l e  B 3 3 5  

The core of B335 has recently been the subject of an extensive millimetric survey by 
Frerking, Langer & Wilson (1987) (hereafter FLW), who model their data with LVG 
or microturbulent models, depending on the optical depth of the transition in question. 
Here, the power of Scharmer & Carlsson's technique is demonstrated by showing its 
ability to model FLW's data using a physically realistic model atmosphere which is 
common to all molecular species. 

The radial variations of temperature and density that were used follow FLW's model 
of the region, with no radial velocity field. For the isotopic abundances, standard gas 
phase chemistry values were adopted for CO in the cloud core where n(Hu) > 10%m -3. 
In the envelope, either the values determined by FLW were used or, where these were 
unavailable, theoretical isotopic enhancement factors for regions 'of low Av were taken 
from Glassgold, Huggins & Langer (1985). These physical parameters were defined at 
the surfaces of fourteen shells with varying thickness. 

The predicted line profiles for the J = l - 0  transition of the isotopes of CO in the core 
of B335 are plotted as the smooth carves in Figure 1, with the observed data reproduced 
for comparison; the observed broad line wings are due to an embedded outflow and so 
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Fig. 1. Fitting the J = l - 0  spectra of the isotopes of CO seen towards the core of B335; the observed 
spectra have been reproduced by permission of the authors 

are not treated by our model. The 12CO(1-0) line becomes very optically thick at line 
centre; the self-reversed profile that one might expect to see is 'filled-in' by external 
heating of the globule. This good agreement was also seen in the models fit to the 
observed self-reversed HCO+(1-0) and 12CO(2-1) profiles. 
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The transport of radiation in a spherical dust cloud has recently been revived in 
the context of the interpretation of the cirrus clouds observed by the IRAS satellite 
(de Vries 1986, van de Hulst 1987, Laureijs et al. 1987). Spherical models are also of 
obvious importance in the study of reflection nebulae because they supplement the more 
frequently discussed plane parallel models. 

We used the exact results for spherical, homogeneous dust clouds (van de Hulst 1987) 
for isotropic scattering and uniform incident radiation and derived the Bond aibedo, or 
cloud-albedo, as a function of the optical depth of the cloud and as function of the albedo, 
a, of the individual particles. This result gives us the possibility to derive the albedo, a, 
from the observations. There are two definitions possible for the cloud-albedo: 

scattered light 
A =  

incident light 

A* = 
scattered light 

(scattered + absorbed light) 

The second option excludes the zero-order (unscattered) light from the denominator. 

In Figure 1 and 2 we plot both quantities A and A* as functions of ~he optical depth, 
b, measured along the diameter of the cloud, and the albedo a. From Fig. 1 we see that 
for small optical depth, b < 1, the cloud-albedo A increases with b, most of the light 
is at most once scattered. At a certain optical depth multiple light scattering becomes 
important, and from there on the cloud-albedo decreases with increasing optical depth. 
Fig. 2 shows that the cloud-albedo A* decreases continuously. For small optical depth 
the cloud-albedo approaches the albedo of a single particle. In Fig. 3 the cloud-albedo 
A* is plotted for plane parallel layers (slabs). 

High latitude dust clouds are good examples for modelling as above because they 
are isolated, optically thin and illuminated only by our Galaxy at a large distance (,~ 100 
pc). The option for the cloud-albedo without unscattered light describes this situation 
the best, since only scattered light is seen from our direction. 
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Fig. 1. The cloud-albedo A as function of the optical depth for spherical clouds 
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Fig. 2. The cloud-albedo A* as function of the optical depth for spherical clouds, + indicating the data 
from de Vries (1986), o indicating the same data corrected for anisotropic scattering 

De Vries (1986) s tudied two high la t i tude dust  clouds (E025 and EA87) and derived 
their  optical  depths  and the total  amount  of scat tered and absorbed light. His da ta  are 
plot ted in Fig. 2 and Fig.3 (as crosses). It  is clearly seen that  his results are consistent 
with o n e  value for the albedo of the individual particles in bo th  clouds. We find for a 
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Fig. 3. The doud-albedo A* as function of the optical depth for slabs, + indicating the data from de 
Vries (1986), o indicating the same data corrected for anisotropic scattering 

slab geometry a=0.40 4- 0.02 and for a spherical geometry a=0.30 4- 0.02. The spherical 
result is in agreement with Mattila's (1979) Monte Carlo modelling for L1780: a=0.30. 

However interstellar dust particles have a non isotropic phase function. Assuming an 
anisotropy factor g (0.75) and a correction factor (Jura (1979): A* = A*b,[1-1.1g(sinb)]] 
where b is the galactic latitude of the cloud) it then is possible to estimate the total 
amount of scattered light in other directions. In Fig. 2 and 3 the corrected data are 
plotted as open circles. In Fig. 2 the cloud albedo for g = 1, completely forward 
scattering, is also plotted for comparison. Since for small optical depth, b < 1, most of 
the light is singly scattered, the behaviour in that region is the same for arty anisotropy 
factor. We find for a slab: a=0.60 4- 0.02 and for a sphere: a=0.48 4- 0.02. The latter 
value is in excellent agreement with the result of Laureijs et al. (1987) for L1642 : a=0.48 
4- 0.03, but the coincidence is somewhat fortuitous. 

A full calculation requires the use of an anisotropic model instead of a single correc- 
tion factor. This will be developed soon. 
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Laboratory Spectroscopy: The Rotation- 
Torsion Spectrum of Carbodiimide, 
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Physikalisch-Chemisches Institut, Justus-Liebig-Universit/it Giessen, 
Heinrich-Buff-R.ing 58, D-6300 Giessen, Federal Republic of Germany 

Abstract 

The rotation-torsion spectrum of carbodiimide, HNCNH, a constituent of the 
vapour of the well-known interstellar molecule eyanamide, H2NCN, was measured 
in the region from 20 GHz to 330 cm -1 using a high resolution Fourier trans- 
form spectrometer, a laser single sideband spectrometer, a millimeter wave and a 
submillimeter wave spectrometer. The spectral pattern of a perpendicular band 
system of an almost perfect accidental symmetric top, expected for skew-chain 
molecules, was observed. The principal axis b is parallel to the 6'2 symmetry 
axis of HNCNH. The molecular constants obtained by fitting the positions of 
the torsional doublet centers with Watson's Hamiltionian in S-reduction are A = 
379 244.493 (27) MHz, B = 10 366.9389 (18) MHz, and C = 10 366.0837 (25) MHz 
which yield g = -0.999995368(18). Small splittings of the observed rotational 
lines were found to be due to a torsional motion. Excerpts of the experimental data 
and the effective molecular constants of HNCNH relevant for radioastronomy are 
given. 

Introduction 

High resolution and high precision molecular spectroscopy in the terrestrial laboratory 
has been in the past and will be in the future an essential part of the information 
backbone of radioastronomy in its attempt to probe and understand the complex physics 
and chemistry of the interstellar medium. In my lecture at Zermatt I selected as a case 
study of current laboratory work the discovery and measurement of the high resolution 
spectrum of the molecule carbodiimide, HNCNH. In contrast to my lecture I shall not 
retrace in this paper all the steps of our work; I shall simply provide you with the hard 
data necessary for a radioastronomieal search. 

Carbodiimide, HNCNH, belongs to the group of isomers of the well-known interstel- 
lar molecule r I-I2NCN, which have been investigated in the Giessen laboratory 
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(1-8) by high resolution spectroscopic techniques in the vapour phase. Although car- 
bodiimide was calculated to be the next most stable isomer after cyanamide (P), it has 
not been isolated chemically. We now know that this is due to the low tautomerisation 
barrier between carbodiimide and cyanamide: There is an equilibrium between the two 
molecules with the ratio of the molecular abundances determined by their difference in 
free energy. This difference is calculated ab ini*io to be 42 k J/tool (#), which led in the 
past to the conclusion that the abundance of carbodiimide should be very low at room 
temperature in the terrestrial laboratory. As in the well-known case of the interstellar 
isomers HCN and HNC (10) an equilibrium between HNCNH and H2NCN will certainly 
not exist in interstellar molecular clouds with their low particle densities and low kinetic 
temperatures. However, since cyanamide has been detected in the interstellar medium 
(i1,12), and the ion-molecule reaction scheme predicts carbodiimide to be also a con- 
stituent of interstellar clouds, such an interstellar search is highly recommended, since 
accurate microwave, millimeter wave and sub-millimeter wave data are now available. 

The first evidence for the existence of the free molecule carbodiimide in the gaseous 
phase was presented by King and Strope in 1971 (13). Four carbodiimide bands were 
identified in the IR matrix isolation spectrum of trapped cyanamide vapour. Confirma- 
tion that carbodiimide is present in the vapour phase in equilibrium with cyanamide was 
given in 1985 by Birk and Winnewisser (15,15) who detected three complex carbodi- 
imide band systems corresponding to bands observed by King and Strope in the matrix 
spectrum. Two of these parallel bands were remeasured with Doppler-limited resolution 
(16). A complete analysis was impossible without prior knowledge of the spectroscopic 
constants for the ground vibrational state. In order to obtain this information, the 
observation and analysis of the rotational spectrum was mandatory. 

The new Bruker IFS 120 HR Fourier transform spectrometer (FTS) in Giessen en- 
abled us to measure the high resolution spectrum (0.0025 cm -1 ) of cyanamide and car- 
bodiimide in the far infrared region from 25 to 330 cm -1 . In addition, single sideband 
laser data in the far infrared, as well as submillimeter wave, millimeter wave and mi- 
crowave data were obtained at the Jet Propulsion Laboratory in Pasadena. Further 
millimeter wave measurements were carried out in Giessen. The experimental details 
relevant in obtaining the spectra, the problems of finding the spectrum among the ubiq- 
uitous lines of cyanarnide, as well as the theoretical analysis of our HNCNH data, in 
particular the torsional doubling, have already been published (17,18,19) elsewhere and 
are summarized by Birk (16). 

Molecular Structure and Type  of Spectrum 

Carbodiimide belongs to the point group C2. It is isoelectronic to the molecule allene, 
HzCCCH2, and therefore the dihedral angle # is nearly 90 ~ This gives rise to a very 
interesting situation as far as the inertial asymmetry of the molecule and its resulting 
spectrum are concerned. Carbodiimide is extremely close to an accidental symmetric top 
with its permanent electric dipole moment collinear with the C2 axis, thus exhibiting as 
its rotational spectrum a perpendicular band system. A recent ab initio calculation (18) 
predicted the inertial asymmetry of the molecule to be so small that, within the estimated 
error, either the b- or the c-axis could be parallel to the C2-axis. The analysis of our data 
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revealed without doubt that carbodiimide exhibits a b-type rotational spectrum with a 
small torsional splitting of the individual rotational lines. The permanent electric dipole 
moment was found to be 1.90 D. From this determination of the electric dipole moment 
and intensity measurements the abundance ratio of HNCNH to H2NCN in the gas phase 
at l l0~ was found to be 1 to 115(14). A detailed discussion of how we reached these 
conclusions can be found in Refs. ( 17 ,18 ,19 ) .  

M o l e c u l a r  C o n s t a n t s  o f  H N C N H  

Two different methods have been used in order to obtain effective molecular constants 
from the observed line positions of the rotation-torsion transitions and to predict the 
remaining part of the rotation-torsion spectrum. In the first method we considered 
the unperturbed rotational line positions only, i.e. the center positions of the torsional 
doublets. These were fitted using Watson's Hamilton operator in S-reduction (20 ,21) .  In 
this way 20 adjusted effective molecular constants were fitted to 335 center frequencies. 
From the rotational constants obtained via this procedure and listed in the abstract 
Wang's asymmetry parameter bp and Ray's asymmetry parameter g (22) were calculated: 

bp_ x+l  x - 3 -- -1.1580(45) x 10 -8 

2 B - A - C  
x - A -  C - 0.999995368(18). 

Compared even to structurally related molecules carbodiimide is closest to an acciden- 
tally symmetric top molecule, since x(H202) = -0.99195922 (23) and x ( H 2 S 2 )  = 
-0.999 960 8 (24). 

The fitting of molecular constants to the centers of the torsional doublets of the 
individual rotational lines has the disadvantage that the line positions themselves were 
not used or reproduced. It was initially essential, however, to determine the D j K  value 
in order to complete the assignment of the rQ0 rotational lines, as discussed in Ref. (17). 

A more rigorous but still effective fitting procedure was also carried out, fitting 
the observed line positions directly though not accounting for the torsion explicitly in 
the energy operator. The selection rules for the rotation-torsion transitions and the 
group theoretical aspects were dicussed in great detail in Refs. ( 16 ,17 ,19 ) .  They allow 
transitions only to occur between the pairs of states denoted as Als, Ala and A 2 , ,  A2d .  
Each pair of states was treated as an upper and lower vibrational (torsional) energy state, 

~', = l [ E a , ,  (0, O) - E A , .  (0, 0)1 

1 E i j , ,  ( J , K, ,  , g o )  - rot,A,o ~. , g : ' ,  K'c')] + -~c[E,'ot,A,, ' , , 

= (o,  o) - EA , (0,  0)] 

l [E~ot,A,. ( J ' ,  ' ' E I y , ,  ,, + K , ,  K c )  - ,'o,,A2, t , K , ,  K'c')], 
hc  

with 
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Table 1. Obse rved  and  CMcula ted  R o t a t i o n - T o r s i o n  Trans i t ions  
of  H N C N H  

I 
I l I I I t  I I  II  I t  [ F,o,., S (Ko, K , ) -  r,o,. , J (K, , ,  K ,  ) Vob,/MIIz (rob, - v, at,)/MHz 

I 

"Qo-branch 

A1, 3(1, 2)-  A1, 3(0, 3) 
Aid 4(1, 3) - A1, 4(0, 4) 
Ala 5(1, 4)-  A1, 5(0, 5) 
Ald 6(1, 5)-  A1, 6(0, 6) 
Aid 7(1, 6)-  At, 7(0, 7) 
Aid 8(1, 7)-  A1, 8(0, 8) 
A~ 9(1, 8)-  A1, 9(0, 9) 

A,d 10(1, 9) -Alo  10(0, 10) 
Aid 11(1, 10)- A1, 11(0, 11) 
A,d 12(1, 11)- A~, 12(0, 12) 
Aid 13(1, 12)- Al, 13(0, 13) 
AI,~ 14(1, 13) - Ax, 14(0, 14) 
A,d 15(1, 14)- A1, 15(0, 15) 
Aid 16(1, 15) - A1, 16(0, 16) 
AI,~ 17(1, 16) - A1, 17(0, 17) 
A,~ lS(1, 17)- A .  18(0, 18) 
A~ ~9(t, 18)- A;, 19(o, ~9) 
A~a 20(I, 19) - At, 20(0, 20) 
A~d 21(1, 20) - AL, 21(0, 21) 
Aid 22(1, 21) - At, 22(0, 22) 
Ata 23(1, 22) - At, 23(0, 23) 
Ata 24(I, 23) - At, 24(0, 24) 
Ala 25(L, 24) - A1, 25(0, 25) 
Ata 26(1, 25) - At, 26(0, 26) 
Ala 27(1, 26) - A1, 27(0, 27) 
A,~ 28(1, 27)- A1, 28(0, 28) 
A~a 29(1, 28) - A~, 29(0, 29) 
Atd 30(1, 29) - A1, 30(0, 30) 
Ald 31(1, 30) - A1, 31(0, 31) 
Ald 32(1, 31) - A~, 32(0, 32) 
Aid 33(1, 32) - A1, 33(0, 33) 
Atd 34(1, 33) - At, 34(0, 34) 
Aid 35(1, 34) - A1, 35(0, 35) 
AI~ 36(1, 35) - A1, 36(0, 36) 
Aid 37(1, 36)- A1, 37(0, 37) 
AI~ 38(1, 37) - At, 38(0, 38) 
A,,~ 39(1, 38)- A,,  39(0, 39) 
A~ 40(1, 39) - At, 40(0, 40) 
Ale 41(1, 40) - A1, 41(0, 41) 
A~ 42(1, 41) - A~, 42(0, 42) 
At,~ 43(1, 42)- A~, 43(0, 43) 
Al,~ 45(1, 44) - At, 45(0, 45) 
At~ 46(t, 45) - At, 46(0, 46) 

A~ 47(1, 46) - At, 47(0, 47) 
A~ 48(1, 47) - At, 48(0, 48) 

368 940.294 
368 939.296 
368 938.190 
368 936.866 
368 935.310 
368 933.533 
368 931.530 
368 929.298 
368 926.845 
368 924.152 
368 921.234 
368 918.101 
368 914.700 
368 911.085 
368 907.210 
368 903.074 
368 898.743 
368 894.120 
368 889.172 
368 884.127 
368 878.764 
368 873.143 
368 867.237 
368 861.061 
368 854.585 
368 847.874 
368 840.905 
368 833.732 
368 826.149 
368 818.505 
368 810.450 
368 802.046 
368 793.293 
368 784.270 
368 774.969 
368 765.314 
368 755.430 
368 745.123 
368 734.488 
368 723.407 
368 712.207 
368 688.572 
368 676.176 
368 663.518 
368 650.392 

0.089 
-0.022 
-0.019 
-0.010 
-0.010 
-0.005 
0.000 
0.003 
0.014 
0.015 
0.023 
0.050 
0.044 
0.061 
0.058 
0.035 
0.062 
0.044 

-0.050 
0.011 
0.009 
0.008 

-0.016 
-0.046 
-0.107 
-0.132 
-0.138 
-0.069 
-0.127 
0.043 
0.093 
0.091 
0.042 
0.028 
0.047 
0.027 
0.099 
0.074 
0.053 

-0.078 
0.015 
0.016 

-0.024 
0.040 
0.009 
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Table 1. cont inued  (a) 

r:o,. : ' (K',  K') - r,o~," J'(K,," Kr I ~,o,,/MIlz I (rob, - y~,,r 
rQo-branch 

A~d 49(1, 48) - A1, 49(0, 49) 
Aid 50(1, 49) - A~, 50(0, 50) 
A~d 51(1, 50) - A~, 51(0, 51) 
Aid 52(1, 51) - A1, 52(0, 52) 
A~ 53(1, 52) - A1, 53(0, 53) 
Aid 54(1, 53) - AI~ 54(0, 54) 
A~d 55(1, 54) - A~, 55(0, 55) 

368 636.921 
368 622.971 
368 608.952 
368 593.969 
368 579.072 
368 563.553 
368 547.845 

0.012 
~ 
0.155 

-0.176 
-0.014 
-0.062 
0.123 

r Po/V Rl-braneh 

AI~ 5(1, 5)- A,, 6(0, 6) 
AI~ 7(1, 7) - Al, 8(0, 8) 
Aid 8(1, 8)-  A,, 9(0, 9) 
A~d 9(1, 9)- A,, 10(0, 10) 

Aid 10(1, 10)- A1, 11(0, 11) 
AI~ 11(1, 11)- AI, 12(0, 12) 
Aid l l ( l ,  l l ) -  AI, 12(0, 12) 
A~ 12(1, 12)-A~, 13(0, 13) 
Aid 15(I, 15)-AI ,  16(0, 16) 
Al,t 16(1, 16)- Alo 17(0, 17) 
A~, 19(0, 19)- A~d 18(1, 18) 
A~, 20(0, 20)- Aid 19(1, 19) 
A1, 23(0, 23) -Atd 22(1, 22) 
AI~ 25(0, 25) - A~ 24(1, 24) 
A1, 27(0, 27) -Atd 26(1, 26) 
Az, 29(0, 29)- ALd 28(1, 28) 

244 529.640 
203 053.264 
182 314.382 
161 575.008 
140 835.282 
120 095.458 
120 095.498 
99 355.449 
37 135.395 
16 395.527 
25 083.265 
45 822.046 

108 035.184 
149 507.092 
190 975.466 
232 439.504 

-0.067 
-0.018 
0. 049 
0.008 

-0. 077 
-0.035 
0.006 

-0.029 
0.048 

-0.014 
0.028 

-0. 002 
-0.020 
-0.015 
O. 039 

-0.016 

r Ro-branch 

A~ 5(1, 5) - A~, 4(0, 4) 472 588.762 0.016 

"Qa-branch 

A1, 10(4, 7;6) - Aid 10(3, 8;7) 
At, 11(4, 8;7)- Aid 11(3, 9;8) 
A~, 12(4, 9;8)- Aid 12(3, 10;9) 

A1, 13(4, 10;9)- Aid 13(3, 11; I0) 
A~, 14(4, l l ; 1 0 ) - A ~  14(3, 12;11) 
A1, 15(4, 12; 11)- Aid 15(3, 13; 12) 
A~, 16(4, 13; I2)-  Al~ 16(3, 14; 13) 
A~, 17(4, 14; 13)- A]~ 17(3, 15; 14) 
A~, 18(4, 15; 14) - Aid 18(3, 16; 15) 

2 553 650.970 
2 553 599.170 
2 553 542.850 
2 553 482.280 
2 553 415.940 
2 553 345.600 
2 553 270.450 
2 553 191.170 
2 553 106.040 

0.212 
0. 083 
0.130 
0.621 
0.035 
0.144 
0. 135 
0.687 
0.081 
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Table 1. con t inued  (b) 

. . . .  ' " "  I I F~o,, J (K~, Kr - r,o." J (Ka, K c) vob,/MHz (rob, - vcatc)/MHz 

rQo-branch 

A2~ 3(1, 2)-  A2, 3(0, 3) 
As~ 4(1,3)- As, 4(0,4) 
Asd 5(1, 4) - A2, 5(0, 5) 
As~ 6(1, 5) - As, 6(0, 6) 
A2a 7(1, 6) - As, 7(0, 7) 
A2d 8(1, 7) - As, 8(0, 8) 
A2~ 9(1,8) - As, 9(0,9) 

As~ 10(1, 9) - As, 10(0, 10) 
A2,~ 11(1, 10) - A~,, 11(0, 11) 
As~ 12(1, 11) - Aso 12(0, 12) 
As~ 13(1, 12) - As, 13(0, 13) 
As~ 14(1, 13)- A2# 14(0, 14) 
A2d 15(1, 14) - As, 15(0, 15) 
As~ 16(1, 15)- A2, 16(0, 16) 
A2a 17(1, 16) - Aso 17(0, 17) 
As~ 19(1, 18) - A2, 19(0, 19) 
As,~ 20(1, 19) - A2, 20(0, 20) 
A2a 21(1,20) - A2, 2I(0,21) 
A2d 22(1, 21) - A2, 22(0, 22) 
Asd 23(I, 22) - A2, 23(0, 23) 
Asd 24(1, 23)- A2, 24(0, 24) 
A2d 25(1, 24) - As, 25(0, 25) 
Asd 26(1, 25) - As, 26(0, 26) 
Asd 27(1,26)- As, 27(0,27) 
As~ 28(1, 27) - As, 28(0, 28) 
Asd 29(1, 28) - A2, 29(0, 29) 
Asa 30(1, 29) - As, 30(0, 30) 
Asd 31(1,30) - A2, 31(0,31) 
Asd 32(1,31) - As, 32(0,32) 
A2d 33(1, 32) - A2, 33(0, 33) 
A2d 34(I, 33)- As, 34(0, 34) 
Asd 35(1,34)- As, 35(0,35) 
Asd 36(1, 35) - As, 36(0, 36) 
Asd 39(I, 38)- As, 39(0, 39) 
A2~ 40(I, 39) - A2, 40(0, 40) 
Asd 41(1,40) - As, 41(0,41) 
Asd 42(I, 41) - A2, 42(0, 42) 
Asd 43(1, 42) - A2, 43(0, 43) 
Asd 44(I, 43) - As, 44(0, 44) 
As,, 45(1, 44)- As~, 45(0, 45) 

368 476.604 
368 475.504 
368 474.452 
368 472.998 
368 471.358 
368 469.498 
368 467.384 
368 465.065 
368 462.454 
368 459.648 
368 456.684 
368 453.285 
368 449.750 
368 445.962 
368 441.936 
368 433.059 
368 428.266 
368 423.188 
368 417.820 
368 412.174 
368 406.287 
368 400.171 
368 393.741 
368 387.086 
368 380.127 
368 372.868 
368 365.279 
368 357.455 
368 349.316 
368 340.772 
368 332.039 
368 322.788 
368 313.629 
368 283.539 
368 272.793 
368 261.818 
368 250.385 
368 238.642 
368 226.615 
368 214.042 

0.106 
-0.065 
0.045 

-0.013 
-0.023 
-0.016 
-0.028 
-0.006 
-0.037 
-0.023 
0.076 

-0.016 
0.002 
0.014 
0.039 
0.023 
0.045 
0.042 
0.011 

-0.031 
-0.046 
-0.018 
-0.029 
0.014 
0.036 
0.044 
0.012 
0.038 
0.048 

-0.044 
-0.019 
-0.200 
0.027 
0.041 

-0.004 
0.062 
0.018 
0.017 
0.090 

-0.018 
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Table 1. cont inued  (c) 

' ' ' '  " " " I I r,o,, : (K a, Kr - Fro,," J (Ka, K c ) Vob,/Mttz (rob, - v, atr 

rPo/PRl-branch 

A2a 5(1, 5) - A2, 6(0, 6) 
A2d 7(1, 7) - A2, 8(0, 8) 
A2a 8(1, 8) - A2, 9(0, 9) 
A2d 9(1, 9)-A2, 10(0, 10) 

A2a 10(1, 10)- A2, 11(0, 11) 
A~d 11(1, l l ) - A 2 ,  12(0, 12) 
A2a 11(1, l l ) - A 2 ,  12(0, 12) 
A~a 12(1, 12)-A2, 13(0, 13) 
A2a 15(1, 15)- A2, 16(0, 16) 
A2d 16(1, 16)-A2, 17(0, 17) 
A2, 19(0, 19)- A2a 18(I, 18) 
A2, 20(0, 20)-A2d 19(1, 19) 
Az, 23(0, 23) -A2a 22(1, 22) 
A2, 25(0, 25)-A2a 24(1, 24) 
A2, 27(0, 27)- A2a 26(1, 26) 
a2, 29(0, 29) -Azd 28(I, 28) 

244 066.575 
202 590.600 
181 851.900 
161 112.838 
140 373.511 
119 633.950 
119 634.030 
98 894.322 
36 675.469 
15 936.094 
25 541.620 
46 279.903 

108 491.198 
149 961.723 
191 428.580 
232 891.096 

-0.048 
-0.006 
-0.004 
-0.008 
0.002 

-0.024 
0.056 
0.001 
0.025 

-0.019 
-0.010 
0.022 
0.006 

-0.006 
0.000 

-0.006 

"Ro-branch 

A~a 5(1, 5)-  A2, 4(0, 4) 472 125.506 0.143 

rQa-branch 

A~, 13(4, 10; 9) - A2a 
A2, 14(4, 11; 10) - A~a 
A~, 15(4, 12; 11) - A~d 
A~, 16(4, 13; 12) - A~d 
A2, 17(4, 14; 13) - A2a 
A~, 18(4, 15; 14) - A2a 
A~o 19(4, 16; 15) - A~d 
A~, 21(4, 18; 17) - A2d 

13(3, 11;10) 
14(3, 12;11) 
15(3, 13;12) 
16(3, 14;13) 
17(3, 15;14) 
18(3, 16;15) 
19(3, 17;16) 
21(3, 19;18) 

2 553 642.190 
2 553 576.950 
2 553 506.000 
2 553 431.200 
2 553 352.160 
2 553 267.560 
2 553 179.390 
2 552 986.310 

0.003 
0.336 

-0.355 
-0.211 
0.379 
0.095 
0.928 

-0.085 
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EA, ,  (0, O) -- EA,,  (0, O) = AE , ,a , , (K , ,  = O, J -'- O) 

EA,,(O,O) -- EA,,(O,O) = AE , , a , , (K , ,  = O, J = O) 

and E,.ot,A,, (J" ,  g~  ~, g~-'), E,-ot,A,, (J' ,  g~ ,  g'~), etc. being the rotat ional  energies in 
the different torsional states, calculated again using Watson ' s  S-reduced Hamil tonian.  
For the torsional transit ions EA14 ~ EA1, 351 individual rotat ional  lines were analysed 
while for the torsional transit ions EA,, ~'*EA2~ 345 Lines could be included in the fit. 
This  analysis yielded 23 effective spectroscopic constants  for the set of four torsional 
states.  The  observed line positions robs and ~'ob, and the differences in observed minus 
calculated line positions of the combined microwave, MMW, S u b M M W  and F IR  laser 
da ta  are given in Table  1. The  Fourier t ransform data  were included in the global fit but  
they are not entered in Table 1 since they are not yet of direct interest to radioastronmy. 
The  unabr iged list of assigned HNCNH llne positions can be found in Refs. (16,19). 
The  result ing molecular  constants  are given in Table 2. The  J and K~ dependence of 
the observed doublet  splitting is incorporated into the slightly different set of constants  
obta ined for each torsional s tate  without being related to the torsional potent ia l  function 
or the rotat ion-tors ion interaction. However, the adjusted spectroscopic constants  given 
in Table  2 enable us to provide accurate predictions of the HNCNH ground s ta te  rotation- 
torsion transit ions throughout  the entire MW, MMW, S u b M M W  and F I R  regions, thus 
providing the basis for a radioastronomical  search for this impor tan t  isomer of cyanamide.  
They  will also be essential in the analysis of vibrat ion-rotat ion bands of the molecule. 
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ABSTRACT 

The abundances of a variety of astrophysical molecules, ranging from H2 and CO 
to urea and glycine, are reconsidered in the light of new astronomical and laboratory 
data. Emphasis is given on the sources HCL2(TMC1) and IRC+10216. 

1 I n t r o d u c t i o n  

The determination of molecular abundances in the dense interstellar clouds is a 
difficult task. H2 cannot be observed, except on the line of sight to a few bright in- 
frared sources. CO, the next most abundant molecule, is easily observable through its 
millimetre lines, but these are so optically thick that they seldom probe deeper than the 
outermost layers. The polar species CS, HCN, HCO +, H2CO, NH3 have also optically 
very thick lines, while N2, C2, C0~,C2H2 and CH4 have no detectable radio transition. 
Finally, 02 cannot be observed from the ground or from airplane, due to atmospheric 
absorption. The abundances of these important species have to be derived indirectly 
from the dust column density, assuming a constant dust-to-H2 or CO ratio, from rare 
isotopic species, neglecting isotopic fractionation, from delicate radiative transfer cal- 
culations, or from chemistry models. Progress has thus been slow in the recent years; 
it has come mainly from the access to the far-infrared dust radiation, using IRAS and 
airborne telescopes, from higher resolution millimetre wave observations, and from a 
better understanding of isotope-selective photodissociation of CO at the edges of the 
clouds. 

Paradoxically, abundance determinations are somewhat easier for the heavier and 
less abundant species, which have a rich spectrum of optically thin microwave lines. 
These species' rotational level populations can be properly sampled and their abun- 
dances derived without detailed knowledge of the excitation conditions. This latter 
point is particularly valuable, since the gas density and temperature vary along the line 
of sight and across the antenna beam, and since, except for CO, OH, H2CO and NH~, 
the excitation rates for collisions with H2 axe not well known (most excitation rates 
reported in the literature are very uncertain at low temperatures, even in the case of 
collisions with He, as attested by the recent redeterminations of H20-He 2). It is for 
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this type of molecules, in particular for the acetylenic chains, that our knowledge of the 
abundances has progressed the most. 

In this article, we will focus on a few recent advances, referring the reader to other 
reviews 3'4 for a general survey of the subject. 

The H2, CO and dust abundances 

Because H2 is difficult to observe, dust and CO are used as the main gas tracers 
in dense molecular clouds. The far-IR and sub-ram continuum radiation emitted by 
dust grains is mostly optically thin, and can be observed throughout the densest clouds. 
Its intensity depends on the grain composition, size and temperature and is not easy 
to relate to the dust column density. The emission of dusty clouds embedded in the 
"standard" interstellar radiation field (ISRF) have nevertheless been modeled s,6. Of 
special interest is the model by Boulanger and Perault 6 of HCL2, a dark cloud in 
Taurus which contains TMC1, one of the richest interstellar molecular sources. HCL2 
is a nearby "translucent" cloud (average A~=3.5 mag), for which data are available on 
star counts, FIR radiation, and molecular line emission, allowing a detailed comparison 
between dust visual extinction, dust FIR emission, and CO (1-0) line emission 7. There is 
a good proportionality relation between the 100#m flux and Av, up to Av "2_4 mag, with 
a slope F(100/~)/A~= 5 MJy sr -1 per mag of extinction (see Cernicharo and Gu~lin7; 
the same relation is also derived by Langer et al. s in the dark cloud B5). This behaviour 
is consistent with predictions 6 in the case of a cloud containing a mixture of silicate and 
graphite grains s, when the ISRF of Mathis et al.s is attenuated by a 0.5 mag. dusty 
halo (the existence of such a halo is in fact suggested by the stellar reddening data7). 
Assuming the standard diffuse cloud Av/N(H+H2) relation still holds up to Ao=4 (see 
ref. [7]), Boulanger and Perault 6 derive an infrared luminosity to molecular hydrogen 
mass ratio r=0.6 Lo/Mo. Obviously, this ratio is not constant from cloud to cloud, or 
even within one cloud (it is three times higher in the Galactic cirrus clouds6). The 
scatter is however not that large (e.g. same values for B58 and HCL2), so an "average" 
value of r = l  Lo/Mo may provide an interesting way to estimate the Ha mass of dense 
clouds devoid of internal sources. 

The empirical a2CO(1-0) integrated line intensity-H2 column density relation,- 
W(12CO)/N(H2)= C't ,  offers another way to estimate the molecular hydrogen mass. 
This rough proportionality law as been "calibrated" using the virial theorem 9, the 
gamma-rays flux ~~ and star counts 11, yielding for local cloud complexes W(x2CO)/N(H2) 
=1 - 3.102o K kms- lcm 2. That the CO abundance follow that of H2 is not surprising, 
since CO is one of the most easily formed molecule and one of the most difficult to 
destroy or condense; but that the CO (1-0) line may trace the H2 column density is 
puzzling, since this line is optically thick in dense clouds. This has been tentatively 
explained by assuming that the clouds have roughly the same temperature (which is 
obviously wrong) and are virialized 12 or, alternately, by assuming that the bulk of the 
molecular mass in cloud complexes is in a low density halo, rather than in the dense 
clumps 11. The latter view is probably correct for the Taurus cloud complex, which sur- 
rounds HCL2. The halo component, which is barely detectable in ~3CO and not at all 
in Clso ,  dominates completely the 12C0(1-0) emission and contains, according to star 
counts, more than 50% of the mass of the complex; its temperature is set by the ambient 
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radiation field. In the halo surrounding HCL2, where the CO-Av correlation has been 
studied the most in detail 11, W( 12 CO) (in K.kms -1) is indeed found to increase roughly 
as 6.5 Av (mat.), i.e. as 1.5.1020 N(H2) (cm -2) (see Fig 1). 

The slope of the W( 12 CO)/N(H2 ) relation and the weakness of W(C ~s O) in the halo 
can be accounted for in the light of the new laboratory data on CO photodissociation ]3'14. 
CO photodissociation is known now to occur essentially in the lines, so that self-shielding 
is very efficient. The new data yield a global photodissociation rate 10 times higher than 
previously thought; self-shielding, on the other hand, drastically reduces this rate for 
A~ >1 mag, and the CO fractional abundance increases very fast between Ao=0.5 and 
2 mat  ]4'15. The abundance increase is partly compensated by an increase of the opacity 
of the (1-0) CO line, so that W(~2CO) scales very roughly as N(H2), for A~ between 
0.7 and 2 mag. This behaviour is illustrated in Fig. 1, where the integrated intensities 
W( 12 CO), observed in the halo of HCL2, are reproduced by radiative transfer calcula- 
tions in a cloud with nil2= 150 cm -3 and TK=I0  K, using the CO abundances derived 
by van Dishoeck and Black 14 in the case of an attenuated IS radiation field (Iuv=0.5). 

Another interesting result of the laboratory photodissociation measurements is that 
CO seems mostly dissociated in lines with non-zero vibrational quantum numbers, thus 
presenting large isotope shifts. Shielding of ]3C0 and C180 by 12CO should not be 
efficient, so that ]3CO and, mostly, ClsO could be largely dissociated in the halo. 
Observations show indeed little or no 13C0 and ClSO emission in the halo, in qualitative 
agreement with the above. These species, however, start to be detected at 0.7 and 1.5 
mat  of extinction respectively 7, i.e. earlier than the new 12C0 photodissociation rates 
would tend to suggest (1.2 and 4 mag, respectively, according to van Dishoeck and 
Black 14. The C180 data in Taurus could be matched for a cloud with little carbon 
depletion in an attenuated UV flux. The 13CO data, on the other hand suggest a 
normal cloud and a high carbon depletion !4. Measurements of the photodissociation 
rates of ]3CO and ClSO and more astronomical data would be needed before meaningful 
constraints on the ISRF and the gas depletion can be set by this method. 
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Fig. 2 Column densities of carbon chains and related molecules in IRC+10216 (from refs. [16,17] 
and from unpublished data) and TMC1 (from ref. [16] and a compilation of recent literature). 
Two diameters were assumed for the molecular sources in IRC+10216: 25"(white squares) and 
50"(black squares). The H2 column density in TMC1 is about 1022 cm -2 

A b u n d a n c e  o f  c a r b o n  c h a i n  m o l e c u l e s  

Several families of polar carbon chain molecules are known to be abundant  in dark 
clouds (mostly TMC1) and in the carbon star envelope IRC+10216. These are the 
cyanopolyynes,  HC2,+IN (n=0-5) ,  and their fragments C2n+IN (n=0-1) ,  the poly- 
actetylenic radicals HCn (n=1-6) ,  and the sulfur-bearing carbon chains CnS ( n = l - 3 ) ,  
to which we may add cyclic C3H2 and CsH and, in TMC1, H2CCN and C20.  Fig. 2 
gives the relative abundances of these species in function of the length of their carbon 
chain. Except for the lightest and the heaviest species, these abundances are rela- 
tively accurate, at least in IRC+10216, because many optically thin lines, sampling a 
fair fraction of the populated rotat ional  levels, were observed (including, in the case of 
IRC+10216, upper  fine structure levels for the radicals C3H, CbH and C6H, and excited 
bending states for HCsN and C4H). 

Whereas all linear chains with an odd number  of carbon atoms and terminated by a 
nitrogen atom are abundant ,  none with an even number  of C atoms is detected (includ- 
ing HCCN and CCN, whose rotat ional  frequencies are known). The  bond s t ructure  of 
the "odd" species can be described by an al ternat ion of single and triple covalent bonds, 
which probably leads to more stable compounds.  Even and odd polyacetylenic radicals 
are detected, al though with higher and lower abundances respectively. The  high abun- 
dances of C2S and C3S in TMC1 are quite surprising, compared to that  of C30.  The 
general abundance decrement with lengthening of the carbon chain is similar for the 
closed-shell cyanopolyynes and the C , H  radicals, and is roughly the same in TMC1 and 
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IRC+10216. A larger decrement is observed in SgrB2 and, mostly Orion(KL), where 
HChN is the heaviest species detected. 

C4H in its lowest excited bending mode, vT, has been detected in the envelope 
IRC+10216 ls,19. Unexpectedly, the v7 and 2v7 rotational lines are observed to be not 
much weaker than the ground level lines and are seen to extend far over the outer 
envelope. This is especially surprising, because the energies of the v7 and 2v7 levels 
are probably >_150 K and 300 K, whereas the dust temperature in the outer envelope 
was previously thought to be <100 K. The abundance of C4H calculated from the 
ground level line intensities should be increased by at least 50%, to take into account 
the molecules in excited bending levels (se Fig. 2). Other cases where the population 
of the excited bending modes is probably a large fraction of that of ground level axe 
those of the heavy cyanopolyynes in IRC+10216 and HC3N in the planetary nebula 
CRL 6182~ 

Metal-bearing molecules 

A remarkable result of the last few years has been the first detection of rotational 
lines from inter- and circumstellar molecules containing heavy elements. Besides PN 21,22 
and, perhaps, HC123, which are observed in interstellar clouds, there are also highly 
refractive species, detected in the circumstellar shell IRC+10216: NaC1, A1C1, KC1 and 
A1F 24 (we do not consider here molecules present only in stellar atmospheres). The A1F 
and A1C1 sources are clearly resolved with the 12"beam of the IRAM 30m telescope and 
are seen to extend into the outer envelope, i.e. in a region where the gas temperature 
is much lower than their temperature of condensation. Probably, these molecules are 
formed at thermodynamic equilibrium in the atmosphere of the inner star and expelled 
into the envelope. Their relative abundance with respect to those of SiS, SiC2 and CS, 
as well as with respect to each other, is consistent with Tsuji's equilibrium calculations 25 
in a carbon-rich atmosphere at 1200-1500 K. 

Several other metal-bearing molecules have been sought for with the 30-m telescope 
in IRC+10216 and in the envelopes of other carbon-rich or oxygen rich red giants, 
without success. These include CC1, SIC1, SiN, C1CN, CaCI, NaF, KF, MgC1, FeO, MgO 
and TiO. The limits on CaC1, NaF and KF, which have very large dipole moments are 
particularly low (_< few x 1012 cm-2). A1F, A1C1, NaC1 and KC1, have also been sought 
without success in stellar envelopes other than IRC+10216. AIF, on the other hand, is 
tentatively detected with the 30-m telescope (on the basis of a single line) toward Orion 
IRC2. 

Table 1: Abundances of "Metal"-bearing Molecules in IRC+10216 
(column densities in cm -2 for a 15" diameter source) 

Sulfur compounds Silicon compounds Metal halides 
SiS 7 1015 SiS 7 1015 A1C1 2 10 TM 

CS 4 1015 SiO 2 1015 A1F 4 10 is 
C2S 1.5 1014 SiC2 2 101~ NaC1 5 1012 
CsS 1.1 1014 SiC 6 1013 KC1 2 1012 
H2S 1 1013 
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Table 1 summarizes the abundances (and limits to the abundances) of sulfur, silicon 
and "metal" compounds in IRC+10216, derived from the IRAM 30 m telescope spectral 
su rvey17 ,23 ,  26. 

Glyc ine  and  U r e a  

Urea, (NH2)2CO, and glycine, NH2CH2COOH, are the two simplest molecules of 
biological significance and, to date, the only such molecules which we can reasonably 
hope to identify in interstellar space. Their microwave spectrum is fairly well known and 
they have been sought for several times. The latest and most sensitive search was made 
two years ago with the IRAM 30 m telescope (Gudlin and Cernicharo, unpublished). 
A dozen of millimetre lines of each species have been surveyed in Orion A (at the 
peak of HCOOCH3 emission), Sgr B2 (M and N-OH maser positions) and W3(OH). 
Several strong transitions of urea coincide with unidentified lines of '~ 0.05-0.1 K in 
Sgr B2, but others seem to have no counterpart down to 0.03 K. A similar situation 
exists for glycine. The Orion data is particularly difficult to interpret, due to a forest of 
unidentified lines at the level 0.05-0.1 K (e.g. Fig 3). The limits to the column densities 
of urea and glycine (or of any heavy molecule) in these sources are consequently not 
that low (fewxl012 - 1013 cm -2, or 10-1~ -11 of N(H2). 
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Fig. 3 A portion of the 3-mm spectrum observed  in the direction of Orion IRC2 with the 

IRAM 30-m telescope during the search for the lowest energy conformer of glycine. The r.m.s. 

f luctuation in one 1 MHz channel is 9 mK: all the weak (50-200 inK) unidentif ied features are 
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The spectrum of Fig 3 (which is atypical because it is devoid of strong.lines) is 
remarkable in that it probably does not reach the continuum level. Most of its lines are 
unidentified, and many probably come from excited bending states of heavy molecules. 
A large fraction of the identified lines arise from levels with energies higher than 150 K, 
showing that the Orion molecular core is indeed quitr hot. 

We thank D. Downes for comments on the manuscript. 
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SUMMARY 

The gas phase reactions that produce polyatomic molecules in dense interstel- 
lar clouds are reviewed. The production of complex molecules and the extent of 
deuterium fractionation in dense clouds are discussed in the context of detailed 
models. 

I .  I O N - M O L E C U L E  R E A C T I O N S  

This review is concerned with the chemistry occurring in portions of dense interstellar 
clouds distant from star forming activity. In such regions, the gas phase chemistry is 
dominated by exothermic ion-molecule reactions that can produce a wide assortment 
of polyatomic molecules (Winnewisser and Herbst 1987) once a sufficient amount of 
gaseous H2 has been produced via reactions on grain surfaces. Reactions between neu- 
tral gas phase species, even if exothermic, are normally unmeasurably slow at the low 
temperatures of dense clouds because they possess activation energy barriers (Herbst 
1987a). Exceptions to this rule exist; atoms and especially reactive species labelled 
"radicals," in non-singlet electronic ground states, often react without activation en- 
ergy. However, if the gas phase chemistry of dense interstellar clouds were confined to 
reactions involving atoms and/or neutral radicals, it would not be of much significance. 

Reactions between ions and molecules, if exothermic, occur typically without ac- 
tivation energy due, in part, to strong long range forces (Herbst 1987a). There are 
exceptions to this rule as well so that there is no substitute for laboratory measure- 
ments to confirm the rapidity of a particular reaction and to determine the specific 
products. Thousands of ion-molecule reactions have been studied in the laboratory by 
groups headed by Smith and Adams, Bohme, Huntress, McEwan and others. The rate 
coefficients k of rapid ion-molecule reactions are quite large; at room temperature/c is 
in the range 10 -~ - 10 -9 cm 3 s - i  (Anicich and Huntress 1986), which is one to two 
orders of magnitude larger than the rate coefficients of the fastest neutral-neutral reac- 
tions. These measured ion-molecule rate coefficients axe in agreement with the results 
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of simple long-range theories (Clary 1988; Herbst 1987a). At lower temperatures, the 
rate of an ion-molecule reaction depends strongly on the dipole moment of the neutral 
species. For non-polar reactants, there is little temperature dependence, as has been 
demonstrated by experiments down to 8 K (Rowe 1988). For polar reactants, the rate 
coefficient often increases with decreasing temperature according to both theory (Clary 
1988) and experiment (Clary, Smith, and Adams 1985; Rowe 1988). 

The primary ionization step in the ion-molecule chemistry of dense interstellar 
clouds is caused by the collisions of cosmic rays with molecular hydrogen to produce 
H+; another important ionization is caused by collisions of cosmic rays with atomic 
helium to produce He +. The H + ion "immediately" reacts with ubiquitous H2 to form 
the simplest polyatomic species H+: 

H + + H2 --+ H + + H ,  (1) 

which can then react with a variety of atoms present in the primeval gas. The reaction 
with atomic oxygen leads to the formation of the protonated water ion H30 + via the 
well-studied reactions 

H + + O --* OH + + H2 (2) 

OH + + H2 --* OH + + H (3) 

OH~ + + H2 -* H30 + + H. (3) 

Since it is chemically saturated, the H30 + ion does not react with H2. It does recom- 
bine dissociatively with electrons to form neutral fragments. The rates of dissociative 
recombination reactions have been well studied in the laboratory (Adams and Smith 
1988), although there is little experimental evidence available concerning what the 
neutral products are. With few exceptions, these reactions are very rapid at room 
temperature with rate coefficients k in excess of 10 -7 cm 3 s -I. In addition, they in- 
crease in rate with decreasing temperature, typically as T -0"3 - T -~ In the particular 
case of H30 + - e, there is some recent experimental evidence concerning the relative 
abundances (branching ratio) of neutral products which demonstrates directly that OH 
(+ H2 or 2H) is formed 80 percent of the time and indirectly that H20 (+ H) is formed 
20 percent of the time (Smith 1988). Once produced, H20 can be destroyed only 
by ion-molecule reactions since it is a stable neutral species, whereas OH, a reactive 
radical, can also be depleted by neutral-neutral reactions such as 

OH + 0 --+ 02 + H, (5) 

although it must be conceded that neutral-neutral reactions have not been studied 
at low interstellar temperatures and the possibility of small activation energy barriers 
cannot be ruled out. 

If neutral atomic carbon is present in the gas, it can react with H + to initiate a 
chain of reactions leading to hydrocarbons: 

H + + C --* CH + + H2. (6) 

Reaction (6) has not been studied in the laboratory due to the difficulty of producing 
atomic carbon, but should proceed as shown. For carbon present in its singly ionized 
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form, the initial reaction in hydrocarbon production is thought to be the radiative 
association (Black and Dalgarno 1973) 

C + + H2 --* CH + + hr, (7) 

because the regular ion-molecule reaction leading to CH + + H is endothermic by 0.39 eV 
and cannot occur in cold regions. (It is most important in shock chemistry however - 
for a recent review see Flower et  al. 1988). Although this radiative association is too 
slow to be measured directly in the laboratory (Luine and Dunn 1985) and is calculated 
to occur on only one of every l0 s collisions at 10 K (Herbst 1982a), the large amount 
of H2 in dense clouds renders it important. Once produced, CH + and CH + react to 
form CH + via rapid hydrogenation reactions analogous to (3) and (4). The CH + ion, 
however, does not react rapidly with H2. It undergoes a slow but important radiative 
association reaction with H2 that has been studied in the laboratory by two different 
groups (Barlow e~ al. 1984 a,b; Gerlich and Kaefer 1988). The resultant CH + ion is a 
precursor of methane (CH4), which is formed either via dissociative recombination or 
via an exothermic reaction with CO, itself an abundant interstellar molecule: 

CH~ + CO ~ CH4 + HCO +. (8) 

(Reaction (8) is unusual in the sense that protonation reactions involving HCO + - 
here the endothermic right-to-left reaction - are normally exothermic.) Dissociative 
recombination of CH5 + produces other one-carbon species such as CH3 and CH2, al- 
though branching ratios have not yet been measured. Once one-carbon hydrocarbons 
are produced, more complex species can be synthesized. The reactions that produce 
selected types of complex molecules are discussed in the next section. 

II. S Y N T H E S I S  OF C O M P L E X  M O L E C U L E S  

Ion-molecule pathways leading to most of the complex molecules detected unambigu- 
ously in dense interstellar clouds have by now been suggested. Here we consider only the 
syntheses of hydrocarbons and cyanopolyynes. For other species, the reader is advised 
to consult Herbst and Leung (1988), Smith e~ aI. 1988, Herbst (1987b), and Bohme 
et  al. (1988). A more thorough treatment than presented here has been undertaken by 
Bohme (1988). 

Hydrocarbon synthesis commences with the reactions discussed in Section I leading 
to CHn species. Once these are produced, three types of reactions lead to more complex 
molecules. These are carbon insertion reactions, condensation reactions, and radiative 
association reactions. In carbon insertion reactions, either C + or C inserts itself into a 
hydrocarbon neutral or ion to produce a larger carbon skeleton with the concomitant 
removal of one or more hydrogen atoms. In general terms, these reactions can be 
written as: 

C + + C,Hm + -* C~+IHm-1 + H (9) 

C + C~H + + --+ Cn+lHm_ 1 4- H (10) 
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where it has been assumed that only one hydrogen atom is removed. Many reactions of 
type (9) have been studied in the laboratory (Anicich and Huntress 1986); one example 
is 

C + + CH, -~ C2H + + H; C2H2 + + H2. (ii) 

Because of the difficulty of generating neutral C, reactions of type (10) have yet to 
be studied. Once synthesized, more complex hydrocarbons ions such as the acetylenic 
species C2H + and C2H + will react predominantly with molecular hydrogen if the reac- 
tions occur with rate coefficients larger than ~ 10 -13 cm 3 s -1 (Herbst, DeFrees ef aI. 
1987). However, it is most often the case that hydrogenation reactions are endothermic 
or, even if exothermic, show sufficient activation energy that k is much less than this 
value. Even association reactions most often fail to occur. The interesting result is that 
carbon insertion ion-molecule reactions do not lead to relatively saturated (hydrogen- 
rich) hydrocarbon neutrals and ions for species with more than one carbon atom. For 
the case of the acetylenic ions, C2H2 + undergoes only an association reaction with H2 
to form C2H + whereas C2H + and C2H + undergo no reaction at all with H2. Therefore 
the dissociative recombination reaction 

C2H + + e ---* C2H2 + H; C2H + 2H (12) 

and the corresponding reaction involving C2H + are of some importance. The radiative 
association reaction involving C2H + and H2 has not been studied in the laboratory. 
Rather, as is most frequently the case, the system has been studied under high pressure 
when three-body association dominates. Theory must then be utilized (Bates and 
Herbst 1988) to determine the corresponding radiative association rate. 

Carbon insertion reactions between neutrals such as C2H~ or C2H and C + or 
between ions such as C2H + and C2H + and C subsequently lead to three-carbon hydro- 
carbons. For example, the reaction 

C + + C2H2 ~ C3H + + H (13) 

has been well studied (Anicich and Huntress 1986). The product ion is known to un- 
dergo a three-body association to produce the ion C3H + (Adams and Smith 1987), 
which does not undergo subsequent reaction with hydrogen. Presumably the corre- 
sponding radiative association reaction occurs in dense interstellar clouds. The labo- 
ratory association reaction has been shown to produce a mixture of the normal and 
cyclic (c-) forms of the C3H + ion. The cyclic ion is the precursor of the widespread 
species C3 H2, which is produced via dissociative recombination of c-C3H + if the skeletal 
structure of the ionic species is preserved in the neutral fragment. 

Carbon insertion reactions leading to species as complex as C9 have now been 
proposed (Herbst and Leung 1988). In general, for n >_ 4, hydrogenation reactions 
involving the ions C + and occasionally C,H + occur, whereas ions with two or more 
hydrogen atoms do not react with H2. Since only ions as saturated as C,,H + are 
formed, the carbon insertion mode of synthesis cannot produce neutral hydrocarbons 
via dissociative recombination with more than one hydrogen atom. 

A second mode of complex hydrocarbon production can lead to more saturated 
hydrocarbons. This mode consists of condensation reactions, in which a hydrocarbon 
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neutral and ion react to form a more complex ion with either one or two hydrogen 
atoms being ejected; i.e., 

CnH + + CiHj ---+ Cn+iH++j_l + H 

CnH + + CiHj ~ C, ,+iH+. .  2 + H2. 
- t -3 -  

A well-studied example (Anicich and Huntress 1986) is the reaction 

C H# + C H2 C,H + + H; C,H# + 

(14a) 

(14b) 

H2. (15) 

Condensation reactions are not as important as carbon insertion reactions for those 
species which can be produced via both pathways, since in general there are lower 
concentrations of more complex species than of simple ones such as C and C +. However, 
the production of a relatively saturated ion such as C4H + via the condensation reaction 
(Anicich and Huntress 1986) 

C2H + + C2H2 ~ C4H + + H (16) 

can clearly not occur via the insertion method. 
A final mode for the production of complex hydrocarbon molecules is radiative 

association between small hydrocarbon ions and neutrals. For these reactions to com- 
pete with condensation processes such as (16), the rate coefflcents must be very large. 
There is some evidence from low pressure studies (Anicich and Huntress 1986) that 
such can be the case. A particularly interesting reaction is 

C,H + + C2H2 --~ CsH + + hu, (17) 

in which the product is at least partially cyclic (Anicich et al. 1986). 
The production of cyanopolyynes (HC2,~+IN) occurs by several routes (Bohme 

1988) but, in analogy with the synthesis of hydrocarbons, the dominant process ap- 
pears to be insertion reactions involving neutral atomic nitrogen and hydrocarbon ions 
(Herbst and Leung 1988). A variety of such reactions has been studied by the Innsbruek 
group (Federer et aI. 1986). An example is 

N + C3H + -+ H2C3N + + H, (18) 

which presumably leads to HC3N via dissociative recombination of the product ion. 
Herbst and Leung (1988) have utilized reactions such as those discussed here in a 

large chemical model of dense interstellar clouds that contains hydrocarbons through 
nine carbon atoms in complexity and.cyanopolyynes as complex as HCgN. The products 
and rates of many reactions in their model had to be estimated based on analogous reac- 
tions involving smaller species due to a paucity of experimental studies. The model is of 
the pseudo-time-dependent type, in which chemical abundances evolve under constant 
physical conditions. The results are in accord with previous pseudo-time-dependent 
models which show that large abundances of most carbon-containing molecules oc- 
cur only at so-cMled early times well before steady-state conditions are achieved and 
the available carbon has mainly gone into the chemically inert carbon monoxide. At 
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these early times, the results of Herbst and Leung (1988) show that gas phase reac- 
tions starting from C and C + can produce copious amounts of complex hydrocarbon 
molecules although there appears to be a slight underproduction of the more complex 
cyanopolyynes compared with observed abundances in TMC-1. Other mechanisms for 
producing complex cyanopolyynes should be investigated. 

III. DEUTERIUM FI:tACTIONATION 

Deuterium fractionation of gas phase molecules in dense interstellar clouds is a dramatic 
effect which can be explained in terms of ion-molecule reactions. A primer has been 
given by Watson (1976) and a more recent discussion by Wootten (1987). Fractionation 
effects in trace species arise from three main systems of reactions: 

H + + HD ~- H2D + + H2 (19) 

CH + + HD ~ CH2D + + H2 (20) 

C2H + + HD ~- C2HD + + H2, (21) 

in which the right-to-leR reactions are endothermic by amounts ranging from 230 K 
(reaction 19) to 550 K (reaction 21) and therefore occur slowly at low interstellar tem- 
peratures (Herbst 1982b; Herbst, Adams e~ al. 1987). The result is that the relative 
abundances of the deuterated ions are enhanced vis-a-vis the HD/H2 abundance ratio. 
The deuterated ions produced in reactions (19) - (21) then react with other neutral 
species to propagate deuterium fractionation effects. For example, H2D + reacts with 
CO to form DCO+; DCO + recombines with electrons to form atomic D; atomic D 
reacts with many species to enhance deuteration, el.c. Although relative abundances 
of deuterated to normal species have often been estimated in the literature by the use 
of small numbers of reactions directly relevant to the molecules being considered, it 
is more accurate to utilize comprehensive model calculations. Such calculations are 
especially useful in determining the time and temperature dependence of deuterium 
fractionation. This latter dependence was once thought to be simple; the higher the 
temperature, the more rapid the endothermic reactions in (19) - (21), the less the frac- 
tionation. Since the right-to-left reactions in (20) and (21) are much more endothermic 
than in (19), hydrocarbon fractionation was thought to be significant up to higher tem- 
peratures than fractionation based on H2D +. It is now known that the first of these 
viewpoints has to be heavily qualified and the second, although true, can be misleading 
since one must make sure that the fractionation of a particular species does indeed 
derive from H2D +. The temperature dependence of the abundance ratio of deuter- 
ated hydrocarbon species to their normal counterparts is not simple; both CH2D + and 
C2HD + react with H2 at low temperatures, not by the endothermic processes shown in 
(20) and (21) but  by radiative association processes, the three body analogs of which 
have been studied in the laboratory (Herbst, Adams et al. 1987). Radiative association 
reactions occur more rapidly at lower temperatures, introducing a complexity into the 
simple temperature dependence previously thought to pertain to deuterium fraction- 
ation. Recent calculations (Millar e~ al. 1989) show that in the 10 K - 70 K range, 
deuterium fractionation can increase with increasing temperature for selected species, 
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in accord with the large CCD/CCH abundance ratio observed by two groups in the 
extended Orion source (Vrtilek el al. 1985; Combes el al. 1985). 

Following a previous model of deuterium fractionation by Brown and Rice (1986), 
Millar et al. (1989) have produced a detailed pseudo-time-dependent model of dense 
interstellar clouds that includes all of the currently known deuterium fractionation reac- 
tions and the important radiative association reactions discussed above. Their results 
can be compared with observations in cold dark clouds and in extended portions of 
giant molecular clouds distant from star forming activity. One of their more inter- 
esting findings is that at high temperatures (,-~ 50 K - 70 K) there is a strong time 
dependence to the DCO+/HCO + abundance ratio. At times well before steady state 
is achieved ("early time"), this ratio is much larger than at steady state. The reason is 
that at steady state the dominant precursor of DCO + is H2D + which is not abundant at 
high temperatures, whereas at earlier times the high hydrocarbon abundance and rela- 
tively large hydrocarbon fractionation lead to large amounts of DCO + being produced 
from precursors such as CH4D +. Another interesting finding is that the temperature 
dependence of the abundance ratio DCN/HCN (at early time) is such that it first de- 
creases dramatically as the temperature is raised from 10 K to 30 K and then increases 
slightly as the temperature is further increased to 70 K. Preliminary observations for 
DCN/HCN seem to show this effect (Wootten 1987), but more detailed observations 
would be useful. The effect is obtained theoretically only if the branching ratios for 
dissociative recombination reactions are estimated using the ideas of Green and Herbst 
(1979) rather than those of Bates (1987). The two sets of branching ratios and the the- 
ories from which they come have been contrasted by Millar et al. (1988). Superimposed 
on these two theories in the model of Millar et al. (1989) is the additional assumption 
that there is no product selectivity based on isotope effects. On the other hand, Bell 
et al. (1988), in order to explain the very large value observed for the abundance ratio 
C3HD/C3H2, have assumed that deuterated molecules are strongly favored over their 
normal counterparts as products in dissociative recombination reactions. For exam- 
ple, in the dissociative recombination of C2HD +, such selectivity would favor CCD + 
tt over CCH -b D. There is some evidence for this selectivity in dissociative charge 
transfer reactions (Gellene and Porter 1983), although these systems have less energy 
than is available in dissociative recombination reactions. Calculations on this point 
are planned using the phase space treatment (Herbst 1978) which does predict cor- 
rectly the neutral product branching ratio obtained in the experimental measurement 
of H30 + + ~. 

IV.  C O N C L U S I O N S  

Gas phase reactions can produce large amounts of complex molecules under the phys- 
ical conditions extant in dense interstellar clouds if a significant portion of the carbon 
abundance does not exist in the form of carbon monoxide. In the simple pseudo-time 
dependent approach which considers clouds to be homogeneous entities that exclude 
UV radiation, this condition occurs only at.:times significantly earlier than steady state 
when there is a large abundance of neutral atomic carbon, a precursor of complex 
molecules. Of course, large abundances of neutral atomic carbon can arise by a num- 
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ber of other mechanisms, including penetrating UV radiation or a surplus of elemental 
carbon compared with oxygen in the gas phase. The dramatic enhancements in the 
ratios of the abundances of deuterated to normal species over the HD/H2 ratio seen for 
many molecules in dense clouds are understandable in terms of gas phase chemistry. 
However, the temperature dependence of the fractionation is not as simple as previously 
thought and the time dependence can be large, especially at the higher temperatures 
of extended giant molecular clouds. More observational data on the temperature de- 
pendence of deuterium fractionation would be most helpful. 
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FORMATION OF MOLECULES ON GRAIN SURFACES 

W.W. Duley 
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4700 Keele St. 

North York 
Ontario, Canada M3J IP3 

Summary 

After a review of the role of grain reactions in forming mole- 

cules such as CO, H20 , CH 4 and NH 3, the contribution of grain erosion 

to PAH formation is discussed. 

The role of grain reactions in forming interstellar molecules is 

a poorly understood and controversial matter at the present time. The 

only gaseous interstellar molecule unambiguously known to derive from 

grain reactions is H 2. The possibility .that more complex molecular 

species could be formed on dust has been often discussed (cf. Watson 

and Salpeter [1-2]. Recent reviews have been published by Williams 

[3] and by Winnewisser and Herbst [4]. 

The relation between molecule formation on grains and the compo- 

sition of the molecular mantles that are seen in denser interstellar 

clouds [5,6] is a subject of special interest, particularly since Jones 

and Williams [7] have shown that such molecules may be retained on the 

surface of dust when formed. If reactions on grain surfaces lead 

directly to the growth of grain mantles then there may be little direct 

contribution of grain reactions to gas phase chemistry unless some 

mechanism exists for returning these molecules to the gas phase on a 

regular basis. 

To explore this possibility we should first examine the likely 

reaction routes for 'heavy' atoms such as C, N and O on dust. Table 1 

summarizes these reaction routes 
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Table 1. Reaction routes: C,N, 0 on dust 

Reaction Product 

C + grain 

0 + grain 

N + grain 

CH 4 

CO, CN, ... 

aC/HAC 

H20 

02, CO, NO ... 

"silicates" 

NH 3 

N2, CN, ... 

In this table the 'traditional' products of grain reaction are listed 

in the first two rows for each channel. These products tend to be 

volatile and might return immediately to the gas phase. However, 

other products such as amorphous carbon (aC) or hydrogenated amorphous 

carbon (HAC) and silicates are also possible reaction products and are 

refractory, locking these elements up in dust. Laboratory data (cf. 

Robertson and O'Reilly (8)) show unequivocally that the reaction 

H 
C + grain -> aC/HAC 

is the dominant channel for C atom reactions on a substrate under plasma 

conditions and that CH 4 is therefore unlikely to form as traditionally 

assumed when C atoms encounter dust grains under interstellar condi- 

tions. Ogmen and Duley (9) have recently shown that HAC condensates 

form readily under simulated interstellar conditions and that these 

materials have IR spectra that are quite similar to those seen in 

galactic sources. 

As discussed by Jones and Williams (7) is also apparent that H20 

molecules formed in the reaction 

O + grain ~> H20 

are also retained by dust at least in the Taurus cloud. 

Since there is little spectroscopic evidence for the existence 

of NH 3 on dust (10) it is likely that the reaction 
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H 
N + grain -> NH 3 

results in the direct evolution of NH 3. 

A decision as to whether or not a particular molecule is retained 

on dust or returned to the gas can be obtained by looking at the heat 

of vaporization AH v as summarized in table 2. Since H20 is found to 

be retained on dust when formed via grain reaction between O and H, 

while there is little evidence that this occurs for the reaction 

C + 0 + grain -> CO, the critical rar4e for H v would appear to be 

0.06 < AH v S 0.42 eV. In fact, if the critical value for AH v is close 

to that for H20, then 

Table 2. AH v (eV/molecules) for various molecules 

Molecule Boiling Temperature AH v 

graphite 4200~ 7.4eV 

tetracene 710 1.3 

perylene 680 1.3 

napthalene 490 0.77 

H20 373 0.42 

C6H 6 353 0.35 

NH 3 240 0.24 

CO 2 195 0.26 

CH 4 110 0.085 

CO 82 0.063 

H 2 20 0.0094 

AHv(NH 3) may be too small to permit the retention of ammonia on dust 

during grain catalyzed reactions. 

The data in table 2 can also be used to estimate the probability 

that mantles form through condensation of gaseous molecules on grain 

surfaces. The rate of accretion of a molecule present at gas phase 

density n x on a grain of radius, a is Vnx~a2 where v is the speed of 

the molecule. The desorption rate depends on grain temperature Tq and 

a vibrational frequency ~. This rate is ~ exp[-AHv/kTg]. The critical 

gas phase density for condensation of a mantle is then 

n x = vza ~ exp[-AHv/kTg] 
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with v % 1012sec -I v 104cm sec -I and ~a 2 ~ 10-10cm 2 this becomes ; = 

n x = 1018 exp[-~Hv/kTg ] 

The sensitivity of this solution to grain temperature can be seen in 

the data of table 3. It is apparent from these data, that if Tg is 

low enough to permit CO to condense, then H20 and NH 3 should also be 

observed on dust. On the other hand, if only an H20 ice band is 

observed then neither CO nor NH 3 need be present. 

Table 3. Conditions for mantle formation 
by accretion of CO, NH 3 and H20 

Molecule 

CO 

NH 3 

H20 

nH(cm-2) nx(Cm -3) Tg(~ Mantle 

l03 l0 -2 15 Yes 

18 No 

l0 10 -4 15 No 

103 10 -5 50 Yes 

60 No 

103 10 -5 90 Yes 

10 -3 i00 No 

The use of an equilibrium grain temperature in the above analysis 

may, however, be misleading. Many grain materials will be amorphous 

and these materials respond differently when absorbing photons. It 

has been shown [11-13] that in such materials the absorption energy is 

localized within a volume 10 -21 - 10 -22 cm 3 around the primary site. 

Such localization can lead to temperature excursions AT = hg/k(3N-6) 

where h~ is the original photon energy, N is the number of atoms in 

the localized volume and k is Boltzmann's constant. The contribution 

of such fluctuations to desorption of CO and H20 from grains is dis- 

cussed elsewhere [14]. Since ~H v ~ 0.06 eV for CO even IR photons 

can lead to thermal desorption of this molecule through temperature 

spiking. It should be noted that this mechanism does not require 

small grains to be present [13]. 

Under more energetic conditions, for example adjacent to HII 

regions, temperature spiking can be sufficiently large that fragments 
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of grains can be desorbed. This is particularly likely when HAC dust 

is exposed to VUV photons. The structure of HAC and aC has been 

discussed by Robertson and O'Reilly [8]. These materials behave as if 

they consist of cluster of PAH rings with the cluster size being 1-8 

rings in HAC and ~ 20-40 rings in aC. It is these clusters that 

exhibit temperature spiking [15]. The amplitude of these spikes is 

such that smaller clusters will be removed from HAC dust under inter- 

stellar conditions. 

The desorption rate p for a PAH cluster bonded with energy ~ to 

HAC will be 

p = ~seXp[-~/kT *] 

where ~s is a vibrational frequency (~i0 ll Hz) and T* is the tempera- 

ture achieved in a photon-induced spike. The value of A can be approxi- 

mated from 

A ~ 0.3R eV 

where R is the number of rings in the cluster. Data on ~ and T* for 

various PAH molecules are summarized in table 4. 

Table 4. Bond energy on HAC for 
PAH molecules of various size. 
T* is calculated using h~=8eV 

R Molecule A (eV) N T* (~ 

8 Penzocoronene 2.4 39 835 

7 Coronene 2.1 36 900 

6 Benzoperylene 1.8 34 960 

5 Perylene 1.5 32 1032 

4 Pyrene 1.2 26 1276 

3 Anthracene 0.9 24 1390 

2 Napthalene 0.6 18 1930 

The desorption rate p (sec -I) is a strong function of cluster 

size through ~ and T*. With h~ = 8eV as typical of diffuse cloud 

conditions p varies from % 3 x 109 sec -I for a two ring cluster (eg 

napthalene) to % 1.3 x i01 sec -I for a six ring cluster, p % 5 x 103 

sec-l. 

Efficient desorption of a cluster requires that 

to be found in abundance only in regions of grain disruptlon. 
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> I P Trela x ~ 

where Trela x is the localization time for the temperature spike. 

Phillips [ii] has shown that Trela x may be 10 -2- 10-3sec in amorphous 

solids. If this were also true for interstellar carbons then the 

above condition would imply that only clusters with greater than 5 

rings would be retained on HAC dust in diffuse clouds. A similar 

result has also been obtained using an analysis of growth rates of 

HAC dust in diffuse clouds [15]. 

Clusters that remain on HAC (and in aC) after photoprocessing in 

this way will still be subject to temperature spiking. A variety of 

non-equilibrium emission excesses are expected from this material 

extending from the IR (UIR and cirrus emissions) to NIR and ERE 

emissions [13,]5]. 

Clusters liberated from HAC return to the gas phase and repre- 

sent a possible source of gaseous PAH molecules or molecular fragments. 

The reaction scheme for forming gaseous PAH in this way is 

C + grain ~> HAC 

HAC + UV -> PAH (gas) 

The accretion rate of C on dust is 

R C = nc~a2v c 

3 x 10-10n sec -I 

under diffuse cloud conditions. When pT~l all clusters less than a 

threshold size will be returned to the gas. The formation rate of 

gaseous PAH is then 

R C 
RpAH - N ng 

where N is the average number of carbon atoms in the cluster released. 

With ng ~ 10-12n 

bAH ~ 2 x i0-23n 2 cm-3sec -I 

If 8 is the destruction rate for gaseous PAH then 

npA H 2 x i0-23n 

n 8 

This result shows that when n = 102cm -3 as appropriate for diffuse 

cloud conditions, npAH/n = 10 -6 would imply 8 S 2 x 10 -15 sec -I. A 

value of 8 this small would seem to be unlikely even for PAH under 

diffuse cloud conditions. This suggests that gaseous PAH are likely 
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A more widespread product of these photoreactions on dust may be 

the simple ring molecule C3H 2. The formation rate for this molecule 

RC3H2 ~ 10-22 cm-3sec-i 

Then as before 

nC3H2 % i0-22n 

n 6 

with n = 102-103cm -3 and B = 10-11sec -I, nC3H2/n = 10-8-10 -9. This is 

compatible with the abundances observed by Cox et al [16] suggesting 

that C3H 2 may be a tracer for UV photodegradation of HAC dust in the 

ISM. 

In conclusion, I have shown that temperature fluctuations in 

amorphous grain materials may be significant with respect to the 

desorption of molecules from grain surfaces. For volatile molecules 

such as CO and H20 even modest photon energies can be important in 

desorption. However, in amorphous carbonaceous materials such as HAC 

temperature spikes can be in excess of I000~ leading to the evolution 

of PAH molecules or their fragments from dust. Since these ring 

molecules form naturally when carbon condenses on dust under low 

temperature conditions, a balance exists between the formation of 

these molecules on dust and their return to the gas phase. This 

balance may lead to an appreciable gaseous PAH abuncance in regions of 

grain disruption. A more general indicator of these temperature spike 

driven desorption processes may be the observation of the simplest 

ring molecule, C3H 2. This molecule would appear as the degradation 

product of PAH liberated from HAC. 
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ABSTRACT. The chemistry of circumstellar envelopes around evolved stars 
is extremely rich, especially for C-rich ones. The discussion of the 
chemistry of inner layers is very difficult because of their 
complexity. Modelling of radical and ion photochemistry in the outer 
shells is now successful in accounting for the species, often complex, 
there observed by radioastronomy. The chemistry of sulfur and carbon 
bearing molecules in O-rlch envelopes, and that of molecular ions in C- 
rich ones, are especially discussed. 

I. INTRODUCTION 

Circumstellar envelopes (CSEs) occupy a prominent position in 
cosmochemistry: they display a broad variety of element abundances that 
reflects nucleosynthesis and dredge-up in red giants and the complexity 
of grain formation. In particular, C-rich CSEs harbor a wealth of 
exotic complex molecules, a large proportion of which were observed 
there even before laboratory detection (see Guelin's contribution in 
these proceedings). CSEs span a broad range of physical conditions, 
from their photosphere to the dissolution of their outer layers in the 
interstellar medium, with extremely short characteristic times of 
evolution. Despite the variety of chemical processes and the complexity 
of some of them, such as grain formation, the modelling of 
circumstellar chemistry is favored by the relatively well defined 
physical conditions, the simple geometry, and the rapid evolution. 

There exist several recent reviews of circumstellar chemistry (1-6) and 
of the general properties, physical conditions, and molecular 
observations relevant for modelling CSEs (see e.g. 7-13). In 
particular, I will not reproduce here most of the recent discussions I 
wrote on these topics and on the general features of circumstellar 
chemistry (5,6,11) but will only stress the relevance of some recent 
observational results. These have been made possible by the gains in 
sensitivity and in angular resolution of millimeter wave facilities, 
particularily important for these relatively compact objects. Together 
with some information on the complex chemistry of CSEs' inner layers, 
where most of the simple stable molecules are generated, these new 
results prove the importance of photochemistry in exotic species 
formation in the outer layers, and the success of recent models. 

Without returning to the importance of the new detections of radical 
carbon chains and of metal molecules (13), I will discuss in turn : i) 
Observations of sulfur- and carbon-bearing molecules in O-rich CSEs 
(Sections II and III) and related radical reactions; ii) The first 
detections of molecular ions in CSEs (Section IV), and their dominant 
role in circumstellar chemistry as shown by the recent demonstration 
that species such as HNC and HC3N are mostly synthesized in the outer 
shells. 
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II. SULFUR-BEARING MOLECULES IN O-RICH CSEs. 

Because most of their carbon is locked in CO, the chemistry of O-rich 
CSEs is obviously much less rich than that of C-rich CSEs. For a long 
time, only OH, H~O and SiO masers, and thermal CO and SiO were detected 
in O-rich CSEs. Sulfur oxides and H~S were the next obvious candidates, 
but despite active searches (14,15), only HzS was detected in a unique 
envelope, OH 231.8+4.2, known as exceptional (15). Indeed, it is now 
realised that SO~, and to a smaller degree SO, are also exceptionally 
strong in this object, where OCS is also detected (16). Interferometric 
observations of SO2 have lead Jackson and Nguyen-Q-Rieu (17) to propose 
that it originates from sulfur desorption from grains in shocks. 

Indeed, the detection of SO 2 and SO, and the detection of H2S in other 
stars had to wait for the first observations with the IRAM 30m 
telescope (18,19, see also 20). We have recently made a systematic 
study of these three molecules in O-rich CSEs (21). Our sample was 15 
prominent massive CSEs: IRC-OH stars (such as IRC+I0011), OH-IR stars 
(such as OH 26.5+0.6), and OH supergiants (VY CMa, NML Cyg and 
IRC+I0420). In almost all of them two lines of H2S (110-i01 of ortho-H2S 
at 169 GHz, and 220-2zz of para-H2S at 217 GHz ) and at least two lines 
of SO 2 (among 31a-2a2 at 104.0 GHz, i00.1a-91. 9 at 160.8 GHz and I01. 9- 
100.10 at 104.2 GHz) were detected, as well as the 22-i I line of SO at 86 
GHz in about half of them. SO 2 was also marginally detected in a couple 
of semi-regular variables, and H2S in IRC+I0216 and AFGL 2343. 
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when the signal-to-nolse ratio is good enough the SO 2 profile generally 
appears squared, characteristic of unresolved optically thin lines 
(Figure i). The SO 2 excitation temperature lies in the range 20-40 K, 
increasing with the near infrared luminosity of the star. These 
characteristics appear in good agreement with chemical modelling that 
predicts SO 2 is formed in reactions with photoproduced OH in the outer 
shells (22,23,24) : 

S + OH --> SO + H 

SO + OH --> SO z + H 
( l )  

Assuming SO 2 is coextensive with OH yields an abundance = i0 -6 within a 
factor 3, a good order of magnitude smaller than the solar abundance. 
As the chemical models predict a substantial fraction of the sulfur is 
in SO 2 in these outer layers, it seems one can conclude sulfur is 
depleted in O-rich CSEs, although more work on sulfur photochemistry is 
probably needed. 

The data concerning SO are less complete and conclusive. However, they 
give smaller abundances than for S02, in line with chemical models. 

The llne profiles of H2S generally appear quite different from those of 
SO 2 . This is particularily striking in the case of OH 26.5+0.6 
(Figure i). The central part is clearly enhanced, suggesting the 
possibility that the emission comes partly from the warm internal dust 
formation layers that are not yet fully accelerated. However, the 
profiles are probably not incompatible with the usual parabolic 
profiles of optically thick lines. Despite the difficulty introduced by 
the existence of the ortho and para varieties, the excitation 
temperature of HzS appears much larger than that of SO 2 for the most 
massive CSEs (in the range 50-100K), but comparable for the OH-IRC 
sources. Such a high excitation temperature also indicates internal 
emission, although a clear view of its distribution is not presently 
possible. It is thus neither possible to identify i) the respective 
contributions of the different destruction processes of HzS: accretion 
onto grains, reaction with atomic H, or photodissociation; nor li) the 
precise origin of atomic sulfur used in reactions (i) to form SO 2 in 
the outer shells. 

III. CARBON-BEARXNG MOLECULES IN OXYGEN-RICH ENVELOPES. 

Thermodynamical chemical equilibrium in the cool photosheres of O-rlch 
CSEs implies a negligible amount of C-bearing molecules other than CO. 
The CO molecule is so stable it will not release carbon to form other 
molecules without energetic processes such as shocks or UV 
photodlssociation. HCN is however currently observed in O-rich CSEs 
with appreciable abundance = 2 i0 -~ (with respect to the H nuclei) 
within a factor 3, as well as in OH 231.8+4.2, in OH supergiants, in 
prominent IRC objects, and in related stars (NML Tau, TX Cam, etc) 
(25,26,27,16,28,29). 

Other C-bearlng molecules (CS, HNC, HCO ~ have also been detected, 
first in OH 231.8+4.2 (16), and then in TX Cam and NML Tau (29) (as 
well as SiS in TX Cam). 

The origin of these C-bearing molecules is not yet clear. Their 
photochemical formation in the outer layers has been investigated in 
detail (24,28). If one assumes the internal layers are in 
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thermodynamical equilibrium, photodissociation of CO fails by several 
orders of magnitude to provide enough C for the observed abundance of 
HCN. Nejad and Millar (24, see also 28) have proposed that carbon is 
released by photodissociation of CH 4 coming from the inner layers, 
through the reactions 

CH 4 + hv ---> CH, 

N2 + hv ---> N (2) 

N + CH n ---> HCN 

One has to Justify however the formation of CH 4 in the inner layers; 
and anyway one needs extremely large CH 4 abundances (= 10-2), relatively 
implausible, to explain the large observed HCN abundances (28). Other 
explored processes, such as the ionic reaction C* + NH 3, are still less 
efficient. Accordingly, it is quite possible that HCN (and CS) are 
directly formed in the inner layers, by a process still unknown. 

IV. OBSERVRTIONS OF HCO § 

The identifiatlon of HCO" is known as the cornerstone of the 
understanding of the role of ionic reactions in interstellar chemistry. 
However, HCO" was long sought without success in CSEs. Theoretical 
models (30,31,32) have shown there is no fundamental difference between 
the interstellar and circumstellar chemistry and abundance of HCO'. In 
C-rich CSEs, HCO" is believed to be formed by cosmic ray ionization 
through 

H z CO 
C R + H 2 ---> H2 § ---> H 3 .... > HCO § (3) 

and to be destroyed by dissociative recombination, exactly as in the 
interstellar medium. The difficulty of its detection is due to a 
slightly lower abundance and to the smaller masses of CSEs compared to 
interstellar clouds. However, these models predicted the expected line 
intensity in IRC+I0216 should be just comparable to the sensitivity of 
the new large millimeter wave telescopes (30,31). 

The maximum expected intensities in regular O-rich CSE are comparable 
(32), although the dominant processes are believed to be different. The 
formation of HCO" should mostly occur through 

hv H20,OH 
CO + hv ---> C ---> C ........ > HCO', (4) 

and the main destruction process is 

HCO ~ + HzO ---> H30 + + CO. (5) 

Indeed, HCO" is only marginally detected in IRC+I0216, and not detected 
in any normal O-rich CSE. In IRC+I0216, furthermore it is not 
impossible that the weak line detected at the HCO" J=l-0 frequency (33) 
with an intensity comparable to the theoretical expectations, could be 
due to some other unidentified species. 
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Much stronger HCO § lines have been detected in other peculiar CSE. The 
first detection was made in OH231.8+4.2 (16), known for the presence of 
very strong shocks, and there is some indication that the line profile 
displays the large velocities associated with these shocks. 

Strong lines (0.5-1 K) were also detected in the very young planetary 
nebulae CRL 618 (33,34) and NGC 7027 (33). In the latter, the J=3=2 
line is also detected and there is some evidence that the HCO" emission 
is associated with a bipolar outflow at relatively high velocity. HCO § 
is also detected at a lower level in another young PN, IRAS 21282+5050 
(35) and in CIT 6 and VY CMa (33). 

The processes described above are probably unable to explain the 
relatively strong emission in all these peculiar CSEs. It is likely 
that other processes are present in the inner layers, associated with 
shocks or photoionization by internal UV radiation from the PN or the 
chromosphere. 

V. IONIC PHOTOCHEMISTRY. 

As already mentioned, photoionization by galactic UV is a major source 
of ions in the outer layers of CSEs. The main primary ions are C2H= § in 
C-rich CSEs, HzO § (immediately transformed into H30") in O-rich CSEs, 
and C § in all of them. Such ions quickly react with such abundant 
molecules as C2Hz, HCN, H20, etc. In particular, they can enter 
condensation reactions and start the synthesis of complex species (30). 
The most important paths seem the following : 

C" + C2H 2 .... > C~H~ ..... > C3H, C3H2, C a, (6) 

as proposed by Nejad and Millar (36). It seems that one can explain in 
this way the observed abundance of C3H in IRC+I0216, and possibly those 
of C3H 2 and C 3. 

Again in IRC+I0216, the ion C2H 2" can initiate the formation of the 
long carbon chains by joining two carbon atoms (30,31): 

C2H2" + C2H 2 .... > C4H3 § C4H z ..... > C4H2, C4H (7) 

The abundance of C4H formed in this way agrees in order of magnitude 
with observations of IRC+I0216. A similar reaction with HCN can give: 

C2H2" + HCN .... > H2CN ..... > HCN, HNC (8) 

.... > H2C3N ..... > HC3N (9) 

The amount of HNC formed in this way in IRC+I0216 (31) is in excellent 
agreement with the observations. As concerns HC3N, Glassgold and Mamon 
(37) have shown that this process should be a more efficient synthesis 
than others proposed by Millar (4). 

The theoretical expectation for the amount of HC3N in the inner layers 
is not yet clear (see 38 and 39 for contradictory points of view), but 
recent interferometric observations by Bieging and Rieu (40) strongly 
support the idea that most of the exotic species are generated in the 
outer layers, probably by ionic photochemistry. Not only does the 
radical C~H, a photodissociation product of C2H2, appear distributed in 
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a hollow shell as expected, but HNC and HC3N also have similar 
distributions as expected if they are formed through reactions (8 
and 9) (for HC3N , Likkel et al. (41) reached also the same conclusion). 
There is also good evidence, although with less angular resolution, 
that other molecules, such as CN, C4H, etc, have a similar 
distribution. 
Accordingly, there is a good chance that photochemistry can account for 
all the complex and exotic species observed in IRC+I0216 and other C- 
rich CSEs. Modelling of this part of circumstellar chemistry appears 
now in very good shape, and one can still expect rapid progress with 
the development of observations and millimeter facilities, and possibly 
with improvements to the values of the various implied reaction rates. 
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CHEMICAL MODELS OF HOT MOLECULAR CORES 

T. J. Millar I and P. D. Brown 1,2 

lMathematics Department, UMIST, PO Box 88, Manchester M60 IQD 
2CITA, University of Toronto, 60 St. George Street, Toronto 

SUMMARY. We a r g u e  t h a t  t h e  o b s e r v a t i o n  o f  m o l e c u l e s  s u c h  a s  NH3, CH3OH , HDO 

a n d  NH2D in  h o t  m o l e c u l a r  c o r e s  i n d i c a t e s  t h a t  s u r f a c e  r e a c t i o n s  o n  i n t e r s t e l l a r  

g r a i n s  m u s t  p l a y  a n  i m p o r t a n t  r o l e  i n  d e t e r m i n i n g  t h e  g a s  p h a s e  a b u n d a n c e s  i n  s u c h  

r e g i o n s .  T h e  d e t e c t i o n  o f  l a r g e  s a t u r a t e d  m o l e c u l e s  in  h o t  c o r e s  s u g g e s t s  t h a t  t h e  

s u r f a c e  c h e m i s t r y  m i g h t  be  e x t r e m e l y  c o m p l e x .  

I. INTRODUCTION 

Hot m o l e c u l a r  c o r e s  a r e  o b s e r v e d  a s  sma l l  ( s i z e  < 1 pc ) ,  d e n s e  (n(H 2) - 107 c m - 3 ) ,  

h o t  (T ~ 1 0 0 - 2 0 0  K) c l u m p s  w i t h i n  g i a n t  m o l e c u l a r  c l o u d s  a n d  a p p e a r  to  be  

a s s o c i a t e d  w i t h  r e g i o n s  o f  a c t i v e  s t a r  f o r m a t i o n .  A l t h o u g h  v a r i o u s  m e c h a n i s m s  m a y  

b e  r e s p o n s i b l e  f o r  t h e i r  f o r m a t i o n  we s h a l l  c o n s i d e r ,  f o r  t h e  p u r p o s e s  o f  t h e  

c a l c u l a t i o n s  d e s c r i b e d  h e r e i n ,  a z e r o - o r d e r  m o d e l  i n  w h i c h  t h e  c o r e s  a r e  c o n s i d e r e d  

to  b e  r e m n a n t s  o f  a c l o u d  w h i c h  h a s  c o l l a p s e d  to  f o r m  a s t a r  (o r  s t a r s ) .  T h e  c o r e s  

t h e m s e l v e s  a r e  a s s u m e d  to  b e  " f a i l e d  s t a r s "  a n d  a r e  h o t  b e c a u s e  o f  h e a t i n g ,  

p r o b a b l y  v i a  i n f r a r e d  r a d i a t i o n ,  f r o m  a n e a r b y  s t a r .  S u c h  a s c e n a r i o  a p p e a r s  

r e a s o n a b l e  f o r  t h e  m o s t  wel l  s t u d i e d  h o t  c o r e ,  t h e  s o - c a l l e d  O r i o n  Hot C o r e ,  s i t u a t e d  

n e a r  IRc2.  U n l i k e  co ld  i n t e r s t e l l a r  c l o u d s  s u c h  a s  TMC-1 ,  in  w h i c h  h i g h l y  

u n s a t u r a t e d  m o l e c u l e s  a r e  o b s e r v e d  - a s t a t e m e n t  t r u e  a l s o  f o r  t h e  e n v e l o p e  o f  t h e  

c a r b o n - r i c h  s t a r  IRC+10216 - h o t  c o r e s  a r e  d o m i n a t e d  b y  t h e  p r e s e n c e  o f  s a t u r a t e d  

m o l e c u l e s  i n c l u d i n g  NH3, H20 , CHsOH a n d  CHsOCH 3 w h i c h  h a v e  a b u n d a n c e s  m u c h  

l a r g e r  t h a n  t h o s e  o b s e r v e d  in  co ld  c l o u d s .  A s t u d y  o f  NH z in  O r i o n  l ed  S w e i t z e r  

(1978) to  p r o p o s e  t h a t  t h e  l a r g e  f r a c t i o n a l  a b u n d a n c e  o b s e r v e d ,  ~ 10 - s  - 10 - s ,  w a s  

d u e  to  t h e  e v a p o r a t i o n  o f  NH z i ce  f r o m  t h e  s u r f a c e  o f  d u s t  g r a i n s .  L i k e w i s e ,  t h e  

l a r g e  a b u n d a c e s  o f  CHsOH a n d  H20,  t h e  l a t t e r  i n f e r r e d  f r o m  o b s e r v a t i o n s  o f  HDO a n d  

H21eO, h a v e  a l s o  b e e n  t a k e n  to  b e  i n d i c a t i v e  o f  s u r f a c e  p r o c e s s e s .  E v e n  i f  s u r f a c e  

p r o c e s s e s  a r e  n o t  i n v o l v e d ,  t h e r e  i s  o v e r w h e l m i n g  e v i d e n c e  t h a t  a b u n d a n c e s  in  t h e  

O r i o n  Hot C o r e  r e f l e c t  a p r e v i o u s  co l d  p h a s e .  T h i s  i n c l u d e s  t h e  d e g r e e  o f  

f r a c t i o n a t i o n  o b s e r v e d  in  NH2D/NH3, HDO/H20,  CHzOD/CH3OH a n d  t h e  A-  to  E -  

t o r s i o n a l  s t a t e  a b u n d a n c e  r a t i o  in  CHzOH ( s e e  W a l m s l e y  1989 f o r  a r e v i e w ) .  I n  t h i s  

a r t i c l e  we s h a l l  a u m m a r i s e  d e t a i l e d  m o d e l l i n g  o f  t h e  c h e m i s t r y  o f  t h e  O r i o n  Hot  C o r e  

in  t e r m s  o f  co ld  g a s  p h a s e  a n d  s u r f a c e  p r o c e s s e s  ( B r o w n ,  C h a r n l e y  a n d  Mi l l a r  1988, 

B r o w n  a n d  Mil lar  1989).  
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2. THE CHEMICAL MODEL 

We h a v e  fol lowed t h e  g a s  p h a s e  c h e m i s t r y  in a cold (T = 10 K) c loud u n d e r g o i n g  a 

f r e e - f a l l  co l l ap se  f rom an in i t ia l  d e n s i t y ,  ni(H 2) = 1500 cm -3,  to a f i na l  d e n s i t y ,  

nf(Hm) = 107 am - a ,  w h i c h  o c c u r s  in  a t i m e - s c a l e ,  t f f  ~ 8 l0 s y r .  S inc e  t h e  g r a i n  

c h e m i s t r y  is  t h o u g h t  to i n f l u e n c e  hot  co r e  a b u n d a n c e s ,  we h a v e  i n c o r p o r a t e d  

a c c r e t i o n  of t h e  g a s  on to t h e  d u s t  g r a i n s  a n d  i n v e s t i g a t e d  t h e  e f f e c t s  of  a s imple  

s u r f a c e  c h e m i s t r y ,  n a m e l y  h y d r o g e n a t i o n  a n d  d e u t e r a t i o n ,  in  a n  exp l i c i t  f a s h i o n .  

S ince ,  fo r  a n o rma l  g a s - t o - d u s t  r a t io ,  t h e  a c c r e t i o n  t i m e - s c a l e ,  t acc ,  i s  ~ 3 107 /n  y r ,  

all of  t h e  g a s ,  wi th  t h e  e x c e p t i o n  of H2, HD, H, D, He a n d  t h e i r  a s s o c i a t e d  ions ,  

f r e e z e s  on to t h e  g r a i n s  b e f o r e  t h e  e n d  of t h e  co l l apse  p h a s e .  At t h i s  s t a g e  t h e  

HzD+/H3 + a b u n d a n c e  r a t i o  i s  g r e a t e r  t h a n  1 s i n c e ,  a t  10 K, HD d e s t r o y s  Ha + (to form 

H2D +) w h e r e a s  n e i t h e r  HD no r  H 2 d e s t r o y  H2 D+. B e c a u s e  of  t h e  a b s e n c e  of more  

complex  mo lecu le s ,  t h e  f r a c t i o n a l  a b u n d a n c e  of H2D + c a n  be l a r g e  (~ 10 -6) a n d  

s h o u l d  be d e t e c t a b l e  in r e g i o n s  in wh ich  a c c r e t i o n  d o m i n a t e s .  T h i s  r e s u l t  a s s u m e s  

t h a t  H2D + a n d  H3+ do no t  r e c o m b i n e  wi th  e l e c t r o n s  (Smith  a n d  Adams  1984); i f  t h e y  

do so (Amano 1988), t h e i r  a b u n d a n c e s  will be r e d u c e d .  At t h i s  s t a g e  in t h e  

ca l cu l a t i on ,  i t  is  a s s u m e d  t h a t  a h e a t i n g  e v e n t  l i b e r a t e s  t h e  mo lecu la r  m a n t l e s ,  w h ic h  

h a v e  a c c u m u l a t e d  on  t h e  g r a i n s  d u r i n g  t h e  cold p h a s e .  T h e  r e s u l t i n g  h o t  g a s  - 

o b s e r v a t i o n a l l y  a ho t  molecu la r  co r e  - c o n t a i n s  l a r g e  a b u n d a n c e s  of s imple  h y d r i d e s  

s u c h  a s  H20, NH 3 a n d  CH 4 in i t ia l ly .  We h a v e  a l so  followed t h e  chemica l  e v o l u t i o n  of 

t h i s  g a s  b u t  f i n d  i t  to be  c h e m i c a l l y  i n e r t  fo r  a pe r iod  of a t  l e a s t  104 y r ,  d u e  to (i) 

t h e  lack  of a t o m s  a n d  r a d i c a l s  in  t h e  ho t  g a s ,  all h a v i n g  b e e n  c o n v e r t e d  to 

s a t u r a t e d  m o lecu l e s  on  t he  g r a i n  s u r f a c e ,  a n d  (ii) t he  lack of i o n i s i n g  r a d i a t i o n  d e e p  

in  t h e  hot  co r e  wh ich  k e e p s  t h e  i o n i s a t i o n  f r a c t i o n  small .  The  h i g h  v i s u a l  

e x t i n c t i o n ,  > 300 mag. ,  a t  t h e  c e n t r e  of  t h e  Orion Hot Core e n s u r e s  t h a t  u l t r a v i o l e t  

a n d  X - r a y  r a d i a t i o n  c a n n o t  p e n e t r a t e ,  a l t h o u g h  a " s k i n  d e p t h "  a r o u n d  a ho t  c o r e  

would show a l a r g e r  f r a c t i o n a l  i on i s a t i on  t h a n  t h a t  w h ic h  we c a l c u l a t e  a t  t h e  c e n t r e  

(~ 10-13). 

3. RESULTS AND DISCUSSION 

In a d d i t i o n  to t f f  a n d  t acc ,  a t h i r d  t i m e - s c a l e ,  t h e  chemica l  t i m e - s c a l e ,  t ch  , i s  

i m p o r t a n t  in  d e t e r m i n i n g  t h e  f ina l  a b u n d a n c e s  in t he  ho t  core .  T h i s  t i m e - s c a l e  i s  

t h a t  fo r  p r o c e s s i n g  a toms  in to  mo lecu l e s  a n d  i s  t y p i c a l l y  ~ l0  s y r  in a d e n s e  c loud  

( L e u n g ,  H e r b s t  a n d  H u e b n e r  1984, Millar a n d  Nejad 1985, Millar, L e u n g  a n d  H e r b s t  

1987). A c o m p a r i s o n  of  t h e s e  t h r e e  t i m e - s c a l e s  s h o w s  t h a t  b e f o r e  t f f  i s  r e a c h e d ,  

a c c r e t i o n  is  comple t e  and  t h a t ,  s i n c e  tac  c < t c h  , t h e  a c c r e t e d  s p e c i e s  a r e  ma in ly  

a to m s  with t r a c e s  of  mo lecu l e s  s u c h  a s  CO, HCN, CH3OH, e t c .  H y d r o g e n a t i o n  o f  a t o m s  

on t h e  g r a i n  s u r f a c e  l e a d s  to t h e  ma jo r  m a n t l e  s p e c i e s  b e i n g  (with p e r c e n t a g e  b y  
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n u m b e r  d e n s i t y  g i v e  in  p a r e n t h e s e s ) :  H20 (62%), NH 3 (14%), CH 4 (15%), CO (9%). 

O t h e r  mo lecu le s  f r o z e n  on to  g r a i n s  c an  do so wi th  f r a c t i o n a l  a b u n d a n c e s  m u c h  l a r g e r  

t h a n  t h o s e  g i v e n  by  s t e a d y  s t a t e  c a l c u l a t i o n s .  T h a t  is ,  a t  e a r l y  t imes ,  t h e  l a r g e  CI 

g a s  p h a s e  a b u n d a n c e  e n s u r e s  e f f e c t i v e  f o r m a t i o n  of mo lecu le s  s u c h  a s  CH3OH, CH3CN , 

HzCO an d  HC3N wh ich  a r e  f r o z e n  wi th  f r a c t i o n a l  a b u n d a n c e s  ~ 10 - s  - 10 -7  . 

The  g a s  p h a s e  d e u t e r i u m  c h e m i s t r y  in t h e  c o l l a p s i n g  a n d  a c c r e t i n g  g a s  h a s  some 

i m p o r t a n t  d i f f e r e n c e s  f rom t h a t  o c c u r i n g  in  a s t a t i c  c loud .  A l t h o u g h  t h e  ba s i c  

f r a c t i o n a t i o n  p r o c e s s e s  a r e  s imi la r ,  t h e  d e g r e e  of d e u t e r i u m  e n h a n c e m e n t ,  

p a r t i c u l a r l y  in r a d i c a l s ,  c a n  be m u c h  l a r g e r .  C o n s i d e r ,  for  example ,  OD w h i c h  in a 

s t a t i c  c loud  a t  10 K h a s  an  a b u n d a n c e  r a t i o  [OD]/[OH] ~ 0.5 (Millar, B e n n e t t  a nd  

H e r b s t  1989). In  common wi th  mos t  r a d i c a l s ,  OD is  d e s t r o y e d  p r e d o m i n a t l y  b y  

n e u t r a l - n e u t r a l  r e a c t i o n s  i n v o l v i n g  a toms .  As a c c r e t i o n  t a k e s  p lace ,  h o w e v e r ,  t h e  

a b u n d a n c e  of  r e a c t i v e  a toms ,  s u c h  a s  O, C a n d  N, d e c r e a s e s  a nd  d e s t r u c t i o n  b y  D 

a toms ,  wh ich  a r e  no t  r e m o v e d  f rom the  g a s  u p o n  co l l i s ions  wi th  g r a i n s ,  o c c u r s .  

T h e s e  D a t o m s  d e s t r o y  OH to form OD (Croswe]l  and  D a l g a r n o  1985} b u t  do no t  

d e s t r o y  OD. S ince  the  d e s t r u c t i o n  of  OH a n d  OD by  H a t o m s  is  n e g l i g i b l e  a t  10 K, 

t he  o v e ra l l  e f f e c t  is  to g ive  [OD]/[OH] > 1 in t h e  g a s  p h a s e .  E v e n t u a l l y ,  of  c o u r s e ,  

t h e  l a r g e  a b u n d a n c e  of  OD a c c r e t e s  on to t h e  d u s t  on  w h ic h  it  is  h y d r o g e n a t e d  to 

f rom HDO. The  a c c r e t i o n  of O and  OH l e a d s  to t he  fo rma t ion  of H20 a n d  HDO 

t h r o u g h  s u r f a c e  r e a c t i o n  with H a n d  D a toms .  Our  de ta i l ed  n u m e r i c a l  c a l c u l a t i on  

(Brown a n d  Millar 1989} s h o w s  t h a t  some d e u t e r a t i o n  m u s t  t a k e  p lace  on t h e  g r a i n  

s u r f a c e  b u t  t h a t  t he  a c c r e t i o n  a n d  s u b s e q u e n t  h y d r o g e n a t i o n  of d e u t e r a t e d  r a d i c a l s  

is  t h e  major  i n f l u e n c e  in d e t e r m i n i n g  t h e  HDO a n d  NHzD a b u n d a n c e s  o b s e r v e d  in  ho t  

c o r e s .  

Up o n  h e a t i n g ,  to 200 K, t h e  g r a i n  man t l e  e v a p o r a t e s  r a p i d l y  a n d  loads  t h e  ho t  co re  

wi th  p r o c e s s e d  mate r i a l .  S ince  we f i nd  t h e  ho t  co re  g a s  to be  chemica l ly  i n e r t  for  a 

l e a s t  104 y r  it  a p p e a r s  t h a t  o b s e r v a t i o n s  of t h e  g a s  in ho t  c o r e s  g i v e s  i n f o r m a t i o n  

on t h e  g r a i n  m a n t l e  compos i t i on  of cold c l o u d s .  

A l t h o u g h  o u r  model  h a s  a r e l a t i v e l y  s imple  s u r f a c e  c h e m i s t r y ,  t h e r e  is  e v i d e n c e  t h a t  

it  may  be  more  complex.  F i r s t l y ,  d e s p i t e  s e n s i t i v e  s e a r c h e s ,  t h e r e  i s  no e v i d e n c e  

f rom i n f r a r e d  s p e c t r o s c o p y  fo r  CH 4 in  g r a i n  m a n t l e s .  R a t h e r  it  a p p e a r s  t h a t  a f t e r  

tI20 , m e t h a n o l  i s  t h e  mos t  a b u n d a n t  m a n t l e  c o n s t i t u e n t  (T ie l ens  a n d  Al lamandola  

1987). S e c o n d l y ,  t h e  de t a i l ed  c a l c u l a t i o n s  p r e d i c t  too m u c h  H20 a n d  NH3, t y p i c a l l y  

b y  an  o r d e r  of  m a g n i t u d e  c o m p a r e d  to ho t  c o r e  o b s e r v a t i o n s ,  i m p l y i n g  r e a c t i o n s  

o t h e r  t h a n  h y d r o g e n a t i o n  may  t a k e  p l ace  on t h e  g r a i n s .  T h i r d l y ,  a n u m b e r  of  

complex  mo lecu le s  a p p e a r  in ho t  c o r e s  wi th  a b u n d a n c e s  l a r g e r  t h a t  t h o s e  w h i c h  c a n  

be fo rmed  in cold g a s  p h a s e  c h e m i s t r y .  For  example ,  Millar e t  al. (1988) h a v e  

d e t e c t e d  e t h a n o l ,  CH3CH2OH, in  t h e  W51M ho t  c o r e  a n d  e s t i m a t e d  t h e  f r a c t i o n a l  

370 



abundances of CH3OH, CHsOCH 3 and CH3CHmOH to be 10 -7, 10 -s and i0 -e, 

respectively, assuming a source size of I0" as derived from CH30H observations 

(Menten et al. 1986). The abundances of the latter two species are more than three 

orders of magnitude greater than the best estimates using gas phase chemistry 

(Herbst 1987). Since 0 atom reactions have been poorly studied in the laboratory it 

is possible that the correct gas phase chemistry has yet to be identified. 

Alternatively, the presence of large saturated molecules with unexpectedly large 

abundances, together with the presence of small saturated molecules with large 

abundances argues for surface formation of these species and their subsequent 

release into the hot core gas. Millar et ai. (1988) have outlined a possible 

mechanism fo r  t h e  fo rma t ion  of t h e s e  complex s p e c i e s  on g r a i n s  b u t  q u a n t i t a t i v e ,  

r a t h e r  t han  qua l i t a t i ve ,  r e s u l t s  will be d i f f i cu l t  to o b t a i n  due  to t he  many  p r o b l e m s  

a s s o c i a t e d  wi th  s p e c i f y i n g  the  de ta i l s  of t h e  s u r f a c e  c h e m i s t r y .  
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ABSTRACT 

Ultraviolet photons are created in the interior of dense interstellar clouds by the 
impact excitation of molecular hydrogen by secondary electrons generated by cosmic 
ray ionization. The resulting photodissociation and photoionization rates of a wide 
range of interstellar molecules are calculated. The effects on the equilibrium chemical 
composition of dense clouds are briefly discussed. 

1. I n t r o d u c t i o n  

In dense molecular clouds, cosmic rays with energies between 10 and 100 MeV ionize 
H2 and generate secondary electrons with a mean energy around 30 eV (Cravens and 
Dalgarno 1978). Because the fractional ionization is generally low, the electrons lose 
their energy mainly by exciting, dissociating and ionizing H2. The subsequent decay of 
the electronically excited states of H2 produces UV photons within the clouds. 

The idea of molecular hydrogen emission was invoked by Prasad and Tarafdar (1983) 
to explain the large abundance of atomic carbon which exists in several molecular clouds. 
In their mechanism, CO is photodissociated by the internal photons. 

A detailed calculation of the cosmic ray induced ultraviolet spectrum of H2 has 
been given by by Gredel, Dalgarno and Lepp (1987), who employed it in a calculation 
of the photodissociation rate of CO. We use their spectrum to derive the internal pho- 
todissociation rates of a wide range of interstellar molecules for which photodissociation 
cross sections are available. We briefly discuss the effects on the equilibrium chemical 
composition of dense clouds, extending the models of Sternberg, Dalgarno and Lepp 
(1987). 
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2. P h o t o d e s t r u c t i o n  o f  I n t e r s t e l l a r  M o l e c u l e s  

The photodissociation and photoionization rate RM of a molecular species M with density 
n(M) corresponding to a total cosmic ray ionization rate of ~ s -1 is given by 

= f 
aM(u)P(U) dv RM ,,,o,(,,) " (1) 

P(y) is the probability for the emission of a photon at frequency y as given by Gredel 
et al. (1987). aM(Y) is the photodissociation or photoionization cross section and atot(~)  
is the total absorption cross section. It may be written in the form 

= , , , (1 - , , , )  + (2) 
M ~ 

where a s = 2 x 10 -21 cm -2 is the grain extinction cross section per hydrogen nucleus, w 
is the grain albedo, and gM = n(M)/nH. In practice, for molecules in interstellar clouds, 
with the exception of CO (Gredel e~ al. 1987), atot is dominated by as(1 - w) and for 
them we may write 

r s_ ~ RM = ( 1 -  p cm-  (3) 

where the efficiency p is given by 

p = f ~Tg 
(4) 

3. T h e  S t e a d y  S t a t e  A b u n d a n c e s  o f  I n t e r s t e l l a r  M o l e c u l e s  

We briefly explore the effects of the cosmic ray induced photons on the abundances of 
interstellar molecules, using a version of the chemistry of Sternberg et aL (1987), modified 
by the incorporation of the rate coefficients of dissociative recombination recommended 
by Bates (1986, 1987) and MiUar, DeFrees, McLean and Herbst (1988). We present 
results for a uniform cloud of total hydrogen density n H =  104 cm -3, a temperature of 
50 K, abundances relative to H~ for carbon of 1.46 x 10 -4, for oxygen of 3.52 x 10 -4 and 
for nitrogen of 4.5 x 10 -5, a cosmic ray ionization rate of ~ = 10 -17 s -1, a total metal 
abundance ratio relative to hydrogen of 1.5 x 10 -s and an albedo w of 0.5. 

In the first two columns of Table 1, we show the effects on the steady-state abun- 
dances including cosmic ray induced photodissociation and photoionization, but ignoring 
the photodissociation of CO. The inclusion of the photon field severely diminishes the 
steady-state abundances of the more complex Species because photodissociation is an 
effective destruction process at many points in the formation sequence (Sternberg et al. 
1987). The destructive effects are mitigated when the photodissociation of CO is in- 
cluded, as the third column of Table 1 demonstrates. The additional source of neutral 
carbon enhances the supply of complex hydrocarbons. Large molecules, if they exist 
in significant amounts in dense interstellar clouds, also enhance the abundances of the 
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complex hydrocarbons (Lepp and Dalgarno 1988). The addition of a large molecule com- 
ponent with an abundance relative to hydrogen of 10 -7 yields in our model chemistry 
the steady state concentrations given in column 4 of Table 1. With the inclusion of the 
photodissociation of CO as a source of neutral carbon, the additional source from charge 
transfer to large molecules and mutual neutralization to large molecular negative ions 
(Lepp and Dalgarno 1988) has but small consequences. 

Because the time scales of the internal photodestruction processes are longer than 
the time scales to form molecules, the maximum abundances are not significantly affected 
by the presence of the internally generated photons. 
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Table 1: Fractional Abundances n(M)/nH at Steady State 

(a) (b) (c) (d) 

0 7.9(-5) 1.2(-4) 1.2(-4) 1.1(-4) 
OH 3.3(-9) 1.4(-8) 1.3(-8) 1.4(-8) 
H20 5.4(-5) 2.5(-5) 2.5(-5) 2.5(-5) 
02 3.7(-5) 3.1(-5) 3.0(-5) 3.3(-5) 
c+ 1.s(-10) 4.3(-10) 4.4(-10) 4.2(-10) 
c 4 5(-9) 6.5(-9) 6.1(-7) 7 9(-7) 
C2H2 4.2(-9) 7.2(-11) 7.5(-10) 1.9(-9) 
CH, 6.6(-8) 9.6 (-9) 9.5(-8) 1.7(-7) 
C2H 1.5(-10) 4.2(-11) 4.2(-10) 8.3(-10) 
C~H~ 2.1(-11) 8.8(-13) 9.4(-12) 1.2(-12) 
NH, 4.7(-8) 4.4(-8) 4.1(-8) 3.3(-8) 
HCN 1.9(-10) 2.7(-10) 1.2(-9) 6.0(-10) 

(a) no photons, no large molecules 
(b) photons but no photodissociation of CO, no large molecules 
(c) photons, no large molecules 
(d) photons, large molecules at n(LM)/n(H) = 10 -7 
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AB INITIO CALCULATIONS ON MOLECULES OF ASTROCHEMICAL INTEREST 

Peter Botschwina and Peter Sebald 
Fachbereich ChemJe, Universit~t Kaiserslautern 

D-6750 Kaiserslautern 

Among the about 80 molecules which have so far been detected in interstellar clouds there are 

many reactive neutral and charged species which are difficult to investigate in the laboratory. In 

fact, some ions such as HCO § HN~*, or HCS* were first observed by radioastronomy. Ab initio 

calculations may be of substantial help in making predictions for spectroscopic properties of such 

unstable species. In this contribution we will report on the results of large--scale ab iultio 

calculations for a number of reactive molecules which are of interest to interstellar chemistry. For 

the electronic structure calculations, the coupled electron pair approximation (CEPA) of Meyer 

[1] was employed which has proven to yield quite accurate results for a variety of spectroscopic 

properties (see, e.g., [2--4] for reviews). 

Results for two neutral species and three cations, all with linear equilibrium geometry, are given 

in table 1. Cyanoacetylene, which, is well--known from laboratory studies and which is a 

constituent of many interstellar clouds, may serve as a benchmark case. In the calculations on the 

other four molecules basis sets of comparable size have been employed and the results should be of 

similar accuracy. 

The calculated equilibrium rotational constant Be for HC3N is smaller than the experimental 

value of Mallinson and DeZafra [5] by 25 MHz; due to neglect of Fermi resonance between v4 and 

4vz 0 the experimental value is probably too small by 2-3 MHz. The calculated equihbdum 

centrifugal distortion constant is smaller than the experimental ground--state value [5] by 6%. The 

calculated stretching vibrational frequencies, obtained variationaUy from an approximative 

vibrational Hamiltoulan which neglects the anharmonic coupling between stretching and bending 

motions [6], have deviations of 0-34 cm-I from experiment [7]. Good agreement with experiment 

(3-6% differences) is also obtained for the vibration-rotation coupling constants al, as, and a:. 

The present a4 value is larger than the value reported by Mallinson and DeZaf~a [51 by 76%. This 

large difference is a dear indication for anharmonic interaction between v4 and 4v70 which was not 

taken into account by Mallinson and DeZafra. 

Our ab initio results for protonated cyanoacetylene, the anticipated astrochemical precursor of 

cyanoacetylene, were partly pubhshed previously [8]. Recently, Lee and Amano [9] observed the v~ 

band of HCsNH* with a difference frequency laser system and Kawaguchi, Kajita, Tanaka, and 

Hirota [i0l detected the vs band by means of IR diode laser spectroscopy. These were predicted to 

be the two strongest stretching vibrational bands. The uncorrected ab initio band origins turned 

out to be too high by 22 and 28 cm-1, respectively. Corrected values, which made use of three 

experimental data for HCNH +, were also given in our previous paper [8] and these predictions 

turned out to be too small by 1 cm-l (Vl) and 5 cm-1 (us). The calculated vibration-rotation 
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coupling constants el and a3 of 7.19 and 18.73 MHz are also in excellent agreement with the 

corresponding experimental values of 7.10 MHz [9] and 18.41 MHz [10]. 

Using a smaller basis set of 96 contracted Ganssian type orbitals, the bending vibrational 

frequencies of HC3NH § were calculated within the harmonic approximation. The results are (in 

cm-1): w6 = 7 7 2 ,  w7 = 544, ws = 476, and w9 = 190. Analogous calculations for cyanoacetylene 

yielded harmonic bending vibrational frequencies of 686 (663), 502 (499), and 223 (222) cm-t, 

where the experimental anharmonic values [7] are given in parentheses. We expect that the 

present values for wz, ws, and w9 of protonated cyanoacetylene will differ from the so-far unknown 

experimental anharmonic values by about 10 cm -1. Assuming the same ratio between calculated 

harmonic and experimental anharmonic value as for cyanoacetylene we arrive at v6 (HC3NH*) = 

747 cm-~, which should be accurate to about 5 cm-L 

Table 1: Calculated spectroscopic properties for some linear neutral molecules and cations 

of astrochemical interesta 

H12Ca14Nb Ht2C314NH+ 12C3160 H12C3180+ H12C3 § 

Be (MHz) 4523 (4548)b 4305f 4781 h 4434 11149 

De (kHz) 0.513c 0.406f 0.529 h 0.445 4.192 

Vl (cm-1) 3340 (3327)d 3536 (3514)f 2229 i 3253 3192 

v2 (cm-~) 2305 (2274)d 3285 1919 i 2318 2112 

,,~ (cm-9 2113 (2079)d 2343 (2315)g 943 2099 1175 
v4 (cm-l) 864 (864)d 2109 905 

us (cm-1) 901 

el (MHz) 6.89 (7.33) 5 7.19 (7.10)f 29.35 7.05 32.28 
a2 (MHz) 20.97 (21.53)b 6.76 19.12 22.38 -84.96 

a3 (MHz) 13.25 (14.31)b 18.73 (18.41)g 8.69 14.44 38.04 

a4 (MHz) 11.04 (6.26)b 13.24 9.28 

as (MHz) 9.51 

Pe (D) -3.751e 1.750 2.535J -3.103 -2.761 

]#1] (D) 0.087 0.328 0.539 0.095 0.122 

1#21 (D) 0.051 0.100 0.110 0.372 0.395 

l#3{ (D) 0.023 0.253 0.004 0.155 0.175 

l#4{ (D) 0.015 0.162 0.079 

1#51 (D) o.lo7 

a Experimental values are given in parentheses, b Ref. [5] c Ground-state value [5]: 0.5444(15) 

kHz. d Ref. [7] e Ground-state value [11]: -3.724(30) D. f Ref. [9] Ground-state values are Bo = 

4328.892(71) MHz and Do = 0.445(23) kHz. g Ref. [10] h Ground-state values [12]: Bo = 

4810.88624(65) MHz and Do = 0 . 7 7 7 0 7 ( 1 3 0 )  kHz. i Argon matrix values [13]: vl = 2242.6 cm-1 

and v2 = 1907.2 cm-t. J Ground-state value [14]: 2.391(5) D. 
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Upon protonation of cyanoacetylene, the electric dipole moment experiences a large change of 

5.501 D and a change of sign occurs. The calculated equilibrium dipole moment for HC_~N differs 

fxom the experimental ground-state value [11] by 0.027 D. 

Tricarbon monoxide, C30, has a rather shallow potential for CCC bending which manifests 

itself in significant differences between the calculated equilibrium and experimental ground-state 

values for the centrifugal distortion constant and the electric dipole moment. The calculated 

stretching vibrational frequencies vl and ~,~ are in good agreement with matrix values [13]; due to 

its very low intensity v3 could not yet be observed. The calculated harmonic bending vibrational 

frequencies [15], obtained with a large basis set of 132 contracted GTOs, are w4 -- 596 and ~5 -- 

124 cm-l. The former compares well with the anharmonic matrix value of 579.6 cm -1 [13]. 

The most stable form of protonated tricarbon monoxide is linear HC30"; the corresponding 

proton affinity at 298 K was calculated to be 885 kJ.mol -l [15]. Results referring to the stretching 

vibrations are given in Table 1; the bending vibrational frequencies are predicted as a/5 = 765, ve 

= 551, and z/7 --- 179 cm -1. 

HC~* has a linear equilibrium geometry, but a very shallow CCC bending potential. The 

calculated harmonic bending vibrational frequencies are w4 = 576 and ws = 105 cm-l. Similar to 

C3 [16], its vibration-rotation coupling constant a2 has a negative value. Its equilibrium dipole 

moment is rather large which should facilitate the radioastronomical detection. 

Acknowledgement: Thanks are due to the Regionales Hochschulrechenzentrum Kalserslautern for 

providing computation time and to the Fonds der chemischen Industrie for financial support. 
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MICRODYNAMICS OF ADSORBED POLYAROMATIC HYDROCARBONS 

ON SMALL GRAPHITE PARTICLES 

G.Neue 

Lehrstuhl fHr Phys.Chem.ll, Universitgt Dortmund 

Postfach 500500, D-4600 Dortmund 50, F.R.G. 

SUMMARY 

A laboratory NMR study of the dynamics of polycyclic aromatic hydro- 

carbons (PAH) adsorbed on small graphitic grains is presented. High 

surface mobilities were found and expressions for the temperature 

dependence for several types of motion are given. 

EXPERIMENTAL AND DISCUSSION 

In recent years large efforts have been made to elucidate the role of 

grain surfaces in the synthesis of interstellar molecules [1,2,3,4,5] . 

Up to now polycyclic aromatic hydrocarbons (PAH) have not been detected 

unambiguously in space though several investigators suggested them to 

explain some observations [6,7]. Their ease of formation from carbon ra- 

dicals [8] and their interaction with charged particles [9] makes them 

an attractive class of interstellar molecules. A key property for chemi- 

cal reactions on surfaces is mobility of the adsorbed species as it de- 

termines collision rates. The present work used nuclear magnetic res- 

onance (NMR) to study the dynamics of adsorbed naphthalene, anthracene, 

fluoranthene, and pyrene on small graphite particles (diameter 40 nm). 

In each case samples containing 80% of a monolayer PAH were prepared by 

mixing the required amounts of graphite (0.5 g) and the respective PAH 

in a pyrex tube which was sealed under UHV conditions. To accelerate 

equilibration the sample was heated to about 200~ To achieve good sen- 

sitivity for rotational motions fully deuterated PAHs were used and the 

D-resonance was observed at 52.72 MHz. A temperature range of 70 K to 

300 K was investigated which is close to conditions in circumstellar en- 
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velopes and at the lower end close to the densest cores of giant molecu- 

lar clouds. Due to the high surface area of the samples (40 m 2) contami- 

nations by remaining gases can be regarded as insignificant. All PAHs 

were found to form thermodynamically stable surface phases implying ad- 

sorption enthalpies exceeding the heats of vaporization [I0], i.e. 

70-100 kJ/mol (8000-12000 K). 

NMR lineshapes as well as longitudinal relaxation were observed cov- 

ering a range of frequencies of (hindered) molecular reorientations of 

i kHz to 1 GHz. As an representative example observed lineshapes of ad- 

sorbed naphthalene are shown in Figure 1. 

Figure I: 

A _  
270 K / ~.,~ 73 K 

At high temperature the signal is averaged to a narrow line by fast 

isotropic rotations which can be identified with fast two-dimensional 

traslation around the almost spherical grains [ii]. If this translatio- 

nal motion is sufficiently slowed down (73 K) the signal is much broader 

and, in addition, asymmetries caused by the strong anisotropic diamagne- 

tic susceptibility of graphite show up which can be used to deduce that 

the molecules lie flat on the surface while rotating fast around an axis 

perpendicular to the surface [12]. A detailed quantitative discussion 

[13] yields expressions for the temperature dependence of the dynamical 

parameters. 

Translational surface diffusion coefficients: 

naphthalene 

anthracene 

fluoranthene 

pyrene 

6.4.10 -? m2/s exp(-6.6 kJ/mol /RT) 

4.3.10 -7 m2/s exp(-6.6 kJ/mol /RT) 

1.8.10 -v m2/s exp(-6.6 kJ/mol /RT) 

1.5.10 -7 m2/s exp(-6.6 kJ/mol /RT) 

300 K - I00 K 

300 K - 75 K 

300 K - 90 K 

300 K - i00 K 
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Rotational correlation times (axis perpendicular to the surface): 

naphthalene 2.0.10 -12 s exp(4.7 kJ/mol /RT) 125 K - 75 K 

fluoranthene 3.7"10 -12 s exp(5.7 kJ/mol /RT) 200 K - 70 K 

Anthracene does not show a rotation but instead a libration with 

respect to the surface with a correlation time given below 

anthracene 1.0-I0 -ll s exp(4.3 kJ/mol /RT) 150 K - 70 K. 

It should be remarked that the temperature ranges given are those 

where the respective motions show up in the data. Their existence may 

well extend beyond the stated limits. 

It can be concluded that despite of their strong adsorption big mol- 

ecules nevertheless can be remarkably mobile on surfaces even at low 

temperatures and rather high coverages. If the molecules are more diluted 

an even higher mobility has to be expected. Due to a wealth of reaction 

mechanisms PAHs are then perhaps able to influence the chemistry of 

small molecules on the surfaces of interstellar grains. 
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A N O N - C I R C U M S T E L L A R  O R I G I N  OF T H E  H U M P  

P.M.M. Jenniskens, M.S. De Groot 
Laboratory for Astrophysics, P.O. 9504, 2300 RA Leiden, The Netherlands 

SUMMARY 
The particles responsible for the 217.5 nm interstellar extinction feature 
may originate from photoprocessed organic material on dust grains. 

INTR OD UCTION 

The interstellar extinction curve has a broad and strong absorption at 217.5 nm called 
the "hump". Proposed candidates for its origin are graphite (Hoyle and Wickramas- 
inghe, 1962; Stecher and Donn, 1965), amorphous carbon (Borghesi et al., 1985), 
quenched carbonaceous composite (Sakata et al., 1983) and polycyclic hydrocarbons 
(Donn, 1968; Leger, 1984), all assumed to have a circumstellar origin, and unsaturated 
linear carbon chain molecules (Hoyle and Wickramasinghe, 1977) and O 2- ions in oxide 
grains (Duley et al., 1979). 

The hump is nearly constant in position and shape for different lines of sight and 
therefore for different environmental conditions. Any origin that is stronly particle size 
dependent is unlikely. To have an efficient absorption at 217.5nm, the hump particles 
must be at least an order of magnitude smaller on average than the particles responsible 
for the visual extinction. The strength of the hump correlates with visual extinction 
but not with the far UV part of the extinction curve (Greenberg and Chlewicki, 1983). 
This suggests a generic link between the hump particles and the dust responsible for 
the visual extinction. 

We investigate the possibility that the hump is caused by organic matter originating 
from the mantles of the large visual particles. A more extended report is given by De 
Groot et al. (1988). The organic matter (organic refractory) is formed by photopro- 
cessing of small molecules frozen on the surface of these large grains in dense clouds and 
subsequent photolysis and heating when the grains enter the diffuse medium (Hagen et 
al., 1979). Grain-grain collisions may scatter the mantles into small pieces which are 
further photoprocessed. This mechanism forms hump particles in situ, in the interstellar 
medium, contrary to models in which the particles are formed in circumstellar shells. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Small molecules like ortho-xylene (06H6(CH3)2), isolated in an argon matrix at 12 K 
and 3x10 -s  mbar pressure, form a number of reactive intermediates upon irradiation 
by UV photons (A > 150 nm). The intermediates have many narrow absorptions in the 
measured wavelength range of 500 to 200 nm as shown in figure 1 (left). The matrix 
is heated to the point where the argon evaporates (28K). The intermediates react to 
some polymeric substance that has a single broad absorption with a peak at 222 + 8 nm 
as shown in figure 1 (right). This absorption feature resembles the hump that is seen 
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in the average diffuse interstellar extinction curve as published by (Chlewicki, 1985) 
and reproduced as a reference in both parts of figure 1. Less than 24% of the available 
carbon in space is needed to account for the interstellar hump with a similar polymeric 
substance as made in our experiment from ortho-xylene. 
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Figu re  1: Left: UV spectrum of reactive intermediates produced by photoprocessing 
of in argon isolated ortho-xylene molecules. 

Right: UV spectrum of the thin layer of polymeric product that forms when 
the matrix is heated to the point where the argon evaporates (28K). 

In both figures the average extinction curve for the diffuse medium is given as published 
by Chlewicki (1985). The hump is the feature near 4.6/~m -1. 
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CHEMICAL PATHWAYS FROM ATOMIC SILICON IONS TO COMPOUNDS OF SILICON 

Diethard K. Bohme, Stanislaw W~odek, and Arnold Fox 
Dept. of Chemistry/Centre for Research in Experimental Space Science 

York University, North York, Ontario, Canada M3J IP3 

SUMMARY 

Ions and their reactions are an integral part of the composition and 

chemistry of interstellar and circumstellar molecular regions. Here 

we report results of laboratory studies of ion chemistry which is ini- 

tiated by ground-state atomic silicon ions. The results improve our 

understanding of interstellar molecular clouds and the molecular out- 

flows of stars by showing how known silicon-bearing molecules may be 

formed, how other silicon-bearing molecules may evolve, and how gas- 

phase ion chemistry can ultimately lead to the formation of silicon- 

bearing molecular aggregates such as silicon-carbide and silicate 

"grains". 

Formation and growth of silicon-bearing molecules and particles frcm 

atcmic silicon may occur either directly through neutral chemistry tri- 

ggered by reactions of silicon atmos or indirectly through ion chem- 

istry triggered by reactions of atomic silicon ions as illustrated 

below. 

ionization 

I z 
Si-H, Si-O, 

Si-S, Si-C, 

Si-N bond 

formation 

neutralization 

Si-bearing I I Si-bearing I 
Molecules ~ Ions 

~ further 
growth 

SILICON-BEARING PARTICLES 

e.g. silicon-carbide and silicate grains 
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Here we report results of ongoing laboratory studies designed to track 

the chemistry initiated by ground-state atomic silicon ions. We are 

particularly interested in the identification and characterization of 

chemical reactions of Si+(2P) which trigger the formation of Si-H, Si- 

O, Si-S, Si-C and Si-N bonds and chemical pathways which lead to further 

growth of ions and molecules containing these bonds. A variety of inter- 

stellar and related molecules were chosen as neutral reactants in the 

studies completed so far including H2, 02, CO, NO, NO 2, N20, CO2, S02, 

COS, CS2, H20, H2S , NH3, CH4, acetylenes, alcohols, acetone, carboxylic 

acids, amines and cyanides. The laboratory technique which is being 

employed in these studies is the Selected-Ion Flow Tube or SIFT tech- 

nique available in the Ion Chemistry Laboratory at York University. The 

SIFT technique allows the determination of rate constants, products and 

product distributions for selected-ion/selected-molecule reactions pro- 

ceeding in a helium carrier gas at 0.35 Torr and 296 K. 1 Atomic silicon 

ions are generated by electron impact on tetrachloro- or tetramethyl- 

silane. 1,2 

We have found that ground-state atomic silicon ions are generally 

quite reactive and can initiate a rich primary and higher-order chem- 

istry which establishes chemical bonds between silicon and a variety 

of heteroatoms: 

Silicon/Hydrogen Bonds: Si+(2P) does not react rapidly with H 2 in a 

bimolecular fashion but may react with other hydrogen-bearing molecules 

by hydride transfer to form directly the neutral molecule SiH. I'2 We 

have shown that methylamines transfer a hydride ion to Si + to form SiH 

in reactions driven by the stability of the resulting immonium ion. 2 

Also we have seen that diacetylene reacts exclusively by hydride trans- 

fer to yield SiH. 3 

Silicon/Oxygen Bonds: We have found that the bimolecular oxidation of 

Si+(2P) to form SiO + or SiO is thermodynamically controlled. It does 

not occur with molecules having a more tightly bound 0 atom or O anion 

such as 02, CO, NO, CO 2 and OCS but has been observed to occur with NO 2 

and N20 which have less tightly bound 0 atoms and with NO 2 and SO 2 which 

have less tightly bound O- anions. 4 Sequential 0 atom transfer reactions 

in N20 appear to establish S i 0 2  ~ , S i 0 3  + and  S i 0 4  + 4 

Ground-state silicon ions react with hydroxyl-containing molecules and 

acetone to produce the silene cation SiOH + which may neutralize by pro- 

ton transfer or recambination with electrons to form silicon monoxide. 1 

SiH302 +, which may neutralize to produce silanoic acid, is the predom- 

inant product in reactions of SiOH + with water, ethanol and formic acid 

molecules, while direct formation of silanoic acid is likely in the 

reaction with acetic acid. The SiH302 + ion is solvated in reactions 
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with water and ethanol, while SiCH303 + and SiH503 + are the predominant 

products in the reaction with formic acid. Several reaction sequences 

occur in methanol, ethanol and formic acid which can lead to the com- 

plete saturation of Si + forming ions of the type Hsi(OCH3)3 H+, 

Hsi(OC2H5)3 H+ which may neutralize to generate trimethoxysilane, tri- 
1 ethoxysilane and trihydroxysilane, respectively. 

Silicon/Sulfur Bonds: The ion SiSH + which may neutralize to form SiS 

has been observed as the product of the reaction of Si+(2P) with H2S.5 

Also, ground-state silicon ions will abstract an S atom from OCS to 

form SiS + while sequential S-atom transfer reactions with the same 

molecule can lead to polysulphide ions of the type SiSn + 4,5 Charge 

transfer reactions of these ions will establish neutral polysulfide 

molecules of the type SiS . 
n 

Silicon/Nitrogen Bonds: We have reported previously that the reaction 

of Si + with ammonia produces SiNH2 + which may neutralize to form hydro- 

gen silaisocyanide, SiNH. 6 A similar reaction with methylamine produces 
+2 

SiNH 2 Related reactions were observed to occur with mono- and di- 
+2 

methylamine which yield the ion SiNHCH 3 This latter ion may lose a 

proton to produce SiNCH3. Other syntheses are indicated by the obser- 

ved secondary products. With methylamine SiNH2 + appears to produce 
+ 

H2SiNH 2 which may deprotonate to form the simplest silanimine, H2Si= 

2 Si-N bond formation also seems to pre- NH, or aminosilylene, HSiNH 2. 

vail in the reactions of Si + with HCN and C2N 2 which are possible 
7 sources for the CNSi molecule. 

Silicon/Carbon Bonds: Reactions of Si + with the unsaturated hydrocar- 

bon molecules acetylene, ethylene and methylacetylene have been obser- 

ved to lead to Si-C bond formation by C-H bond insertion with H-atom 

e limination. 3 Neutralization of the resulting ions SiC2 H+, SiC2H3 + and 

SiC3H3 + can lead to the silicon-carbide molecules SiC 2, SiC2H 3 and 

siC3H 2. Methylamines and acetone can lead directly to the neutral 

silicon-carbide molecules SiCH (HSiC) and SiCH 3 (HSiCH2). A secondary 

reaction of SiC2 H+ with acetylene acts to enhance the carbon content 

as it produces SiC4 H+ which may neutralize to SiC4 .3 

Our laboratory studies so far clearly indicate that when followed by 

neutralization, or sometimes without neutralization, many of the prim- 

ary and higher-order reactions which were observed and characterized 

provide ion/molecule pathways towards the formation of the known inter- 

stellar silicon-bearing molecules SiO and SiS and a variety of new 

silicon-bearing molecules including SiH, SiCH, SiCH 3, SIC2, SIC4, 

SiC2H3, SiC3H2, SiO 2, SIS2, HSiOOH, HSi(OH) 3, HSi(OCH3) 3, HSi(OC2H5)3, 

SiNH, SiNH3, and CNSi. The observed ion chemistry also has implica- 

tions for still further molecUlar growth. Many of the larger ions and 
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molecules are likely precursors important in the formation of silicon 

carbide and silicate particles or grains. For example, we have spec- 

ulated elsewhere that trihydroxysilane may spawn tetrahydroxysilane 

which is a known building block for the condensational synthesis of 

hydrated silicate networks. 3 Also, association reactions were observed 

which lead to the sequential addition of molecules to ions. In the 

helium buffer gas of our experiments these adduct ions are likely to 

be stabilized by collisions with helium atoms. In the much less dense 

interstellar environment stabilizationmust occur by radiative assoc- 

iation. Little is known about the efficiency of these latter reactions 

so that it is difficult to assess the importance of such processes in 

interstellar molecular growth. 
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INTRODUCTION 

Millimeter wavelength astronomy technology has matured to the point that individual 

receivers are approaching the sensitivity limit set by the atmosphere. 

Consequently, the only way to achieve a major increase in the rate of data 

collection for the study of extended sources is by using multiple detectors. While 

not the only possible approach, a detector array in the telescope focal plane is by 

far the most straightforward means of increasing the rate at which information is 

gathered. For the molecular llne observations which dominate millimeter wavelength 

astronomy, the requirement that spectral analysis be carried out for each pixel of 

the array is a major deterrent in terms of both system complexity and cost. This 

is one important reason that most focal plane array systems envisioned or built for 

millimeter wavelength spectroscopy have been instruments with essentially a single 

frequency channel [i],[2]. While this eases the "backend" problem, a major penalty 

is paid in overall sensitivity, since simultaneous analysis of multiple frequency 

channels is as valuable as simultaneous analysis of pixels corresponding to 

different directions on the sky. Various technologies have been developed for 

imaging arrays; the general subject is reviewed in [3] and [4], and recent 

developments summarized in [5]. 

The Five College Radio Astronomy Observatory at the University of Massachusetts has 

undertaken a major instrumentation project to develop a focal plane array for use 

on the 14 m radome enclosed telescope located in the Quabbin watershed; hence the 

acronym QUARRY. In this effort we have sought to increase the effective speed of 

the facility by at least an order of magnitude, while retaining good frequency 

agility and coverage throughout the 3mm wavelength range, 85-115 GHz, in which the 

antenna is highly efficient and in which observations can be carried out for a 

large portion of the year. The QUARRY system has been described in some detail 

previously [6], and the purpose of the present communication is to summarize the 

project and indicate its present status. 
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FRONTEND COMPONENTS AND OPTICS 

The requirement of currently available technology of proven reliability indicated 

the use of cooled Schottky mixers. Previous efforts at FCRAO have resulted in good 

performance [7], and the necessity of cooling only to 15 K greatly facilitates 

system design and maintenance. A great advantage of Schottky diode mixers compared 

to alternative nonlinear devices is that they offer good performance over a large 

frequency range without the need of mechanical adjustment. We have determined that 

a fixed-tuned mixer varies in noise temperature by less than 25% over the 80 to 115 

GHz range. For a focal plane array, this drastically simplifies both the thermal 

and mechanical design. Tests of a prototype mixer have yielded DSB receiver 

temperatures between 80 and 120 K with an IF noise temperature of 15 K. The 6 dB 

conversion loss implies that a receiver noise temperature well under i00 K should 

be achieved in the array with lower-noise IF amplifiers and reduced input loss. 

Currently available low capacitance Sehottky diodes also require sufficiently low 

local oscillator power, on the order of 30 microwatts, that providing the local 

oscillator for a focal plane array of moderate size is not a major problem. In the 

QUARRY system the local oscillator will be injected with a multiple erossguide 

directional coupler, with a coupling of approximately -18 dB for each mixer. This 

approach, which is quite inefficient for a single mixer, ends up being reasonably 

efficient for an array with more than ten elements. 

To achieve minimum receiver noise temperature as well as facilitate the packing of 

the mixers, the first IF amplifier is integrated with the mixer and DC bias 

circuit. The IF covers the 1.25-1.65 GHz range, and the first stage of the 

amplifier is a HEMT transistor while the following two stages are FETs. A second 

amplifier for each array element is also included in the dewar, but is physically 

separated from the mixer/first IF amplifier assembly and is at room temperature. 

The QUARRY system includes fifteen elements, each being fed by a corrugated 

feedhorn in order to obtain high illumination efficiency of the antenna. To obtain 

the lowest possible single sideband system temperature and good calibration 

accuracy, a single sideband filter [8] cooled to 15 K is included, which is common 

to all array elements. The feedhorns, shown in Figure i, are circumscribed by four 

planes, resulting in a square envelope with rounded corners. The truncation 

reduces the horn center to center distance for square packing by 20 % compared to 

horns with full walls and corrugations. The improvement in the packing efficiency 

is obtalned without significantly affecting the radiation patterns. The feedhorns 

are arranged in a 5x3 array with equal spacing in the two principal planes. 
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Figure I QUARRY Cutoff Corrugated Feedhorns 

The optics in the QUARRY system are shown in Figure 2. Their first function is to 

guide the beams from the individual feedhorns to the single sldeband filter. This 

is carried out by a field lens located just in front of the feedhorns. This lens 

is made from boron nitride (BN), which we have found to have very low absorptionj 

Figure 2 QUARRY Optics 
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and which is readily machinable. The index of refraction of BN is close to 2, so 

that it is efficiently anti-reflection coated by materials such as polyethylene and 

teflon. We have used teflon fabric laminated with epoxy for antireflection coating 

cooled lenses. The single sideband filter is preceded by a wire grid, and by a 

second lens, which collimates the beam propagating in the filter, in order to 

reduce diffraction loss. The polarlzation-rotating properties of the filter result 

in energy at the signal frequency passing through the grid and being coupled from 

the feedhorns to the antenna, while energy at the image frequency is not rotated 

and thus is reflected from the grid and then to a termination cooled to 15 K 

located Just below the field lens and feedhorn array. 

The beams from all 15 feedhorns have the same linear polarization, and are treated 

identically by the single sideband filter. Just before exiting from the dewar, the 

beams from the 3x3 subarray and the 2x3 subarray are separated (there is a gap 

between the subarrays in the feedhorn array which makes this possible without 

significant beam truncation). The 2x3 subarray beams are rotated 90 degrees in 

polarization by a reflective half wave plate. The beams from the two subarrays, 

now having orthogonal polarizations, can be combined by a wire grid polarizer in a 

manner such that the beams from the small subarray are interleaved with those from 

the large subarray. These elements are shown in the left hand side of Figure 2. 

The resultant footprint of the array in the antenna focal plane is again 5x3 

elements, but with the beams in rows of 5 having alternating polarizations, and 

just over one FWHM beamwidth spacing, while the 3 rows of beams have just over two 

FWHM beamwidth spacing. 

FRONTEND SYSTEM 

The front end of the QUARRY system has to perform a number of functions in addition 

to collecting energy from the pixels of the array and down-converting and 

amplifying the signals. These are shown schematically in the system diagram given 

in Figure 3. The first task is maintaining a constant position angle for the 

plxe!s of the array during long integrations; this ability also facilitates 

mosaicing to create large maps. This function is carried out by rotation of the 

entire dewar, which is accomplished by a servo system employing two opposing DC 

motors. The mixer bias supplies and local oscillator system rotate with the dewar, 

and a cable wrap is used to bring the IF cables and refrigerator hoses from the 

dewar to the non-rotating portion of the receiver. 
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Figure 3 QUARRY System Diagram 
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Calibration of the QUARRY elements is obtained by means of an ambient temperature 

load which can be moved in front of the dewar signal input window by a linear 

stepper motor. This system can also move a 45 degree mirror into the beam, which 

results in a set of reference beams displaced by 6 inches in the focal plane 

(corresponding to an angular shift of i0' on the sky). The receiver can switch 

between main and reference beams at a i Hz rate, making this system useful for 

pointing measurements, albeit less than ideal for continuum observations. 

The receiver functions are controlled by an instrument computer, which is an IBM PC 

AT-compatible unit. Commands for receiver tuning and observing mode are received 

from the MODCOMP telescope control computer, and operating parameters including 

dewar rotation angle, position of the calibration system, local oscillator 

frequency and power, single sideband filter tuning, and mixer bias levels are set 

by the instrument computer via a digital bus. 

SPECTROMETERS 

The range of astronomical projects for which QUARRY will be a powerful tool is very 

wide, since most objects at millimeter wavelengths are extended on the scale of the 
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3 arcminute x 3 arcminute footprint of the array beams on the celestial sphere. 

Several hundred nearby galaxies are prime candidates for study in an extension of 

the FCRAO external galaxy survey. Thus, a velocity coverage of 500 km/s is the 

minimum that is acceptable. Nearby dark clouds have extremely large angular 

extents, and require a velocity resolution of less than 0.i km/s for detailed 

analysis of their kinematic structure. The demands on the spectral analysis system 

are thus considerable and a two part program has been adopted to reduce cost and 

manpower impact while the frontend is being constructed, while allowing some 

significant astronomical utilization of QUARRY in the immediate future. 

In the first phase, we have modified our existing 512 channel x 250 kHz resolution 

filter spectrometer to have 32 channels for each pixel of QUARRY. The velocity 

resolution of 0.65 km/s and coverage of 21 km/s at CO J-l-0 are adequate for 

observations of nearby cloud complexes, but not for detailed study of dark clouds. 

For observations of galaxies, we have developed a low-cost spectrometer with 64-5 

MBz filters for each pixel [6]. The total velocity coverage is 830 km/s, which 

should make this efficient system well-suited for almost all extragalactic 

observations. 

The galactic observations will, however, be severely limited by the initial 

spectrometer system, and any multi-line observations will be essentially precluded 

as a result of the limited bandwidth analyzed. To provide a backend system that 

can really take advantages of the full capability of the QUARRY system, we intend 

to construct an autocorrelatlon spectrometer for each pixel, based on the design of 

A. Bos [9]. There will be 1024 channels for each element of the array, covering 4 

bands each up to 25 MHz wide. With this system, we will be able to carry out 

projects such as detailed mapping of dark clouds, sensitive searches for outflow 

sources, and mapping of the emission throughout the galaxy with high efficiency and 

the appropriate velocity resolution and coverage. 

PRESENT STATUS 

The basic design work for the QUARRY system is complete, and the optical system 

including the single sldeband filter and feedhorn array has been constructed and 

tested at room temperature. The performance agrees with expectations in all 

regards, except that no loss measurements have been made. Previous experiments 

indicated that the loss of boron nltride is appreciably lower at liquid nitrogen 

temperature than at ambient temperature, so that representative measurements will 

have to await cooling of the complete system, which should be carried out before 
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the end of 1988. The local oscillator injection coupler, calibration system, and 

dewar rotation system have also been built and shown to operate properly. 

As indicated above, a prototype mixer has been constructed and tested. At the 

present time, the 15 array mixers are being built, and the HF2(T IF amplifiers are 

being finalized and integrated with the mixers. The conversion of the 250 kHz 

filter spectrometer is complete, and the 5 MBz resolution filterbanks are in 

production, with all of the filter units already finished. QUARRY is expected to 

be operational by mid-1989. 

This project has been critically dependent on the efforts of many of the F.C.R.A.O. 
technical staff. We would in particular llke to acknowledge the important 
contributions of D. McGonagle and R. Grosslein, in the areas of mixer testing and 
optics fabrication and testing. S. Han, A. Hartal, J. Karakala, T.-C. Li, and 
P. Lulppold have made significant contributions of time and ideas to QUARRY. 
This work was supported by the National Science Foundation (grant AST 85-12903), 
and is contribution 671 of the Five College Astronomy Department. 

REFERENCES 

[I] A.R. Gillespie and T.G. Phillips, "Array Detectors for Millimetre Line 
Astronomy", Asaron. Astrophys., 73, 14-18, 1978. 

[2] J.A. Murphy, R. Padman, and R.E. Hills, "An Experimental submillimeter 
Heterodyne Array Receiver", Int. J. Infrared and Millimeter Waves, 9, 325-350, 
1988. 

[3] K.S. Yngvesson. Near-MlllimeCer Wave Imagin E wlch InteErared Planar Receptors, 
Chapter 1 of Infrared and ~i~llmeter Waves, vol. I0, K.J. Button, ed. New York: 
Academic, 1983. 

[4] J.A. Murphy and R. Padman, "Focal Plane and Aperture Plane Array Receivers for 
Millimeter Wave Radio Astronomy",Int. J. Infrared and Millimeter Waves, 9, 
667-704, 1988. 

[5] K.S. Yngvesson, "MMW Radio Astronomical Imaging Instrumentation", Microwave 
Systems News, December 1988, in press. 

[6] N.R. Erlckson, P.F. Goldsmith, C.R. Predmore, and P.J. Viscuso, "A 3mm 
Wavelength Imaging Array for Astronomical Spectroscopy", Proc. UMass Conf. 
Molecular Clouds in the Milky Way and Other Galaxies, J. Young, R. Dickman, and R. 
Snell, eds. Dordrecht: Reldel, 1989. 

[7] C.R. Predmore, A.V. Ralsanen, N.R. Erickson, P.F. Goldsmith, and J.L.R. 
Marrero, "A Broad-Band Ultra-Low-Nolse Schottky Diode Receiver from 80 to 115 GHz," 
IEEE Trans. Microwave Theory Tech., M~T-32, 498-507, 1984. 

[8] N.R. Erlckson, "A New Quasi-Optlcal Filter, the Reflective Polarizing 
Interferometer," InC. J. Infrared and Millimeter Waves, 8, 1015-1025, 1987. 

[9] A. Bos,"The N.F.R.A. Correlator Chip", Netherlands Foundation for Radio 
Astronomy Internal Technical Report hr. 176, 1986. 

395 



THE U.C. BERKELEY INFRARED SPATIAL INTERFEROMETER: 
INSTRUMENTATION AND FIRST RESULTS 

M. Bester 1, 2, W.C. Danchi 1, P.R. McCullough 1, C.H. Townes 1 

1 Space Sciences Laboratory and Physics Department 
University of California at Berkeley, Berkeley, CA 94720, USA 

2 I. Physikalisches Institut der Universidt zu K~51n 
Zfilpicher Str. 77, D-5000 K/51n 41, West Germany 

INTRODUCTION 

In the mid-infrared region, at a wavelength of 10 ktm, the diffraction limited beamwidth of a 
single telescope with a typical aperture of 3 m diameter is approximately 0.8 arc see. For substan- 
tially higher angular resolution multiple apertures are required. In the early 1970's a prototype inter- 
ferometer for the 9-12 p.m atmospheric window was developed by our group and was successfully 
operated [1],[2]. Based on this experience a new Infrared Spatial Interferometer (ISI) has been 
designed for high-resolution imaging [3], using Earth rotation aperture synthesis techniques that axe 
well known from radio interferometry. Optimized for high mechanical stability and high precision 
performance the new long-baseline interferometer has been constructed and assembled at Berkeley 
during the past 5 years and was moved to Mt. Wilson (1742 m), California, in January 1988. 

ISI - THE NEW SPATIAL INTERFEROMETER 

Each of the two novel-design Pfnnd-type telescopes (figure 1) consists of a fixed f/3.14 para- 
bolic mirror with 1.65 m diameter and a 2 m diameter flat mirror in an ah-az fork mount [4]. The 
flat mirror reflects the signal from the sky onto the parabola which in turn focuses it onto an optics 
table behind the flat mirror. An advantage of this particular geometry besides compactness is that it 
has no support struts for a secondary mirror which usually give rise to diffraction effects and partly 
block the aperture. The diffraction limited aperture of 1.65 m corresponds to a half-power beamwidth 
of about 1.4 arc see at a wavelength of 11 I.tm. Another advantage of the Pfund geometry is the 
absence of the singularity in the zenith that is common for conventional alt-az mounts. A disadvan- 
tage is limited sky coverage, but this can be eliminated by rotating the trailers by 180 ~ . This com- 
pact telescope design allows all optics and electronics to be contained in one standard-size semi- 
trailer per telescope. The trailers weigh less than 20 tons each. 

ISI 

Figure I: Schematic oudine of one ISI semi-wailer. 
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At present there are seven stations where the telescopes can be positioned; the non-redundant 
baselines range in length from 4 m to 34 m, yielding angular resolutions as fine as 0.03 arc see 
(fringe separation of 0.06 arc see). However, the interferometer is designed for a maximum baseline 
of 1000 m which would give an angular resolution of nearly 0.001 arc see. Each station consists of a 
pair of concrete pads, one for each mirror mount. When positioned on the concrete pads all mirror 
mounts are resting on three kinematic supports in order to allow for stress-free expansion or contrac- 
tion with temperature changes. The mirror mounts are also mechanically de.coupled from the trailers. 
They can be lifted by the trailers for moving from one station to another one. 

We employ HeNe laser metrology systems that consist of 7 laser distance interferometers (LDI) 
per telescope (see dotted lines in figure 1): 2 LDI's for measuring the relative angles between the fiat 
mirror and the parabolic mirror while tracking a source across the sky; 2 for monitoring the critical 
distances from the parabolic mirror to the flat mirror and to the optics table, and 3 others for measur- 
ing the position of the center of the flat mirror in space by triangulation [5]. The advantage of the 
LDI tracking system over a conventional encoder system is that the relative angles between the flat 
mirror and the parabolic mirror are measured directly. No backlash or other mechanical inaccuracies 
exist that otherwise would degrade the pointing. Theoretically the pointing precision attainable with 
this laser metrology system is 0.004 arc sec in the rotation angle of the flat mirror or 0.008 arc see 
on the sky. However, atmospheric effects on optical pathlengths in the telescope structure can affect 
the precision of the measurements. Under good seeing conditions, this system allows a telescope to 
be pointed to a precision of about 0.1 arc sec on the sky. The telescopes are equipped with a fully 
redundant back-up system consisting of conventional incremental optical encoders with a resolution 
of 0.24 arc see in azimuth and 0.07 arc see in altitude on the sky. 

After the initial positioning of the trailers, we observed a set of more than I00 FK5 stars all 
over the visible sky, using the conventional encoder system. Fitting an 11-parameter pointing model 
for either telescope to these observations yields a blind pointing accuracy for each telescope of less 
than 10 arc see (rms) in azimuth and less than 3 arc see (rms) in altitude on the sky. The laser 
metrology system has not yet been implemented for tracking control. 

The main computer is a SUN Microsystems Workstation which serves as the user interface and 
runs the operating system UNIX (Berkeley UNIX 4.2BSD). The real-time interface between the 
workstation and the telescope hardware consists of three 68020-based single-board microcomputers. 
A digital servo system controls the tracking of the flat minors. Algorithms for telescope control, 
tracking, and data acquisition have been written in "C" code. The astronomical coordinate transfor- 
mations, referred to the epoch J2000.0, employ the vector/matrix method (The Astronomical Almanac, 
1988), yielding an overall precision of 0.01 arc see for the apparent place of a star outside the Earth's 
atmosphere. 

INFRARED DETECTION SYSTEM 

As in many radio interferometers, ISI employs heterodyne detection and IF signal processing 
and correlation [6]. A schematic diagram of the infrared optics and the detection system is shown in 
figure 2. It is comprised of four functional blocks: the two detection systems, one per telescope; the 
laser phaselock system; and the pathlength control system. Heterodyne detection is achieved using 
LN 2 cooled HgCdTe photodiodes [7] and CO 2 laser local oscillators (LO). We use a laser line of 
13CO2 at 11.149 p.m to avoid attenuation in the atmosphere due to 12CO2 absorption lines. The Gaus- 
sian beam shape of the laser local oscillator is modified to match the profile of the sky signal, in 
order to get optimum heterodyne mixing efficiency. This is accomplished with a set of mirrors, lenses 
and aperture stops. The ,qs~antum efficiency of the detectors including telescope transmission losses is 
about 25% at 11 lain (Tsy] a = 5200 K). The IF passband is 200-2000 MHz. The first cooled FET IF 
amplifiers have noise temperatures of about 80 K and a gain of 25 dB. 

The LO signal from one telescope is transferred by a parallel beam to the other telescope in 
order to phaselock the two LO's. Phase fluctuations due to the atmosphere or other causes on the 
transferred LO signal are compensated with the pathlength control system. It measures the round-trip 
phase of the LO signal on the path through the open air and corrects it with a servo loop. 
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Figure 2: Schematic diagram of the heterodyne detection system. 

While a source is tracked across the sky, the correlation of the received signals is maintained 
with the computer-controlled delay line in the IF chain. This is accomplished by switching binary 
multiples of t-era pieces of cable into the IF branch of one of the telescopes. Due to the rotation of 
the Earth, the signals received by the two telescopes beat together at a frequency dependent on the 
baseline. This beat frequency ranges from 0 Hz up to about 6.6 kHz for a 1000 m baseline. There- 
fore, as in many radio interferometers, the fringes are stopped with a lobe rotator acting on the laser 
phaselock system. The lobe rotator basically is a frequency synthesizer that tracks the differential 
Doppler shift and the corresponding change in phase with an accuracy of about 5 ~ The LO system 
and the correlator are set up in a way to always provide a fringe signal at 10 Hz (cf. figures 3 and 4) 
which in turn is digitally sampled a rate of 100 Hz. Controlling both the delay line and the lobe rota- 
tor makes the interferometer track a white-light fringe. 

FIRST INTERFEROMETRY RESULTS 

To perform an overall system test, we generated an artificial fringe signal on the ground. This 
allowed us to optimize the detection system, the delay line, and the correlator. The first fringes on a 
celestial source were obtained on June 29, 1988 on IRC +10216 with the initial 4-m east-west base- 
line. A more recent fringe spectrum obtained on this source is shown in figure 3. The width of the 
central peak is about 50 mHz, which indicates that the coherence time was at least 10 see during this 
observation. Figure 4 shows a fringe spectrum of ~x Ori, taken in only 10.24 sec integration time on 
September 13, 1988. The width of the central spike here corresponds to the resolution of the Fourier 
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Figure 4: Fringe spectrum of c~ OrL 

transform, or 1/10.24 Hz, again indicating a rather long coherence time. Fringes have so fax been 
detected on 10 other sources: VY CMa, ct Sco, o Cet, R Leo, VX Sgr, (x Her, X Cyg, R Aqr, 0t Tau, 
and U Off. Detailed results will be communicated elsewhere. 

ASTROPHYSICS AND FUTURE PLANS 

The sensitivity of the present detection system is such that a one hour integration time should be 
adequate to detect fringes on sources 6 mag fainter than the brightest IR sources. Consequently, there 
are several thousand infrared sources available for study at high angular resolution with the instru- 
ment described. Among those are protostellar objects imbedded in dark clouds, evolved stars, and the 
Gaiactic center. Other goals include astrometric work, characterizing atmospheric seeing at 10 ~tm, 
and observations with high angular resolution on spectral lines. The heterodyne interferorneter 
described is well suited to expansion to more than 2 elements; with n telescopes there are n(n-1)/2 
baselines which can provide data simultaneously. In addition, with 3 or more telescopes, phase clo- 
sure techniques may be applied on the brighter sources, thus allowing one to correct the deleterious 
effects of the atmosphere on the images synthesized with such an array. 
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THE SWEDISH-ESO SUBMILLIMETRE TELESCOPE 

R.S. Booth and L.E.B. Johansson 
Onsala Space Observatory, Chalmers University of Technology, 

S-43900 Onsala, Sweden. 

Introduction. 

The Swedish-ESO Submillimetre Telescope, acronym SEST, was opened for 
scheduled observing on April 1st, 1988, and has just completed six months of 
successful exploration of the southern sky. The SEST project (Booth et 
a1.,1987) is a collaboration between the Swedish Research Council (NFR) and 
the European Southern Observatory (ESO). It is the only large submillimetre 
telescope in the Southern Hemisphere. 

The Telescope 

SEST is a 15m antenna, for use at wavelengths as short as 0.8mm, built on 
the ESO site of La Silla at a height of 2300m in the Chilean Andes. It is an 
IRAM design antenna with a similar specification to the interferometer 
antennae under construction on Plateau de Bure (Dellanoy, 1985), but on a 
fixed base. Like those telescopes, it is designed and constructed to operate in 
the open, wihout a protective astrodome, and achieves its specification by 
careful design and the use of carbon fibre technology in its backing structure 
and surface panels. It Can operate in winds up to 14m/s. 

A full description of SEST and the results of its commissioning tests have been 
given by Booth et al., (1988) and so only a brief account will be given here. 
SEST is a Cassegrain antenna with an alt-az mount. The main reflector 
consists of 176 panels, each formed from aluminium honeycomb material 
sandwiched between carbon fibre reinforced plastic skins and finished with a 
layer of aluminium, protected by a thin transparent teflon sheet bonded to the 
outer surface. The panel accuracy is typically 15 microns, rms. 

Each panel is attached to the backing structure at five points. The height of 
each support point may be adjusted using remotely controlled motors, thus 
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allowing a rapid adjustment of the reflector. The reflector surface has been 
adjusted in this way and measured, while pointing at the zenith, using the 
theodolite-tape technique (Greve, 1986), resulting in a surface accuracy of 65 
microns, rms. This level of accuracy probably represents the limit of this 
measuring technique and "holographic" measurements are planned to allow 
final adjustment of the reflector to its specified accuracy of 50 microns, rms. 
The measured performance of SEST is shown below in Table 1. 

The homology principle has been used in the design; the subreflector vertical 
tilt and position are remotely controlled and pre-programmed to compensate 
for gravity deformation of the main reflector. 

The telescope pointing parameters have been determined through 
observations of 86 GHz SiO masers, some of which are newly detected using 
SEST at the positions of southern Mira variables. In these cases it is assumed 
that the stellar positions from the SAO catalogue are correct. The rms residuals 
from the pointing model, essentially that described by Ulich (1981), are 3 arc 
seconds in both azimuth and elevation. 

Table 1- Measured antenna parameters (October 1988) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

86 GHz 230 GHz 

Main beam efficiency 0.76 

Aperture efficiency 0.60 

Half power beam width(arcsec) 57 

0.51 

0.3 (approx.) 

25 

Receivers. 

SEST is furnished with dual polarization Schottky diode mixer receivers, built 
at Onsala Space Observatory (Chalmers University of Technology), for 
frequencies in the range 80-117 GHz and 220-270 GHz. The spectral line 
back-end consists of two acousto-optic spectrometers (AOS): one a high 
resolution AOS with a bandwidth of 100 MHz and resolution of 50 kHz and 
the other a wide band AOS with a total bandwidth of 1 GHz (2 x 500 MHz) and 
resolution 0.6 MHz. These spectrometers were built by Guisbert Winnewisser's 
group at the University of Cologne. Continuum observations are also 
supported. 
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Some astronomical results. 

Many interesting and significant observing programmes have already been 
carried out with SEST in all the established areas of millimetre astronomy. 

In the field of evolved stars, new results include the detection of several dew 
SiO masers (in connection with pointing observations) and the confirmation of 
the suggestion by Meadows et al. (1987) that IRAS 15194-5115 is similar to 
IRC+10216 through the detection of some eight molecules which are seen in 
10216 (Booth et al., 1988). 

The southern sky is rich in optical signposts of protostellar evolution and 
bipolar flows. Studies of such regions in the lines of carbon monoxide are 
confirming the optical measurements and giving new spatial and dynamical 
details of the flows. An example of this work may be found in the paper by 
Olberg et a1.,1988, published in these proceedings. 

In some nearby galaxies we also have interesting results, including the 
detection of CO in absorption in the centre of Centaurus A by Eckart et 
a1.(1988). Mirabel et a1.,(1988) have detected CO in several luminous far 
infrared galaxies, including IRAS 0602-63 at a redshift, z=0.091. 

Finally, we turn to observations of the Large Magellanic Cloud (LMC). Chini et 
al. (1988) recently made some test continuum observations at 1 mm 
wavelength, using the MPI bolometer built by E. Kreysa. Among other things, 
they detected the supernova 1987A in the LMC and report a flux density of 29 
mJy. This probably represents emission from heated dust surrounding the 
SNR. 

Following the Columbia survey of the LMC, reported in the interesting paper 
by Dame et al. (1988) (these proceedings), we report some high spatial 
resolution measurements in the 12CO (1-0) line with SEST in two small areas: 
one area measuring 14' x 11' and centred on 30 Dor, and a second (11' x 27'), 
including the HII regions N159, N160 and N158 (Johansson et al. 1988). The 
grid spacing used was 1 arc min. In these areas we found 20 well defined 
molecular clouds. The SEST beam is 45" at 115 GHz, and corresponds to 11 
parsecs in the LMC. 

For this sample we have calculated CO luminosities, sizes, velocity 
dispersions, and virial masses, assuming the clouds to be spherical. A 
statistical comparison of the virial mass with a cloud mass determined from the 
CO luminosity, implies that the CO to molecular hydrogen conversion factor is 
about 5 times higher in the LMC than in the Galaxy. This result, based on 
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smaller size molecular clouds, is consistent with the "broad brush" result of the 
Columbia survey. 
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THE 10 m SUBMILLIMETER TELESCOPE (SMT) 

Jacob W.M. Baars 

Max-Planck-lnstitut f~r Radioastronomie, Auf dam H~gel 69, 5300 Bonn, FRG 

Robert N. Martin 

Steward Observatory, University of Arizona, Tucson, Arizona 85721, USA 

ABSTRACT. The SMT is a highly accurate telescope of i0 m diameter with a reflector quality of 15 ~m rms and a 

pointing/tracking accuracy of 1 arcsec. It provides excellent performance at 350 ~m, the shortest wavelength 

submillimeter atmospheric window. The SMT will be located on Mt. Graham, Arizona at an altitude of 3200 m. 

The performance of the SMT is attained through extensive use of carbon fiber reinforced plastic in the struc- 

ture, allowing unimpaired use of the instrument under various environmental conditions. Both the site and the 

telescope desiqn allow submillimeter observations during the day as well as the night. We summarize here the 

technical features of the telescope. The project organisation and the site characteristics have been de- 

scribed in the proceedings of the Kona Symposium (Bears, Kr~gel and Martin, 1989). 

i. INTRODUCTION 

Under favourable weather conditions at a high site, it is possible to make observations through the submilli- 

meter wavelength atmospheric windows down to 330 ~m. Since at best a 50 % transmission through the atmosphere 

is expected at the shortest wavelength, it is important that the telescope have full efficiency over the en- 

tire suhmillimeter wavelength range. This requires a reflector accuracy of 15 ~m rms under all operational 

conditions and a pointing accuracy of 1 arcsec for a reflector diameter of 10 m (beamwidths are 8-25"). In a 

collaboration between the Max-Planck-lnstitut f~r Radioastronomie (MPIfR) and the Steward Observatory (SO), a 

10 m Submillimeter Telescope (SMT) has been designed and is under construction at the firms Krupp Industrie- 

technik and M.A.N. Technologic, both of Germany. The SMT will be operated jointly by the MPIfR and SO (cf. 

Bears et el., 1989) and both institutes are developing receiver instrumentation for the telescope. The fabri- 

cation of the SMT mount and reflector will be finished in early 1989. Erection of the enclosure and telescope 

structure on site will begin in the spring of 1989. 

With present day structural design techniques, operating on the principle of homology, residual gravitational 

deformations can be limited to such small values, that other influences become dominant. The most severe li- 

mitation is temperature gradients through the structure (Baars, 1983). By using carbon fiber reinforced pla- 

stic (CFRP) for the members of the reflector support structure, as well as for the reflector panels, thermal 

deformations are reduced by about an order of magnitude, compared to standard materials like steel or alumi- 

nium. The coefficient of thermal expansion for CFRP is about 10 -6 K -I and can be customized to a specific 

value during the manufacturing process. In addition, the specific stiffness (strength to density ratio) is 

three times greater than that of steel. This results in a lighter weight structure which is more responsive 

to the servo drive system. The final result is a telescope which will be operational in a variety of thermal 

loading conditions, both day and night. This is particularly important since our site, Mt. Graham, does not 

appear to exhibit diurnal variations in the atmospheric conditions at submillimeter wavelengths. 

404 



d 

h i ! IsEco.o~Y ~ 

T---~- ....... R e I I --/ ...... ~ 

T / :  ~ /  , ~ , = =  ~ ~ 

o ~ i ~Ooo  ~ d - 68~ 

f 3500 N ]g. 4~ 

flP = 0.35 ~flO - 13 .80  
Op - 142 .151  o e$  = 4 .15  �9 

~ 1785.7 ~ D = 237.1 

U " 7DO mm �9 - 1.0520446 

2C = 95e5  ~ ~e: ecce~ l : ~ . t y )  
(~: di~.=nce between w i ~  and secondary s 

~J.~ .  i .  r l ~e  op t z=aZ  l ayou t  ~Jr ~ ,  SK'~ Fig. 2. The SMT mount in the workshop 

2. TELESCOPE GEOMETRY AND LAYOUT 

The geometry and the basic design of the S~T are summarized in Tab. I, ~hile the optical layout is illustrat- 

ed in Fig. i. A tertiary mirror brings the focus to the outboard side of the mount through either hollow ele- 

vation bearing. On the right side, either a bent Cassegrain or Nasmyth mounting can be used for the receiver 

(i.e. the equipment is fastened to either the inside or outside of the elevation bearing). On the left side, 

the elevation encoder restricts the field of view and allows only a Nasmyth mounting position. The preassem- 

bled mount is sho~n in Fig. 2 during tests of the servo drive system. The azimuth bearing on top of a support 

ring carries the elevation fork. The moveable elevation section is driven at both sides. Its 4,5 m diameter 

upper disc supports the spaceframe reflector structure through a special connection, which absorbs differen- 

ces in thermal expansion between the CFRP space frame and the steel mount without introducing tensions in the 

former. A CAD drawing is shown in Fig. 3, while Fig. 4 shows a part of the preassembled space frame. 

I 
Fig. 3. CAD drawing of ref lector  structure Fig. 4. A section of the CFRP space frame 
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Table h SMT geometry and basic desinq 

Geometry: main reflector - paraboloid D = I0 m, F/D = 0.35 

subreflector - hyperboloid d = 0.69 m, Fz/D = 13.8 

Nasmyth and bent Cassegrain foci - outside elevation bearings 

Mounting: azimuth/elevation type, steel, thermally insulated on outside, 

Reflector: 

weight 41500 kg 

angular range: azimuth 540 ~ elevation -3 ~ to 90", placed on cylindrical, concrete pier 

spaceframe support - CFRP tubular members with invar steel joints weight 3040 kg 

panels and subreflector - composite of CERP skins and aluminium honeycomb, weight 1150 kg 

subreflector support (quadrupod) - rectangular CFRP tubes, weight i10 kg 

The reflector consist of three concentric rings of pyramidal panels - 12, 24 and 24 per ring, respectively. 

The panels are a composite structure with a 90 mm thick honeycomb aluminium core to which top and bottom 

skins of 1.2 mm thick CFRP are bonded. Aluminium foil of 40 ~m thickness is bonded to the CFRP skin to pro- 

vide a reflective surface. Each panel has an area of 1.0 - 1.7 m 2 and a maximum diagonal dimension of less 

than 2 m. The panel mass per unit area is about 10 kg/m 2. The accurate surface contour is achieved by repli- 

cation from a mold of pyrex glass. These molds were ground to a 3 ~m rms precision at the Optical Sciences 

Center of the University of Arizona. The panels are supported by the space frame through five or six adjust- 

able scews (depending on the ring). A photo of a panel is shown in Figure 5. The fabrication of the panels 

will be completed by February 1989. 

Considerable effort has been expended on the structural optimisation of the telescope design. The effects of 

gravity, wind and thermal variations have all been considered. The final design results, most of which sur- 

pass the original specification, are assembled in Table 2. Our goal of a 15 ~m reflector accuracy will be 

reached, provided we can measure and set the surface with 10 ~m accuracy. This we plan to achieve by the me- 

thod of amplitude interferometry, as described by Ulich et el. (1985). It should be noted that the specified 

temperature gradients in Table 2 are larger than are expected in reality. The quoted performance will be 

reached under all operational conditions both day and night. 

-- / 

Fig. 5. Testpanel (just) removed from pyrex mold 
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Table 2. Performance: computed deformations and pointinq error 

Load condition rms profile deformation (~m) 

spaceframe panel 

Pointing error 

(arcsec) 

Gravity - horizon 7.0(4.2)* - 12.8'" 

- zenith 6.8(4.2)* 2.0 0 

Wind 12 m/s - elevation 0" 2.0 2.0 0 

- elevation 50" 2.3 - -0.3 

- elevation 90" 3.7 - -0.6 

Temperature - ambient change 20"C 5.1 2.0 0 

- grad across 6"C 0.8 - 2.7 

- grad through 4"C 2.2 4.5 

- time grad 5"C/h 3.0 0 0 

Total (root sum squared) 8 ~m 5.5 ~m 

�9 effective values after optimal panel setting at 45" elevation 

t, systematic elevation dependent effect, to be calibrated to I arcsec. 

The telescope structure is surrounded by a co-rotating enclosure, designed at Steward Observatory. A "cut 

away" view of the installation is shown in Figure 6. The space around the telescope mount is utilized by the 

co-rotating enclosure. Receiver rooms are located at the loci near the mounting plates on the elevation bear- 

ings, which protrude into the rooms. This allows the receivers to be easily accessed in a controlled environ- 

ment. Immediately below the receiver rooms are the control room and computer equipment rooms. The two lower, 

stationary levels of the enclosure provide office space, living quarters, wcrkshop and laboratory sDace. 

3. CONCLUSION 

A set of initial "facility" receivers is under construction at MPIs These will be cooled Schottky-diode mi- 

xers for the windows at 340, 460, 700 and 800 GHz. Several A0S are being constructed for backends. Cooled We 

bolometers with filters optimized for the submm windows will be used for continuum measurements. Development 

of further, advanced receivers is being carried out at both institutes. A focus translation and subreflector 

chopping mechanism has been designed and built at SO. It provides 4' beamchop at 10 Hz and 25" beamchop at 

30 Hz with an 80 % duty cycle. Our schedule forsees the erection of the enclosure during 1989 and 1990 fol- 

lowed by the installation of the telescope and the associated equipment in 1990. We hope to begin astronomi- 

cal commissioning in the winter 1990/91. 
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The K O S M A  Observatory 

R. Schieder  
I. Physikalisches Institut, Universits zu K61n, FRG 

Summary 
The present situation of the frontends and backends of the 3 m KOSMA radio tele- 
scope on Gornergrat near Zermatt, Switzerland, is discussed. Three receivers are 
available, two Schottkys (78 - 116 GHz and 345 GHz) and one SIS (125 - 170 GHz). 
The backends are a continuum backend, one filterbank (256 channels, 256 MHz 
total bandwidth) and two AOSs (HRS: 64 MHz, 2048 channels, MRS: 287 MHz, 
1700 channels). A 1 GHz AOS (LRS: 1400 channels) is used in for testing receivers 
in Cologne. Future developments in SIS array receivers, array AOSs and variable 
resolution AOSs are briefly discussed. 

1. T h e  L o c a t i o n  at Gornergrat  

Since early 1986, the Observatory at Gornergrat has been in successful operation. The 
weather conditions have been found to be very good by European standards. On the 
average, we have had about 70% usable observing time. The atmospheric opacity is found 
to be extraordinarily good. This is partly due to the fact that the site is surrounded by 
very high mountains and lower-lying glaciers. They keep the air cold and reduce the 
water content even in summer. During winter 1988/89, the water content was below 
1 mm precipitable water vapor most of the time. The observatory is easily supported 
because of the excellent infrastructure available on the mountain and the reliable access 
by train. 

2. The Telescope 

The telescope is a 3m Cassegrain system with a surface accuracy of 30/~m rms [1]. 
The pointing accuracy has been recently improved by means of an optical telescope 
together with a CCD camera. From these optical measurements, pointing constants 
have been derived that give an overall pointing accuracy of 12 arcsec rms. The small 
scale accuracy can be made much better by measuring the actual pointing on nearby 
stars. The beam profile of the 3 mm receiver was measured with a transmitter set on 
the Klein Matterhorn at a distance of about 6 km at 3900m altitude. During these 
measurements the subreflector was carefully adjusted for best focusing and symmetrical 
beam profile. This procedure worked very well, and we plan to repeat this procedure 
with all other receivers. 
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Fig. 1. Spectrum of CS J = 3 - 2 in S140, recorded with the 145 GHz receiver and the KOSMA MRS. 
The spectrum was measured in the position switching mode with 50 s integration time per position 
and 6000s total integration time. The receiver was built and installed by Dr. B. Vowinkel, K. Eigler, 
W. Hilberath and Ph. Miiller. 

3 .  T h e  F r o n t e n d s  

The  frontends used on G o r n e r g r a t  were all built  at Cologne University. Our  first receiver 
has been in opera t ion  since 1985 [2]. I t  has a Schottky barr ier  mixer  and  two tunable  
Gunn  oscillators, one for the frequency range 78 to 100 GHz (GaAs) and  the  other  for 
100 to 116 GHz ( InPh) .  The  other  da ta  are as follows: 

Frequency range 
IF bandwid th  
IF center frequency 
Receiver t empe ra tu r e  (DSB) 
Observing modes 

78-116 GHz 
600 MHz 
1400 MHz 
200-300 K 
Frequency switch, 
Beam switch, Total  power 

The  second frontend is a A2 ram SIS receiver, in opera t ion since s u m m e r  1988 [2,3]. 
The  SIS junct ion was manufac tu red  by  IRAM. The  receiver has a closed cycle cooling 
system operat ing at 2.8 K. One of the first spect ra  obta ined  with this receiver is shown 
in Fig. 1. The  o ther  da t a  for this receiver are as follows: 

Frequency range 
IF  bandwid th  
IF  center  frequency 
Receiver t e m p e r a t u r e  (DSB) 
Observing mode  

125-170 GIIz  
600 MHz 
1400 MHz 
50-200 K 
Total  power 
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The most recently developed frontend is a 345 GHz Schottky receiver [2]. It has been 
in operation since December 1988. With this first sub-mm receiver we have been able to 
demonstrate the good quality of the atmosphere on Gornergrat at least during winter. 
One of the first spectra measured is shown in Fig. 2. The other data for this receiver are 
as fotlows: 

Frequency range 
IF bandwidth 
IF center frequency 
Receiver temperature (DSB 
Observing mode 

345 GHz (CO 3 - 2) 
500 MHz 
1400 MHz 
600 K 
Total power 
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Fig. 2. First sub-mm observation from Gornergrat. The spectrum shows the I~CO J = 3 - 2 emission 
from Orion at 345.796 GHz obtained with the KOSMA MRS in the position switching mode. The inte- 
gration time was 50 s per position and 750 s in total. The receiver was built and installed by Dr. P. Zim- 
mermann and J. Hernichel of our group. 

All receivers and spectrometers are tested in Cologne very carefully before they axe 
shipped to the site. We apply several different test procedures. In order to determine 
the best possible measuring mode for observations, the stabihty is precisely analyzed by 
means of the Allan variance method [4]. For this we use a 1 GHz bandwidth AOS, also 
developed in Cologne, which has proven to be extremely stable (see below). The results 
of the Allan plot axe used to determine the best possible integration time for the receiver 
in the total power mode [5]. 

The problems of baseline ripple are also analyzed in detail in the laboratory by 
measuring simulated spectra with the AOS. As it turns out, one of the most important 
requirements is to remove standing waves occurring on the loads and in the quasioptics 
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of the telescope. Usually they are not stable in time and cause severe problems when 
observing. Another procedure applied regularly is to observe absorption spectra of gases 
like CO in the laboratory. For this, a white noise source is placed in front of an absorption 
cell (about 3 m long) and the spectrum is measured the same way as at the telescope. 

4.  T h e  S p e c t r o m e t e r s  

At Gornergrat four different backends are available. The first is a continuum backend 
designed for chopping frequencies up to five cycles per second. The pointing of the 
telescope is regularly checked on the planets using this backend. 

The second is a 256x 1 MHz filterbank, one of the first spectrometers built in Cologne. 
Two additional AOSs are also available; one is a high resolution (HRS) and the other a 
medium resoltttion AOS (MRS) [6,7,8]. The data of these spectrometers are as follows: 

HRS 

Total bandwidth 
Channel spacing 
Number of channels 
Resolution bandwidth 
Reception bandwidth 
Laser source 
Allan variance minimum time 

64.7 MHz 
31.6 kHz 
2048 
46 kHz 
66 kHz 
HeNe (633 nm) 
500 s 

MRS 

Total bandwidth 
Channel spacing 
Number of channels 
Resolution bandwidth 
Reception bandwidth 
Laser source 
Allan variance minimum time 

287 MHz 
166.6 kHz 
1700 
287 kHz 
406 kHz 
Laser diode (790 nm) 
120 s 

A third AOS with 1 GHz bandwidth and 1400 channels (LRS) is in operation in 
Cologne. It is a similar design to the LRS built by us for the ESO SEST telescope in 
Chile [6,8]. The Allan variance minimum time is 100 s. This AOS is used at present for 
testing the frontends in Cologne. A copy of this AOS will be also stationed on Gornergrat 
when further sub-mm receivers with 1 GHz IF bandwidth are available at the KOSMA 
telescope. 

5. F u t u r e  D e v e l o p m e n t s  

Three other receivers are at present under development iu Cologne. The first is a Schottky 
230 GHz receiver, which should be operational in the course of 1989. A second is a 
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TIRGO on Gornergrat -Nord very soon. A third is a 600GHz Schottky receiver. Wi th  
these developments we will t ry to explore the whole frequency range accessible with the 
KOSMA telescope as fast as possible. 

One of the major  new projects s tart ing now at Cologne University is the installation 
of our own SIS laboratory.  It is meant to fabricate dedicated designs of SIS s tructures  
together with planar  antennas, etc. The main goal is to open up the sub-mm range as 
a regular application of SIS mixers in our laboratory.  In future we hope to be able to 
build array receivers based on this technique. 

Further  activities are planned for novel developments of acousto-optical spectrome- 
ters. At present we have s tar ted to design a variable resolution AOS (VRS). The  idea is 
to have spectrometers  available which allow matching the resolution of the spectrometer  
to the linewidth of the astronomical molecular line signal. This could be extremely useful 
when measuring at different frequencies and comparing the line features with each other.  
Adding the contents of adjacent channels of a fixed resolution AOS would not be suitable, 
because in most cases only fractions of neighbouring channels would have to be added. 
Another impor tant  development for the future is to construct  array spectrometers with 
several different IF inputs to meet the requirements of future array receivers. The  present 
situation is that  there are no such spectrometers available. We believe that  this is the 
most impor tan t  task for spectrometer  developments in near future. 
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Optimizing the Use of Telescope Time 

R. Schieder, J.T.  Armstrong,  A. Piciorgros, L. Haikala 
I. Physikalisches Institut, Universit~t zu KSla, FRG 

SUMMARY 
We show how to determine the most efficient switching rate for observations with 
"dead" time between switching cycles and in the presence of a combination of white 
and non-white noise. The most efficient switching rate depends strongly on the dead 
time, but only weakly on the exact character of the noise. We present recommen- 
dations for optimal strategies for either one or many ON-position observations per 
OFF-position observation. 

I .  I n t r o d u c t i o n  a n d  M a t h e m a t i c a l  A p p r o a c h  

As is well known, the noise in a system dominated by white noise declines as the square 
root of the integration time. However, the total amount of time needed to attain a given 
rms noise level is also affected by non-whlte noise contributions such as instrumental drifts 
and by the proportion of unused "dead" time. These noise contributions are commonly 
represented as proportional to f - ~ ,  where jr is the sampling frequency. White noise 
corresponds to ~ = 0. 

The tradeoff between system instability and excessive dead time is shown in Fig. 1. 
The spectrum taken with one ON-OFF pair has baseline features due to slow drifts in the 
receiver-spectrometer system, while the spectrum taken with seven ON-OFF pairs has a 
higher-thazl-optimal rms because of lost time. The optimal ti,,t of 30 to 40 s is a measure 
of the stability of the receiver-spectrometer system. 

We discuss here a simple example of alternate OFF- and ON-source measurements 
with both white noise and f -3  noise. The total number K of ON-OFF cycles is determined 
by tR and t s ,  the integration times OFF- and ON-source; by to,  the dead time between 
consecutive scans; and by tB, the total time available. We express these times in terms 
of the Allan variance minimum time tA, (see below): r ~_ tR/ tA,  s -- tS / tA ,  d -- tD/ tA ,  
and b =_ tB/ tA .  The OFF- and ON-source measurements are given by 

1 / " + ' "  ' = -  p ( f ' ) d f ' .  (1) R(t )  = S(t)  1 /'+'"+'~ 
1~ .I:l J t -t- t l~. -{- t D 

R(t)  and S(t) represent the OFF- and ON-source data; p(t)  is the signal strength. The 
desired spectrum is R - S; its variance a2(r, s, d) = ( (R - S)2). We will show elsewhere 
that a2(r, s, d) is related to the Allan variance (Allan 1966), a~A(t), by a2( r=  s, d=0)  = 
2a2A(tS). The Allan variance shows a minimum at a time tA; for shorter times, white 
noise is dominant, but for longer times, Jr-~ noise dominates, and a 2 rises. 
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Fig. 1. a) Results of 400 s total observation time (ON- + OFF- + dead time) on the inside of the dome 
with the 3 mm receiver and the high-resolution spectrometer on the KOSMA 3 m telescope. For each 
spectrum, the ON time per ON-OFF pair and the final rms are shown. The number of ON-OFF pairs 
ranges from one to seven. 

- = - B t "  For the present example, we use g(t" t') A6(t" t') + B1 - 21 - t ' l  2 as the 
correlation function (p(t')p(t")l. The total observation time tB in terms of tA for It" 
cycles is b = K ( r  + s + 2d). If we assume a lower cutoff frequency for the noise power 
spectrum, the variance of a series of K cycles becomes 

= - - - -  + ( ~  + ~ + 2 d ) .  ( 2 )  

II. ~ecommendat ions  for Observing Strategy 

For one ON per OFF, the integration times shown in Fig. 2, with r = s, are optimal. 
For small tD, the best t s  is short in order to reduce the drift contribution. If tD is 
a significant fraction of For small tD, the best t s  is short in order to reduce the drift 
contribution. If tD is a significant fraction of tA, however, the optimal t s  is longer in 
order to avoid losing too much to dead time. Dead time is more harmful than one might 
expect: for tD = 0.1 tA and a = 3, one needs 30% more time to attain the rms attainable 
if tD = 0. The results of the same analysis for multiple ONs per OFF are summarized in 
Fig. 3. 

We recommend the following for choosing the opt imum observing strategy. The 
Allan variance minimum time tA of the system under the current observing conditions 
should be measured or estimated. For techniques of measuring the Allan variance, see 
T o l l s  et al. (1988) or Winnewisser et al. (1986). 

1. One oN per OFF: Choose the opt imum ts (= tR) from Fig. 2. 
2. Many ONs per OFF: 

a) If you are free to choose N,  do so from Fig. 3a; then choose tR and ts from 
Fig. 3b. A good rule of thumb is tR = v ~  ts. 

b) If you are not free to choose N,  then choose the optimal tR from Fig. 3b and 
calculate ts from ts = X/~/N tR. 

4 1 4  
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Fig .  2. The opt imal  ON-source observation t ime 
ts (= tR) as a function of dead t ime tD for one 
ON per OFF,  for drift-noise cont r ibu t ions  pro- 
portional to f - a  with a ---- 2 and  c~ = 3. Both 
t s  and tD are normalized to the  Allan variance 
min imum time tA. The shaded region shows the  
region within Which the rms is within 1% of the  
optimal rms for both c~ = 2 and  c~ -- 3. 
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Fig.  3. a) The opt imal  number  N of ONs per 
O FF  as a function of the normalized dead t ime 
tD. b) The opt imal  ON- and OFF-source  inte- 
gration times as functions of the  normalized dead 
t ime tD. The  cases c~ ---- 2 and c~ = 3 are shown, 
as well as the overlap of the 1% tolerance regions 
as in Fig. 2. 
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T H E  
I T S  

C O L O G N E  3 m R A D I O  T E L E S C O P E :  
A S S O C I A T E D  E L E C T R O N I C S  A N D  

O P E R A T I O N  

A. Pic iorgros  1) and R. Ewald TM 
1) I. Physikalisches Institut, Univ. of Cologne, D-5000 KSln 41 

2) German Aerospace Research Establishment DFVLR, D-5000 KSln 90 

I n t r o d u c t i o n  

Since the end of 1986, the Cologne 3 m radio telescope on the Gornergrat has been in 
continuous operation for ram-wavelength astronomical observations, following an initial 
two-year test period on the roof of the Ist Physikalisches Institut in Cologne. Most of 
the system electronics were developed and constructed at the Institut during this period. 
Initial test measurements and subsequent astronomical observations have demonstrated 
the equipment's usefulness for long-term integrations with high spectral resolution. A 
short description of the overall system and operation concept is given here; examplss of 
recent astronomical results are to be found throughout this volume. 

T h e  t e l e s c o p e  a n d  t h e  o b s e r v a t o r y  

The telescope was designed in two parts to facilitate its transport from Cologne to the 
Gornergrat. One part consists of the four-panel main reflector and feed support legs; 
the other is the telescope pedestal. The four fibreglass-reinforced epoxy panels have 
an overall rms accuracy of about 30/~m deviation from the best fit parabola (Fig. 1), 
suitable for observations at wavelengths down to ,,,0.5 mm. Further telescope parameters 
are given in Tables 1 and 2. 

In 1985, the telescope and pedestal were transported by train and helicopter from 
Cologne to the new site on the south tower of the Kulmhotel Gornergrat, Switzerland, 
near Zermatt in canton Wallis. The site, at 3130 m altitude, administered by the Stiftung 
Hochalpine Forschungsstationen at Bern, has low precipitable atmospheric water vapor 
conditions, and should be well suited for submillimeter observations. The observatory 
was formerly used by the University of Geneva for optical observations; a new dome was 
needed to house the larger radio telescope. 
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Fig. 1. The telescope surface accuracy 

T h e  s y s t e m  c o n c e p t  a n d  t h e  e l e c t r o n i c  e q u i p m e n t  

As with the telescope itself, the system control and data-taking electronics have a mod- 
ular design, which enables testing of individual components independent of the rest of 
the system. The various components of the telescope system, including the telescope 
drive, receivers, spectrometers and data-handling hardware are controlled by dedicated 
microprocessors, developed in the Institut in Cologne, based on 8085 and 6809 CPU's. 

The overall concept is shown in Fig. 2. The control and data acquisition modules 
are connected via asynchronous 9.6 kBaud or 16 bit parallel lines to the central real-time 
processing unit of DEC PDP type running under the RSX operating system. The original 
PDP 11/34a has now been replaced by a more efficient successor, an 11/53. 

The mm and submm front ends are described by B. Vowinkel in this volume. 
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the te lescope 

primary reflector 

shape parabolic 
diameter 3 m 
f/D 0.4 
surface accuray < 30 #m rms 

secondary reflector 

shape hyperbolic 
diameter 38 cm 

pedestal 

mount 

rotation range azimuth 

rotation range elevation 

max. slew rate 
max. tracking rate 
acceleration 
pointing and tracking accuracy 
position accuracy 
max. wind speed 
max. wind speed allowed 

during measurements 
temperature range 
total weight 

elevation-azimuth 
4- 200 ~ 
0 o_ 92 ~ 
tOs-1 
0.20s -I 

O? 3 s -2 
< 0.001 o 
ca. 10" 
21ms -I 

15ms -1 

-20~ to +30~ 

2.7t 

the d o m e  

diameter 7.5 m 
max. slew rate 1% -1 
angle accuracy 0? 1 
weight 18 t 

Table 1. The Telescope and the dome 

The backends comprise two acousto-optical spectrometers, a filterbank and a digital 
continuum backend (Table 2). A third low resolution AOS will have a bandwidth of 
1 GHz mad a channel spacing of 0.6 MHz. Test procedures for the backends follow an 
extension of a statistical approach to the problem by Allen (see R. Schieder et al., this 
volume) and axe directly incorporated into the controlling microprocessors. 

The rapid evolution of powerful minicomputers has let to a large enhancement of 
data handling and reduction abilities at Gornergrat. The current VAX 11/730 for data 
analysis with an Ethernet connection to the PDP will soon be replaced by a MicroVAX 
II, leading possibly to a cluster and, later on, the possibility of remote operation. 
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IF- Processor 
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Fig.  2. The telescope concept 

O b s e r v a t o r y  o p e r a t i o n  a n d  f u n d i n g  

At present, the observatory is operated year around by research staff of the Cologne 
institute with an increasing amount of observing time given to outside observers (20% 
in 1987). Observation proposals are welcome. Financial support for the observatory 
is granted by the Deutsche Forschungsgemeinschaft SFB 301, the Land Nordrhein- 
WestfMen, the Minister of Research and Technology and federal funds for university 
promotion (HBFG). A donation from the Krupp Foundation enabled the construction of 
the new dome. 
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the backends 

channel spacing 30 kHz, 166 kHz, 1 MHz 
bandwidth 64 MHz, 190 MHz, 256 MHz 

the receivers 

cooled Schottky diode mixer 
SIS 
end of 1988 (submillimeter) 
1989 
in planning 

70 - 116 GHz 
130 - 170 GHz 
345 GHz 
230 GHz 
460 GHz 

the computers 

control unit 
data reduction at Gornergrat 
data reduction at Cologne 
/zcomputers 

PDP 11/53 
VAX11/730 
#VAX II, III cluster 
8085and 6809 systems 

Table 2. The backends, frontends and computer 
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THE STRATOSPHERIC OBSERVATORY FOR INFRARED ASTRONOMY - 

A 3m CLASS AIRBORNE TELESCOPE 

R. Ewald, A. Hirmes, A.F. Dahl 

German Aerospace Research Establishment (DFVLR) 

Linder H6he, 5000 Koeln 90, FRG 

Surmary 

In cooperation with NASA, the German Minister for Research and Technology, BMFT, 

conducts studies to provide a 3m class airborne telescope for SOFIA, a successor to 

the extremely successful Gerard Kuiper Airborne Observatory, KAO. In the next de- 

cades, SOFIA could provide a continuing and readily deployable observation pos- 

sibility at heigths above 12.5 km for sophisticated instrumentation from the submm 

well into the optical spectral range. 

After studying feasible telescope concepts BMFT has now proceeded into the defini- 

tion phase. Required characteristics and anticipated performance of the planned 

telescope are given together with the current time schedule. 

Airborne Astronomy 

Starting with an CV-990 aircraft in the 1960's, NASA now has the experience of 

almost a quarter of century in airborne astronomy. A 30cm open-port telescope in a 

Lear Jet paved the way for the Gerard Kuiper Airborne Observatory, KAO, with its 

91cm diameter telescope, that provides up to now the only permanent observation 

facility for infrared astronomy above the water vapor layer of Earth's atmosphere. 

Plans for a "Large Airborne Telescope" finally led to the initiation of studies for 

a 3m class open-port telescope in a Boeing 747 aircraft, which will be named SOFIA. 

In 1986 NASA invited the German Minister for Research and Technology, BMFT, to 

contribute the telescope system to this observatory, acknowledging the high standard 

of astronomy and telescope tecnology in the FRG and the great interest shown in the 

participation in the KAO program. After the feasibility of a 3m primary dish in a 

747 has been proven in a phase A study, NASA and BMFT are now conducting definition 
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studies for the aircraft modifications and the telescope system in parallel. If funds 

are provided, SOFIA's development can have a new start in 1991 with the goal of 

beginning astronomy operations in 1994. Thus the successful, but aging KAO will have 

a much more powerful successor to match the ever growing interest in the field of 

submm & infrared astronomy as well as to provide a larger number of science flights 

to the now numerous groups with sophisticated instrumentation. 

The Observatory 

The definition study concepts foresees a very thin Zerodur meniscus parabolic mirror 

of around 3m diameter and 50 mm thickness as primary mirror. The mirror has to be 

very fast with a ratio of f/l in order to have no parts of the telescope exposed to 

the air flow outside the cavity. The optical configuration will be of Nasmyth type 

with a chopping lightweight secondary and dichroic tertiary to allow focal plane 

tracking simultaneously with the observations. The telescope will be balanced with a 

spherical bearing supported by the bulkhead that separates the pressurized cabin 

from the open cavity thus taking over the well-proven KAO design, which allows 

in-flight access to the science instruments. 

The new technology for the fast thin mirror and the bearing concept are primary 

concerns for the study conducted in Germany while the US side will define the neces- 

sary modifications to the aircraft of choice, a 747-SP and other critical mission 

aspects as f.e. the control of the shear layer streaming over the cavity causing 

seeing degradations. 

For a total payload weight of around 32 tons (70000 ib) the 747-SP provides the 

longest flight time at and above 41000 feet due to its steep ascent and long range 

capabilities. As additional weight will have to be balanced by ballast in the aft 

section of the plane, the telesope system shall not contribute more than 13.5 tons 

(30000 lb) to the budget. 

Science Requirements 

The current definition esp. of the telescope system has the aim of maximizing tele- 

scope performance in order to meet the science requirements, set up by an interna- 

tional Science Working Group. With a 3m diameter telescope SOFIA will have i0 times 

the sensitivity of the KAO for detecting compact sources. All the IRAS 60 and i00 ~m 
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sources will then become observable. With its factor of three in spatial resolution 

improvement over KAO, SOFIA can probe the connection of bipolar outflows and disk 

formation to the process of starbirth. Meeting the pointing and tracking stability 

requirements means high resolution infrared spectroscopy and photometric occultation 

observations of the giant planets will become possible throughout a spectral range 

of 0.3-350 ~m, revealing new findings on the structure, composition and chemistry of 

planetary atmospheres. 

SOFIA COMPARISON WITH KAO 

AIRCRAFT--BOEING 747SP 
MAX,MUU GROSS WEIOHT--703 000 Jb / /  / / / /  
TELESCOPE APERTU~ 

AIRCRAFT--LOCKHEED C-141A 
MAXIMUM GROSS WEIGHT--320,000 Ib 
TELESCOPE APERTUREs36 In. dlam (0.91m) 

KAO SOFIA 

�9 Aircraft Lockheed C-141 Boeing 747SP 
�9 Operati ,g Altitude 41-45,000 feet 41-46,000 feet 
�9 Endurance for research (>41,000 ft.) 5 hours > 7 hours 
�9 Range 3,300 n. miles > 3,500 n. miles 
�9 Payload (typical) 60,000 lb 80,000 lb 
�9 Investigator team accommodation _< 10 people _> 10 people 

O B S E R V A T O R Y  T E L E S C O P E  

�9 Aperture 
�9 Spectral range 
�9 Diffraction limited wavelength 
�9 Pointing stability 
�9 Elevation range 

36 inch (91cm) ~118 inch (3m) 
0.3 - 1600 p.m same 
~< 10 p.m 2~< 30 ~ m  
0.3 arcsecond 0.2 aresecond 
35 -75 degrees 20 - 60 degrees 
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T h e  R e c e i v e r s  of  the  U n i v e r s i t y  of  C o l o g n e  3 m 
R a d i o  Te l e scope  

K. Eigler,  J .  Hernichel ,  K.  J a c o b s ,  F.  Leven,  Ph .  Miiller,  Th .  Rose ,  
B. Vowinkel ,  P. Z i m m e r m a n n  

I. Physikalisches Institut, Universitiit zu KSln, 
Z61picher Str. 77, D-5000 KSln 41, FRG 

Abstract 

The University of Cologne 3 m radio telescope at the Gornergrat Observatory has a 
surface accuracy of 30 #m (rms). It is therefore useful for frequencies up to about 
600 GHz. At present three receivers are available: (1) a cryogenic Schottky-mixer 
receiver that covers a frequency range of 80 - 115 GHz, (2) a receiver for the frequency 
range 125 - 170 GHz using an SIS mixer, and (3) a cryogenic Schottky-mixer receiver 
for frequencies around 345 GHz. Receivers for the frequency regions around 230 GHz 
and 460 GHz are under development. 

80 - 115 GHz  Scho t t ky  receiver 

The 80 - 115 GHz receiver uses a cooled Schottky diode (University of Virginia) as the 
mixing element. The local oscillator system consists of a tunable cross-guide harmonic 
GaAs Gunn oscillator operating between 80 and 100 GHz and an InP Gunn oscillator 
for the 105 to 115 GHz range [1]. Tuning of the receiver and selection of the oscillator 
system are remotely controlled from a terminal. The first IF amplifier is a two-stage FET 
amplifier with a center frequency of 1.4 GHz and a bandwidth of 500 MHz. The double- 
sideband receiver noise temperature is between 200 K and 300 K over the tuning range. 
Beamswitching is accomplished with a commercially available loudspeaker system which 
incorporates a flat aluminium membrane stiffened by a honeycomb backstructure (see 
Fig. 1). An ambient hot load and a cold absorber connected to the CTI 20 refrigerator 
are used for receiver calibration. 

125 - 170 GHz SIS receiver 

This receiver is mechanically tunable over the frequency range from 125 to  170 GHz and 
is remotely controlled from a terminal. The local oscillator power from the GaAs Gunn 
oscillator with doubler is directly injected in the mixer using a 20 dB directional coupler 
(see Fig. 2). To ensure impedance matching, a linear tapered standard waveguide in the 
110 - 170 GHz frequency range shorted with a movable non-contacting backshort is used 
as the signal waveguide. 
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Fig .  1. Opt ics  of  the 80 - 115 GHz and 125 - 175 GHz receivers 
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F i g .  2. Cross-sect ional  view of  the SIS mixer  

The mixer must be cooled to 2.8 K in order to get useful results. For this pupose 
a closed cycle refrigeration system has been developed [2][3] that has a cooling power of 
350 mW at 2.8 K. The IF is centered at 1.4 GHz with a bandwidth of 600 MHz. For 
preamplification, a cryogenic two-stage HEMT amplifier has been developed that has a 
noise temperature of about 7 K. The best narrow-band (50 MHz) spot noise temperature 
of the receiver is 28 K (DSB) at 133 GIiz. Typical broadband (600 MHz) values are 
between 55 and 200 K depending on the frequency. 

345 GHz  Rece iver  

The sensitive input element of the 345 GHz receiver is a cooled Schottky-diode mixer 
followed by a 1.4 GHz -I- 300 MHz HEMT amplifier, both at the 20 K stage of a CTI 
refrigerator. Local oscillator power is provided by a 115 GHz Gunn oscillator (PLL 
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stabilized) followed by a varactor triplet. Mixer and multiplier use University of Virginia 
Schottky diodes of type 211-150 and 6P4 respectively. Signal power and local oscillator 
power are combined through a polarization-rotating Martin-Puplett intefferometer (see 
Fig. 3). 

I Dewar 
Co~d Load 

.,~e-ctor 

Fig. 3. 345 GHz receiver 

For calibration the system can be switched by mirror 2 to hot and cold absorbers 
at 295 K and 50 K respectively. A rotating mirror at the input allows beam switching. 
Another device, a phase-wobbling dielectric sheet (not shown), may be used to reduce 
baseline ripple. The receiver temperature measured in the laboratory was in the range 
650 • 30 K when the mixer diode was pumped between 0.2 mA and 0.8 mA. 
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HIGHLY PRECISE REFLECTORS AND MIRROR 
IN FIBRE-COMPOSITE TECHNOLOGY 

Bernd Abt, Gunter Helwig, Dietmar Scheulen 
Dornier-System GmbH, D 7990 Friedrichshafen 

Reflectors for antennas using fibre-composite technology today represent the state of the 

art, and mirrors for radio telescopes occasionally are already made using this technology. For 

even shorter wavelengths, including the visible light, glass mirrors have been used almost ex- 

clusively and, rarely, metal mirrors (for example made of beryllium). In general a surface con- 

tour accuracy of about one twentieth of the wavelength is required. After years of develop- 

ment work based on experience gained in aircraft construction and space technology, Dornier 

succeeded in improving fibre-composite technology to such an extent that a substitute for 

heavy glass has become feasible, opening up new applications for lighter and/or larger mir- 

rors. 

Ultraprecise reflectors and mirrors using fibre-composite technology are produced by the rep- 

lica process. To do this, a female mould is needed whose contour accuracy essentially deter- 

mines the attainable precision of the componenet formed with this mould. This process has 

the big advantage that the precision has to be achieved only once, and then any given num- 

ber of the same quality can be produced. 

Fibre-composite technology for reflectors and mirrors offer the following advantages: 

�9 high mechanical strength and stiffness 

�9 low weight 

�9 thermal stability 

�9 long service life 

- simpler and faster production. 

More than ten years ago, Oornier developed the first carbon-fibre reinforced plastic (CFRP) 

sandwich reflector for a 2-metre offset satellite antenna. As CFRP is electrically conductive, 

no coating is necessary for wavelengths above 15 mm (below 20 GHz). For shorter wave- 

lengths resp. higher frequencies, all fibre-composite mirrors must have a metallic coating. 

When developing the antennas for Kopernikus, the German communications satellite (DFS), 

Oornier qualified the vacuum depositing of aluminium on CFRP for space applications. Highly 

mobile ground stations with segmented reflectors 3.3 to 4.5 metres in diameter were also de- 

veloped by Oornier for satellite communications. 

By a combination and improvement of these very different developments, increasingly ambiti- 

ous projects can be performed. For the 30-metre radio telescope on Pico Veleta in Spain, for 
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example, 420 aluminium sandwich panels were developed and delivered as well as the 2-met- 

re metal-coated CFRP sandwich subreflector with a manufacturing accuracy of 15 micron rms. 

2 m Sandwich Subreflector 3 m Reflector for mm-Radiotelescope 

The design of the mirror for the 3-metre telescope of Cologne University is similar to that of 

the mobile 3.3-metre ground antennas. But the four segments have been produced on preci- 

ser moulds and in addition they can be adjusted within certain limits leading to a contour 

accuracy of 25 micron rms. 

For the sub-millimeter and far infrared wavelength ranges, the accuracy must be better by a 

factor of 10. In several feasibility studies for different projects, it was proven that fibre-com- 

posite technology could be an attractive alternative for these wavelengths as well. 

For two corresponding projects, the "3-metre Far-Infrared and Submm Balloon Telescope" for 

the University of Arizona in the United States and the "Large Deployable Reflector" (about 20 

metres in diameter) for NASA's Jet Propulsion Laboratory, Dornier built several panels of 

identical geometry with nearly identical requirements as to manufacturing accuracy (better 

than 2 micron, mass below 10 kp/m^2) and operating temperature range. They were all tested 

at the Steward Observatory of the University of Arizona, especially with regard to their tempe- 

ratur behaviour down to about -60~ 

Within this development series, analytical methods were significantly improved, enabling a 

precise prediction of the panel behavior under such loads as 

�9 manufacture 

�9 temperature changes 

�9 humidity 

�9 gravity 
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Thus it w a s  poss ib le  to opt imal ly  ba lance the des ign parameters ,  f ibre mater ia l  and 

or ientat ion of the f ibre layers, as wel l  as type,  mater ia l  and or ientat ion of the core 

st ructure.A ground glass mould (contour a c c u r a c y  1.5 micron rms) was used to pro- 

duce  panels,  the manufactur ing accuracy of which was  improved  in s teps up to 1.8 

micron rms  and the thermostabi l i ty  for a t empera tu re  d i f ference of ZIT=-80~ to a de-  

format ion of only 0.6 micron rms. The mass  of the panels  was  only 6 kp/m^2. Thus it 

could be demons t ra ted  that f ib re-compos i te  techno logy  can be used for the sub- 

mi l l imeter  and the far- infrared ranges. 
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Thermal  d is tor t ions as predic ted (left) and as measured ,  iso-contour  l ines in micron 

A feasib i l i ty  s tudy under taken for ESA invest iga ted wether  this techno logy  can be 

t ransferred to ESA 's  ambi t ious FIRST (Far Infrared and Submm Space Te lescope)  

project.  For a d iameter  of 8 metres, a contour  accuracy including all errors of less 

than 10 micron rms is to be reached. A test  panel  of nearly the original s ize has be- 

en buil t  and tested.  

For the SOFIA  (Stratospher ic  Observa tory  for Infrared As t ronomy)  project  p lanned 

together  by BMFT and NASA, a l ightweight  mir ror  about  3 metres in d iamete r  is re- 

qu i red for insta l lat ion in a Boeing 7 4 7 .  Due to the even h igher  precis ion require-  

ments  ( infrared to v is ib le light), the repl ica p rocess  emp loyed  until now is no longer 

suff icient. First tr ials in cooperat ion with the Univers i ty  of Ar izona have shown that it 

is possib le to apply  coat ings on CFRP which can be ground and pol ished with less 

pol ishing p ressure  and faster than glass to obta in the requi red precision. 
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A novel support system linked with the design for homologous deformation, that is, the de- 

formation generated under load forms a new paraboloid and thus only an uncritical focal 

length change, entails weight advantages if compared to a lightweight glass mirror with an 

80% cent weight reduction (as compared to a solid glass mirror). 

Test Panel for FIRST Sandwich Mirror 

The Wolter-I telescope for the ESA XMM (X-Ray Multi-Mirror Satellite) is to reflect even shor- 

ter wavelengths. Each of the three mirror modules consists of 58 nested doublecone cylindri- 

cal mirrors 600 mm long and up to 700 mm in diameter. The global deviations from the ideal 

contour must not exeed 5 micron, and the surface quality must be better than 10 A (= 0.00~ 

micron). These a.m. requirements cannot be fulfilled for a planned wall thickness of only 

about one millimeter with a glass mirror, but it can be achieved using CFRP material. 

In order to meet the extreme requirements for surface quality, the already very smooth CFRP 

surface must be coated with different materials in a second replica process on a superpolis- 

hed form. The optimum coating sequence was calculated by Dornier by a micromechanical mo- 

del. On samples produced in cooperation with Zeiss using this process, surface qualities bet- 

ter than 5 A could be reached. 

These last few examples impressively demonstrate the possibilities of f ibre-composite tech- 

nology in the optical field, and a considerable application potential still remains uncovered. 
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T H E  S T A T U S  OF T H E  I R A M  
T E L E S C O P E S  

Robert LUCAS 
IRAM, Domaine Universitaire 

38406 Saint-Martin-d'H~res 
FRANCE 

A b s t r a c t  

We give here a brief report on the status of the II~AM telescopes. 

1 I n t r o d u c t i o n  

IRAM (Institute for Radio Astronomy in the Millimeter Range) is a French-German in- 
stitute, founded in 1979 by the Centre National de la Recherche Scientifique (CNRS) and 
the Max Planck Gesellschaft (MPG), with the contribution of the Instituto Geografico 
Nacional (IGN, Spain), to provide astronomers from these countries with first class facil- 
ities for millimeter wavelength astronomy. The 30-meter telescope on Pico Veleta in the 
Sierra Nevada has been in operation since 1985. A four element interferometer is being 
built on the Plateau de Bure, 90 km south of Grenoble (France). 

2 T h e  3 0 - m  t e l e s c o p e  

The 30-m telescope is built on the North slopes of Pico Veleta, at an altitude of 2870 m, 
and at a distance of 45 km from Granada. The site was chosen for its low latitude (37 
degrees), the low water vapor content (on average 2mm in winter, to 4mm in summer), 
and the number of clear days (200 per year). The telescope itself was described by Baars 
et at. (1887). It is a paraboloid of 30m diameter, with a focal ratio of 0.35. The hyperbolic 
subreflector has a diameter of 2m, and flat third and fourth mirrors, at 45 degrees on the 
elevation axis, send the beam horizontally to a Nasmyth focus, situated in the receiver 
room, between the elevation bearings in the azimuth section. The reflector structure is 
of homologous design, thermally insulated, with an active system of temperature control, 
designed to achieve a temperature uniformity within one degree, between the structure 
itself, the yoke, and the quadrupod. This performance is actually reached (Baars et al. 
1988). The telescope surface is a mosaic of 420 panels, roughly lm • 2m in size, made of 
stretched aluminium skins bonded to alumlnium honeycomb. The panels are mounted by 
pairs on steel subframes. The panel accuracy is 26 #m rms. The panels were adjusted on 
the structure to approach a parabolic shape by means of radio holography (Morris et al. 
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1988). The water-vapor maser source in Orion was first used, with a reference antenna 
built in the prime focus cabin, then phase retrieval holography was made using a remote 
transmitter on Pico Veleta. The final surface accuracy is about 65 #m rms. The tracking 
accuracy is about 1" rms for wind velocities up to 12 m/s. The absolute pointing accuracy 
is 3" rms; this is obtained by updating the pointing model every week to compensate for 
long-term drifts. 

The telescope performance is summed up in the following table: 

Frequency Aperture Main-beam Forward Beamwidth 
(GHz) Efficiency Efficiency Efficiency ( ')  
90 
110 
140 
230 
345 

0.50 
0.50 
0.50 
0.27 
0.10 

0.60 
0.60 
0.60 
0.45 
~0.20 

0.90 
0.90 
0.90 
0.95 
0.84 

26 
21 
17 
12.5 
8.4 

Three SIS receivers, built at IRAM, are available in the 3mm, 2mm and lmm ranges, 
with typical double side-band noise temperatures of 140 to 240 K (3ram and 2mm re- 
ceivers) and 100 to 250 K (lmm receiver) (Blundell et al. 1983, 1984, 1988). A 345 GHz 
Shottky receiver with 900 K double side-band temperature, built by the MPIfR, is under 
test at the telescope. 

Backends include two filter banks (512 x l  MHz and 256 x 100kHz), a spectrum 
expander (128 channels), and a 1024-channel autocorrelator. 

The system is now controlled by two micro-VAX computers, one for telescope control 
and data acquisition, the second for data analysis and backup. 

3 T h e  I n t e r f e r o m e t e r  

The interferometer is being built on Plateau de Bure, at 2553 m of altitude, in the southern 
French Alps. The site latitude is 44.5 degrees. Access is via a cable car operated by IKAM. 

The antennas are 15 meters in diameter, with a focal ratio of 0.325. The subreflector 
has a diameter of 1.5 m. The receivers are in a cabin at the Gassegrain focus. The backup 
structure is made of carbon fiber tubes, and the reflecting surface consists of 176 panels 
(carbon fiber plates on aluminium honeycomb). The current measured accuracy of the 
surface is typically 70 gm rms. Holographic measurements are planned in the future to 
improve this figure to reach the design goal of 50 /~m. Two of the four antennas have 
being built and tested, the third one has been assembled and will be tested next winter. 
Tracking is good for winds speeds up to 10 m/s. The pointing accuracy is 3" rms over 
the full sky. The fourth antenna will be available in 1992. 

The antennas may be placed on 26 stations on a T-shaped track, with arms in the 
North-South and East-West directions, of lengths 160m and 288m respectively. The tracks 
might later be extended to reach 1 km EW baselines. The local oscillator reference and 
intermediate frequencies are transported through high-Q coaxial cables. The electrical 
lengths of the cables are monitored in real time by a round-trip phase measurement at 1.8 
GHz. Phase rotators on the first and third local oscillators are used to stop the fringes; 
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delays are digital and applied on the third local oscillators. The phase of the first local 
oscillator is switched by Walsh waveforms of ~r and ~r/2 amplitude to eliminate offsets and 
enable separating the upper and lower sidebands. Two digital correlators are available: a 
continuum correlator, of total bandwith 500 MHz (divided into ten 50 MHz sub-bands), 
with 4-bit multipliers, computing both the cosine and sine components of the visibilities; 
a spectral correlator with currently 128 channels per baseline (bandwidth up to 2 • 80 
MHz). 

The receivers are now two SIS receivers (with double-sideband temperatures 80 and 
110 K) and one Shottky receiver (120 K). The whoIe system is controlled by a PDP 11/44 
computer. 

First fringes were obtained on 3C273 and the Orion SiO maser in December 1988, at 
86 GHz with two antennas on a 48 m baseline. Regular operation with three antennas is 
planned for the fall of 1989. 
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T h e  C o l o g n e  A c o u s t o - O p t i c a l  S p e c t r o m e t e r s  

V. Tolls, R.  Schieder ,  and  G. W i n n e w l s s e r  
I. Physikalisches Institut, Universitgt zu KSln, FRG 

I. Introduction 

The general acceptance of acousto-optical spectrometer s (AOS) as reliable spectroscopic 
tools for astronomical line observations was dependent on their integration capabilities, 
which posed problems in the past. The major problems arise from laser "speckles", which 
produce severe baseline variations and thus limit the ultimate performance. All optical 
surfaces and scattering centers within the optical path produce scattered light. Part of 
the AOS development at Cologne University was to find suitable techniques for removal 
of scattered background laser light [1]. 

For the design of a stable AOS, two basic principles must be considered: 

1. Bragg cells that switch the polarization must be used, and 
2. the optics must be suitable to the deflector used. 

Design Characteristics 

Two examples of Cologne-built AOSs are shown in Figure 1, which shows the medium 
resolution spectrometer (MRS) of the KOSMA Observatory on the Gornergrat near Zer- 
matt (bandwidth 287MHz, 1700 channels) and the low resolution spectrometer (LRS) 
which is now in operation at the ESO-SEST telescope in Chile (bandwidth 1.1 GHz, 1600 
channels). The performance characteristics of all Cologne-built AOSs are summarized in 
Table 1 [2]. 

The AOSs are extremly stable and can be used for more than 100s integration 
time for a single scan per position in position-switching mode. The spectroscopic Allan 
variance has been developed in our laboratory as a critical performance test and is used 
as a criterion for the AOSs and for the whole system ([3],[4]). 

The main difference between the AOSs is the illumination of the Bragg cell. The 
laser diodes (Hitachi HL 7802 E) are oriented so that the long axis of the elliptical 
beam is horizontal and the polarisation vertical. Special collimation optics are used to 
produce a well-defined parallel laser beam. For the LRS, no further expansion of the 
beam is needed because of the small 3.5 mm length of the active zone of the Bragg cell 
(Marconi Y-35-2761). The beam is collimated horizontally by means of a cylindrical lens 
( f  = 60 mm) to properly illuminate the small height of the acoustic wave in the deflector 
(50 #m). Although the divergence in the vertical direction is rather large, no additional 
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collimation with another cylindrical lens is necessary because of the small focal length of 
the imaging optics ( f  = 80 mm).  

Fig. 1. Optical layout of the SEST LRS (above) and the KOSMA MRS (below). The components 
are: LC = Laser Cooling, Ld = Laser Diode, CO = Collimation Optics, A = Aperture, P f  = Polarizer, 
Zl = Cylindrical lens, De = Deflector, IO = Imaging Optics, hS = Slit Aperture, H P  = Halfwave Re- 
tarder, Pr = 30 ~ Prism. 

Table 1. Cologne AOS characteristics 

KOSMA HRS KOSMA MRS SEST LRS 

bandwidth 64.7 MHz 287 Mhz 1100 MHz 
center frequency 87.4 MHz 324.6 MHz 2072 MHz 
number of channels 2048 1700 1600 
channel spacing 31.6 kHz 166.6 kHz 689 kHz 
resolution bandwidth  46 kHz 287 kHz 1070kHz 
reception bandwidth  66 kHz 407 kHz 1530kHz 
max. integration time 500 s 120 s 100 s 
deflector Matsushi ta  Crystal  Tech. Marconi 

EFL-D-2000S1 4400S-GaP Y-35-2761 
laser 5 m W  HeNe laser diode: laser diode: 

Hitachi HL 7802 E Hitachi HL 7802 E 
detector Fairchild Fairchild Fairchild 

CCD 142 CD CCD 122 CD CCD 122 CD 

The optics of the MRS look quite different. A low loss beam expander (3-fold 
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Fig.  2. Allan plot of the SEST LRS. The integrat ion t ime at min imum variance is above 100s. Below 
this t ime the variance behaves ~ expected from the radiometer  formula (white noise; slope - 1 ) ,  while 
above this t ime it is dominated  by drifts (slope > -1 ) .  

expansion) in the horizontal plane made of two 30 ~ prisms (material SF10)[5] is needed 
to illuminate the deflector (Crystal Technology 4400S-GaP, active area 0.05 x 17 mm2). 
Both the beam expander and the deflector require horizontal polarization, so a half-wave 
retarder rotates the polarization of the laser beam. No further vertical collimation by 
means of a cylindrical lens is apphed, but a cylindrical lens is used for additional focusing 
in the vertical direction in front of the CCD (Fairchild CCD 122/142) because of the much 
longer focal length of the imaging optics ( f  = 400 ram). In both AOSs, a sht aperture 
made of razor blades directly behind the imaging optics is inserted to reduce the laser 
scatter. 

In our experience, the laser scatter is the most important single factor limiting the 
stability of an AOS [6,4]. Integration times for good and stable AOSs as derived from 
the minimum of the spectroscopic Allan variance are of the order of minutes. A long 
integration time is a severe requirement for a broadband AOS but easy to achieve for 
high resolution AOS (see Table 1). 

For the SEST LRS we obtained a maximum integration time of the spectrometer of 
about 100 s (see Fig. 2) and for the MRS at Gornergrat of about 120 s. These numbers 
refer to pure spectrometer performance. If there are other instabihties in the frontend 
system or elsewhere, e.g. the atmosphere, these times will be reduced significantly. 
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A t r a n s p o r t a b l e  low resolut ion spec t romete r  for observat ions  at o ther  telescopes or  
for a i rborne  observa t ions  is u n d e r  cons t ruc t ion .  The  optics of this AOS are similar  to  
the opt ics  of  the  LRS,  bu t  its mechanica l  s tabi l i ty  is considerably  improved  to  reach the  
same pe r fo rmance  l imits  as a s t a t i ona ry  AOS.  
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through grant Wi-391/2-1 and grant SFB 301. We also want to thank ESO and the 
SEST group in Chile for their help during the installation of the AOS at the La SiUa site. 
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M e a s u r e m e n t s  of CO in the  Terrestrial  
M e s o s p h e r e  
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E. 0. Hurlburt Center for Space Research, 

Naval Research Laboratory, Washington, D. C. 20375 
and 

J.  T. A r m s t r o n g  and  H. Ungerechts  
I. Physikalisches Institut, Universit/~t zu K51n 

Introduction 

Because the photochemical lifetime of CO in the mesosphere (50-85km) is compara- 
ble to atmospheric transport timescales, it is an excellent tracer of poorly understood 
dynamical activity and transport mechanisms in this altitude region. Ground-based mm- 
wave techniques are nearly ideally suited to measuring the CO abundance as a function 
of altitude in the mesosphere, and several observations have been reported using stan- 
dard radio astronomy instrumentation and techniques. The technique invoves making 
high spectral resolution measurements of pure rotational lines. Because these lines are 
pressure broadened in the middle atmosphere, the measured shape of the line can be 
deconvolved to provide information concerning the constituent abundance as a function 
of pressure or, equivalently, altitude. 

We have begun an experiment in which we plan to make periodic measurements 
of CO in the mesosphere using spectral observations of the terrestrial J = I --* 0 CO 
line at 115.2 GHz, obtained using the University of Cologne ram-wave telescope at the 
Gornergrat Observatory. The primary goal of the experiment is to resolve the details 
of the seasonal variation of mesospheric CO densities. The magnitude and phase of 
this variation contains important information concerning the interaction of dynamical 
transport and photochemistry in establishing the distribution of trace constituents in 
the middle atmosphere. 

In this paper we report the first two observations we have made as part of this study. 
These observations, which were obtained in May 1987 and January 1988, are noteworthy 
because they suggest a large seasonal variation in CO abundances which is generally 
consistent with photochemical model calculations. 
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R.esults 

In Figure 1 we plot the folded spectra obtained in May 1987 and January 1988. The 
integration time of the May observation is roughly five hours and the elevation angle is 
20 ~ the integration time of the January spectrum is about 20 hours at an elevation angle 
1275. tn both cases the smooth curve is a cubic spline fit to the spectra which was used in 
the spectral retrieval process. The total amplitude of the spectral line is a measure of the 
CO column density, and the shape of the line is dependent on the vertical distribution. 
The amplitude of the spectrum obtained in the January measurement is more than a 
factor of 3 larger than the May result. In addition, it is considerably broader. The total 
width of the May spectrum is about equal to the Doppler line width, which indicates that 
most of the CO was located at altitudes at which Doppler broadening is the predominant 
line broadening mechanism. For the J = 1 -+ 0 CO line, this implies altitudes above 
about 75 km. However, the January spectrum contains significant pressure-broadened 
shoulders, which indicates the presence of significant CO abundances below 75 kin. 
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In order to retrieve the vertical distribution of CO from the measured spectra, we 
use the Twomey modified Chahine inversion technique (Twomey et al., 1977). This 
numerical retrieval algorithm is a simple iterative technique in which we start with an 
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initial CO profile and calculate a synthetic spectrum using a radiative transfer model. 
The CO profile is then varied based on the difference between the simulated and actual 
spectra. The solution is assumed to have converged when this difference is just equal 
to the noise level of the measurement. The altitude range of the measurements is 60 to 
80 km, and the vertical resolution varies between 6 and 8 kin. 

In Figure 2, we show the spectral retrieval results in the form of CO abundance 
mixing ratios in parts per million by volume (ppmv), plotted as a function of altitude. 
The absolute error level of the retrieved profiles is about 20-30%. These results verify 
the points made above from examination of the spectra. At 60 and 65 km the January 
mixing ratios are more than a factor of 50 larger than the May results. However, the 
difference between the two profiles is a decreasing function of altitude. At 80 km, the 
discrepancy is reduced to less than a factor of 2. 
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Fig. 2. CO mixing ratio retrievals, in parts per million by volume (ppmv), for the spectra shown in 
Figure 1, compared to winter and summer theoretical profiles for 45~ obtained from Solomon e~ aL 
(1985). 

Also shown in Figure 2 are theoretical profiles taken from the two-dimensional pho- 
tochemical/dynaxaical calculations of Solomon et al. (1985) for 45~ latitude summer 
and winter. The large seasonal variation indicated in the calculations is caused by a 
coincident variation in transport timescales. Carbon monoxide in the middle atmosphere 
is produced by the photodissociation of CO2, which occurs predominantly above 85 kin. 
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It is then t ranspor ted  down to lower altitudes where it is eventually converted back to 
C02 via reaction with OH. The vertical velocity in the middle atmosphere undergoes an 
annual variation at mid latitudes, with upward motion in summer and downward motion 
in winter. Thus  CO is t ranspor ted  into the lower mesosphere from its thermospheric  
source region much more rapidly in winter than  in summer.  This results in much larger 
CO densities in the 60 to 70 km region during winter. Our measurements  are in good 
general agreement with the model calculations, thus qualitatively corroborat ing this large 
seasonal variation. 
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TY CrA: 40
CRL 618: 365
X Cyg: 110, 399
NML Cyg: 362
Cygnus X region: 207-209
U Dor: 138
30 Doradus: 245-246, 248-250
DR 21: 56, 59, 223, 239-241
Draco cloud: 50, 195-197
E025: 322-323
E487: 322-323
Earth atmosphere: 223-224,441-444
ESO 338-IG04: 291
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Center): 164
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G18.95-1.1: 115
G34.3+0.1: 59
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G54.4-0.3: 115-116
G159.6-18.5: 225-227
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99,139-140
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GL 490: 59
GSS 30: 178-181
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Heiles Cloud 2: 6, 36, 338-339
0: Her: 399
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HH 46-47: 120-121, 123, 156, 159
HH 48-51: 204,206
HH 56-57: 120-123, 154
HH 120: 120-123
High-latitude clouds: 36, 45-51
IC 10: 276-277
Ie 443: 59
IC 1396: 59, 112-113
IC 2153: 291
IRAS 00554+6524: 129
IRAS 03301+3057: 183, 185
IRAS 04325-1419: 192-194
IRAS 04591-0857: 118
IRAS 05358+3543: 129
IRAS 06206-6315: 402
IRAS 06277+7125: 186-188
IRAS 09371+1212: 72
IRAS 11054-7706C: 206
IRAS 15194-5115: 402
IRAS 16293-2422: 179-181
IRAS 20541-6549: 138
IRAS 20582+7724: 236-238
IRAS 21004+7811: 117
IRAS 21282+5050: 365
IRAS 22147+5948: 129
IRAS 22266+6845: 236-238
IRAS 22267+6244: 129
IRAS 22336+6855: 144-145,236-238
IRAS point sources: 87-92, 97-99, 127-

129, 136-138, 236-237
IRC-OH stars: 362-363
IRC+10011: 362
IRC+10216: 10, 59, 75-78, 340-342,

362-363, 365-366, 398-399
IRC+10420: 362
Kuk 1835: 138
Large Magellanic Cloud: 90-91,245-

252, 273-274, 287, 402
LBN 105 (=MBM 40): 48
LBN 406/412/415: 45
LBN 1114: 50
LDN 43: 286
LDN 134: 59
LDN 673: 40, 144-145, 147-150
LDN 810: 109, 111
LDN 1155: 110-111
LDN 1172: 40
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LDN 1174: 109
LDN 1206: 112
LDN 1221: 144, 148, 236-238
LDN 1228 (=Bernes 48=MBM 161):

117-119, 144, 146-148, 236-238
LDN 1453: 216-218
LDN 1454: 216-218
LDN 1457: 216-218
LDN 1458: 216-218
LDN 1470: 225-227
LDN 1489: 40, 131
LDN 1495: 131, 219-221
LDN 1506: 131
LDN 1513: 131
LDN 1517: 131
LDN 1521: 131
LDN 1524: 131
LDN 1529: 131
LDN 1534: 131
LDN 1535: 131
LDN 1543: 131-132
LDN 1551: 8,59, 109, 131, 144, 147,

158-160,189,191,198-200,201
202, 237

LDN 1569 (=MBM 18): 48
LDN 1573: 131
LDN 1641: 148
LDN 1642: 36, 192-194, 323
LDN 1689N: 179-181
R Leo: 59, 110, 399
R LMi: 110
Long period variables: 110
Lupus complex: 36
M 2-9: 100
M 17: 59, 61-65
M 31: 11
M 33: 11
M 42: 269
M 51: 11, 258, 260, 286
M 82: 259-260, 269, 291, 294
M 83: 294
Maffei II: 267
MBM 12: 47
MBM 16: 47
MBM 18 (=LDN 1569): 48
MBM 21: 40, 118-119
MBM 40 (=LBN 105): 48



MBM 161 (=Bernes 48=LDN 1228):
117- 119

MCLD(56,-44): 48
U Mic: 137-138
Milky Way: see Galaxy (Milky Way)
Mkn 171: 291
Molecular Ring ("-'5 kpc from Galactic

Center): 24
R Mon: 160, 223
Mon OB1: 148-149, 287
Mon R2: 59
NGC 253: 291,294
NGC 660: 267
NGC 891: 267
NGC 1333: 201-203
NGC 1499 (California nebula): 210-212
NGC 2023: 59
NGC 2024: 56, 59, 223
NGC 2068: 59
NGC 2071: 59, 144-146, 148
NGC 2146: 260, 267-268
NGC 2264: 223-224
NGC 2346: 100-102
NGC 3077: 278
NGC 3079: 267
NGC 3109: 267
NGC 3628: 267
NGC 3690/lC 694: 267, 269
NGC 4254: 262
NGC 4501: 262
NGC 4565: 267, 269
NGC 4654: 262
NGC 4736: 267
NGC 5907: 267-268
NGC 6240: 267,292
NGC 6302: 100, 102
NGC 6537: 100
NGC 6629: 100
NGC 6751: 100
NGC 6853: 100
NGC 6946: 258-260,267,269
NGC 7008: 100
NGC 7027: 365
NGC 7538: 59, 125-126, 213-215, 223

224
OH/IR stars: 71, 362
OH supergiants: 362
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OH 26.5+0.6: 362-363
OH 231.8+4.2: 70, 363-364
OMC 1: 59
OMC 2: 59
Ophiuchus clouds: 34, 40, 43, 48
P Oph: 59,144,147,178-181,289
a Ori: 399
Ori B1C: 59
Ori-I-2: 112-113
Orion A: 75-78,84,133-135,148-149,

287, 291, 342, 410
bar: 59
hot core: 223, 234-235, 368-371
KL nebula: 6, 9-10, 31, 36, 59, 95,

104-106, 108, 110, 223-224, 234
235

Orion B: 36, 82-84, 150, 287, 291
Orion-Monoceros region: 23
Orion OB I association: 84
U Ori: 399
Polar Loop: 49
Re 13: 121-122
RNO 9: 144
RNO 43: 156-157
RNO 109: 144-145, 148
RNO 131: 144
RNO 138: 144
a Sco: 399
S 76: 109, 111
S 88: 65-67
S 106: 59
S 140: 59, 95, 409
S 255: 59
Sgr A: 164-166, 269
Sgr B2: 5, 10,59,75-77, 108, 164-165,

342
VX Sgr: 399
V342 Sgr: 138
SiO masers: 110, 136-138,400,402
Small Magellanic Cloud: 90-91, 270-

272, 273-274
SN 1987A: 245-246
SSV 13: 157, 160, 201-203
SSV 63: 155, 157
a Tau: 399
DG Tau: 154, 157-160
HL Tau: 156, 158-159



IK Tau: 110
NML Tau: 363
T Tau: 159
XZ Tau: 156
Taurus-Auriga complex: 34, 36-37, 40,

43, 289, 291, 354
TMC-1: 73, 75-76, 78,340,348
R UMa: 223
YUMa: 223
U UMi: 110
Ursa Major clouds: 34
V 645: 59
CM Vel: 138
RW Vel: 138
RT Vir: 110
Virgo cluster galaxies: 10, 262
W 3: 59
W 3 IRS5: 223
W 3(OH): 108, 228-230, 342
W 3(2): 95
W 33: 59
W 43: 59
W 49: 6,59
W 49N: 95
W 51: 59
W 51D: 108
W 51 Main: 108, 125-126
W 51N: 125-126
W 75N: 59
W 75S: 59
W 80: 208-209
WL 16: 179
I Zw 36: 291
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Subject Index

Abundances: 45-51, 337-342, 368-370,
373-374

C, N, 0 isotopes: 166-167
CH3CN: 125-126
HCN/HNC: 109
H2 0: 222-223
S02, C34S: 179-181
Si: 241

Accretion onto dust grains: 355-356,
369

Ae/Be stars: see Stars, Herbig Ae/Be
Albedo of dust clouds: 321-323
Alfven

speed: 299, 306
waves: 143, 286-287, 299, 304-306

Allan variance: 410, 413-414, 436
Ambipolar diffusion: 302-311
Angular momentum problem: 303-305
Atmosphere, terrestrial: 441-444
Bow shock: 156-157, 313-317
Bright rims: 112-113
C II regions: 56, 58, 239-241, 279-281
Cavities: 66-67, 82-84, 171-173, 241
CFRP (carbon fiber reinforced plastic):

404-407, 427-430
Chemical non-equilibrium: 50-51, 107

108
Chemical processes

deuteration: 349, 369-370
gas-phase reactions: 6, 280, 344-350,

363-366, 368
in high-latitude clouds: 50-51, 196
ion-molecule reactions: 344-349, 364-

366, 383-385
photoprocesses: 363-366
rates: 344-345
reaction networks: 345-349, 354, 383

386
surface processes: 7, 353-359, 369

370, 378-380
Circumstellar disks: 160
Circumstellar envelopes: 7, 9, 361-366
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Clumping
in dark clouds: 110, 127-128, 207-

209, 210, 213-215, 216-218, 219
in diffuse clouds: 7, 40, 117-119
in molecular clouds: 7
in outflows: 199
in planetary nebulae?: 102
in SNRs: 115
in the SMC: 271
in warm gas: 56, 63-64, 66, 124-126,

234239-241
CO: see also Index of Atoms, Ions and

Molecules
CO to H2 conversion factor: 22-29,

33, 45-51, 105, 130, 134, 140, 171,
187, 195-197,213,247-248,254,
256, 269, 271-272, 277-278, 338
339

12COjl3CO abundance ratio: 106,
167

12CO/13CO intensity ratio: 84, 104,
133-134, 196, 210

12CO/ SIR ratio: 32, 36
13 CO/ SIR ratio: 32, 36, 130-132
13CO optical depth: 84, 133-134,

199, 206, 219
high-J lines: 53-59, 104-106, 235, 240
in dark clouds: 109, 130-132, 204-206
in diffuse clouds: 117-119
in planetary nebulae: 100-102
in SNRs: 115, 225-227
in terrestrial atmosphere: 441-444
mid-J lines: 53-59

Collapse of cloud cores: 307-310
Confusion limit in spectral surveys: 77,

342
Cores

low mass cores: 38-43, 117-119, 205
206

hot cores: 55, 63, 66-67, 104-106,
124-126, 178-181, 234-235, 239
241, 368-371

in diffuse clouds: 117-119
Cosmic rays: 345, 364, 372-373
Dark clouds: see Molecular clouds
Depletion onto grain surfaces: 34, 355-

356, 369



Deuterated molecules
abundances: 107-108, 350-351, 369

370
production of: 350-351, 369-370

Disk formation: 304
Dust

cold: 273
gas-to-dust ratio: 46-49, 248, 257
in galaxies: 257, 262-264, 273-274
in Galactic clouds: 30-37, 273, 275,

321-323
temperature: 32, 132, 169, 193, 254,

256-257, 262-264, 273
Electron density: 159
Energy density: 38-43
Evaporation from grain surfaces: 107,

125, 356-358, 369-370
Extinction: 31-34,38, 46-47, 381-382

relation to 100 p.m flux: 338
relation to W(CO): 338-339

Filamentary structure: 43, 83-84, 115
Fractionation

deuterium: see Deuterated molecules,
production of

Galactic Center: 59, 85, 163-169
Galaxies

continuum spectra: 262-264,273-274
dust content: 262-264, 270-271, 278
gas content: 9, 248, 253-260, 270-272,

276-278
infrared emission: 254-260
starbursts: 9, 266-269, 291-292
star formation in: 250, 253-260, 268

269, 291-294
warm gas in: 266-269

Galaxy (Milky Way): 84,87,90, 97-99,
139-140

"(-ray emission
origin of diffuse emission: 23
correlation with CO and H II: 23

Globules: 40, 112-113
Grains

large: 262-264
mantles: 353, 355-356, 370, 378-380,

381-382
scattering from: 323
small: 33-35, 50-51, 196, 193, 304

457

H II regions: 101, 239-241
ultra-compact: 87-91, 228-230

Heating
by interstellar radiation field: 30-34
by non-ionizing radiation: 58, 83-84,

279-281
by OB stars: 30-31
by shocks: 58, 64, 67, 175, 315-316
by stellar wind: 193
by turbulence: 169
external: 62, 84, 134
infrared: 368
in optical jets: 156-158, 313-317
photoelectric: 193, 241

Heat of vaporization: 355
Herbig Ae/Be stars: see Stars, Herbig

Ae/Be
Herbig-Haro objects: 120-123, 201-203,

204, 206, 315
Hydrogenation: 152-160, 345-346, 369

370
Infrared

CIrrus: 45-51, 186-188, 195-197
colors: 33-34, 36, 87-90, 136-138, 186
excess: 168
intensity to gas column density rela

tionship: 24-29, 31-33, 36-37,
45-51, 130-132

interferometry: 396-399
luminosities: 30, 233, 237
luminosity to gas mass relationship:

254, 256, 338
spectral lines: 53-59, 174-177, 239-

241, 279-281
Initial luminosity function: 231
Initial mass function: 168, 289-291, 303
Ionization

by cosmic rays: 345, 364
by ultraviolet: 241, 279-281
fraction: 369
fronts: 60, 64, 112-113, 241, 289

IRAS point sources: 40, 97-99, 112-113,
115, 117-118, 127-129, 136-138,
179-181, 183, 185, 192-194, 201,
206, 236-238, 278

Jeans length: 306
Jeans mass: 292



Jets: 152-160, 174-175, 313-317
Line shapes

cores: 55-56, 128-129, 318-320
widths: 299
wings: 128-129, 189-191

Long-period variables: 110
Magnetic fields: 38-43, 93-96, 167, 182

185, 297-311
Masers

H2 0: 9, 93-96, 276
OH: 9, 228-230
proper motions: 228-230
SiO: 9, 110, 136-138, 400, 402

Mass loss: 192
Metallicity: 247, 270-271,277-278,293

294, 306
Mira variables: 110
Molecular clouds

dark clouds: 38-43,59, 109-111, 130
132, 178-181, 204-206, 207-209,
210-212, 216-218, 219-221

diffuse: 38-43, 117-119
disruption: 289
distribution in outer Galaxy: 97-99,

139-140
energetics: 30-31,38-43, 128, 147-150
formation: 285-286, 300-302
giant: 7, 59, 139-140, 170-171, 213

215, 245-250, 276-278
heating by non-ionizing UV: 83-84
high-latitude: 45-51, 91, 117-119,

195-197, 204-206, 321-323
hot cores: 107-108, 124-126, 234-235,

368-371
in LMC: 245-252
in Galactic Center: 163-164, 168-169
in SMC: 270-272
interacting with SNRs: 114-116, 171

173, 225, 248-250
magnetic fields in: 38-43, 60-67, 93

96, 182-185, 297-311
structure: 81-84, 128, 207-209, 210
support: 40-43, 147-150,286-288,

299, 303, 306-309
warm gas in: 59, 61-67, 234-235, 239

241, 266-267, 269
Molecular constants: 329, 334, 375-377
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Molecular outflows
and support of molecular clouds: 84,

147-150,286-287
bipolar: 7-8, 120-123, 145-147, 198-

200, 205-206, 236-238
collimation:
energy: 147-150,200
extended: 109, 121, 144-147, 150,

191, 198-200, 205-206, 237-238
filled: 189-191
momentum: 200, 192, 287-288
in post-main-sequence nebulae: 100

102
individual sources: 56, 59, 101-102,

109, 112-113, 120-123, 143-147,
187-188, 191, 198-200, 192-193,
201-203, 205-206, 236-238

limb brightened: 189-191, 201
mass: 123, 199
mechanical luminosity: 148-150'1200
morphology: 121, 189-191, 201-202
timescale: 123, 148-150, 188, 192,

237
warm gas in: 56, 59

Molecular structure of HNCNH: 328
329

Molecules
circumstellar: 10, 59, 69-70, 75-78,

136-138, 340-342361-366, 398-399
deuterated: 107-108, 349, 369-370
on grain surfaces: 353-359, 378-380,

381-383
organic refractories: 381-382
PAHs: 193,357-359,378-380,381

382
saturated: 345-347,368-371,385
steady-state abundances: 373-374

OB stars: 87-92
effect on star formation: 291,304
fraction embedded in molecular

clouds: 40, 91-92
heating molecular clouds: 30-31, 241

Observing strategy: 413-415
Optical nebulae: 152-160, 188
Outflows: Jee Molecular outflows
Photodesorption: 356-359



Photodissociation: 58, 102, 241, 267
269, 339, 358-359, 363-364, 372
374

Photoionization: 42, 364-365, 372-374
Planetary nebulae: 100-102, 365
Polarization: 160
Pre-main-sequence stars: see Stars, pre-

main-sequence
Pressure confinement: 42-43,46,87
Protostars: 201
Rates

chemical reactions: 344-347, 349-350
condensation on grains: 355-356, 358
cosmic-ray ionization: 373
formation, destruction of PAHs: 358-

359
molecular collision: 319, 337
photodesorption from grains: 357-358
star formation: 87, 92, 167-168, 250,

255, 289-295
supernova: 92

Radiative transport: 54-57, 189-191,
318-320, 321-323

Receivers
arrays: 389-395
calibration: 393
for infrared intederometry: 397
noise: 413
Schottky: 223, 390, 409-410, 424-426,

432-433
single sideband: 390-392
SIS: 409, 424-425, 432-433

Rotation curve
in LMC: 251-252
in outer Galaxy: 98, 140

Scaling laws: 40-41, 96, 128, 208-209,
298-299

Self-shielding: 339
Shocks: 50-51, 58, 64-65, 67, 101-102,

106,112,175,196,241,365,313
317

Silicon-bearing molecules: 73-75, 341
342, 383-386

Spectrometers
acousto-optic: 411-412, 434-437
autocorrelators: 394, 432
filter banks: 394, 432
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Star formation
bimodal: 291-293,305
binary: 304-305
efficiency: 112, 167, 204, 255-260,

288-294
global: 289-295
high-mass: 8,87, 92, 112, 290-291,

305-306
in LMC: 250
in Galactic Center: 167-168
in galaxies: 255-260
in outer Galaxy: 97, 139
indicators: 178-181
individual sites: 61-67, 112-113, 120

123, 125-126, 178-181, 204-206,
228-230

low-mass: 120-123, 204-206, 237, 304,
306

rate: 87, 92, 167-168, 250, 255, 289
295

triggered: 112, 204
Stars

Herbig Ae/Be stars: 279-281
IRC-OH stars: 362-363
long-period variables: 110
Mira variables: 110
OB: 87-92
OH/IR: 362
OH supergiants: 362
pre-main-sequence: 152-160, 178,

181, 204, 206, 231-233, 279-281,
290

T Tauri stars: 145, 158-159
Stellar winds: 289, 291-292, 294
Sub-millimeter observations: 56, 59,

61-63, 76-77, 104-106,234-235,
262-264, 273-275, 410

Supernova remnants: 114-116, 171-173,
225-227

Surface reactions: see Chemical pro
cesses: surface processes

Surveys
Cas A/NGC 7538: 213-215
Cas-Ceph region: 170-173
E Cha I cloud: 204-206, 231-233
circumstellar envelopes: 136-138, 362
diffuse IR emission: 31-36



Surveys (cant.)
extragalactic CO: 253-257
frequency: 6, 73-79
Galactic plane: 7, 22-29, 97-99, 139

140
Hz 0 masers: 95
IRAS sources: 87-92, 97-99, 127-129,

136-138, 236-238
Large Magellanic Cloud: 91, 245-252
NGC 1333 cloud: 201-203
Orion A and B: 82-84, 133-135
Small Magellanic Cloud: 91, 270-272
Taurus clouds: 130-132, 210-212,

216-218, 219-221
Telescopes: 400-403, 404-407,408-412,

416-418, 421-423, 427-430, 431
433

Time scales
accretion onto grains: 369
ambipolar diffusion: 285, 307-311
chemical: 369-370
cloud-cloud collision: 286
core collapse: 119, 307-310
free expansion: 119
free fall: 308-309, 369
Kelvin-Helmholtz: 293
molecular cloud lifetime: 290

T Tauri stars: 145, 158-159
Turbulence: 83-84, 128, 168-169, 299
Virial masses: 118-119, 210, 213-214,

271, 277-278
Virial stability: 41-43, 46, 119, 210, 219
Young stellar objects (YSOs): 152-160
Zeeman splitting: 93-96, 182-185, 298
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