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Editors  Preface 

The Third International IRAS conference was held at Queen Mary College (QMC), University 

of London, in the week of July 6-10, 1987. There was a feeling of maturity about this meeting in 

several ways. The Infra-Red Astronomical Satellite was developed, funded, built, and operated 

by three national scientific communities (the USA, the Netherlands, and the UK). With this 

latest conference, each of the three communities have had their opportunity to host a major 

meeting devoted to scientific results from IRAS data. (The first two were held at Noordwijk 

and Caltech, respectively). But this meeting was a very widely-based one, both geographically 

and scientifically. As well as the three original IRAS nations, we had contributions from twelve 

other countries, including some from every continent. (The IRAS survey products are available 

worldwide, and scientists everywhere are taking advantage of this rich mine of information). A 

large fraction of the papers presented were not simply discussion of discoveries from the IRAS 

data itself (lively though such work still is). Instead they represented projects which have either 

sprung directly from IRAS discoveries and data,  but now involve a wide range of observational 

and theoretical work, or which are addressing the same questions upon which IRAS discoveries 

have shed light. The most striking thing of aJl, however, was the huge range of physical scales, 

and corresponding astronomical topics, addressed. The research presented concerned asteroids, 

comets, dust in the solar neighbourhood, young stars, old stars, the interstellar medium, Galactic 

Structure, normal galaxies, active galaxies, large scale structure, the distance scale, and the 

cosmic background at various wavelengths. It was of course for this reason that we named the 

conference, with blinding simplicity and style, " C o m e t s  to  Cosmology : 'Car l  Murray, inspired 

by this, designed a natty logo for our conference bags. There is always a danger that a meeting 

of such breadth will lose focus and fragment, but this didn't  really seem to happen. Despite 

the diverse professional interests represented, almost everybody stayed the whole course, and the 

atmosphere was fruitful and friendly throughout. 

There were two hundred and eighteen attendees at the meeting. Fifty three talks were given, 

and eighty nine poster papers. The poster papers remained on display for the whole week, to 

generate informal discussion during coffee and lunch breaks. There was a specially featured 

display on "Infrared facilities of the future" (COBE, ISO, SIRTF, SOFIA, NICMOS, and the 

Space Telescope). There was also an afternoon workshop session for IRAS data analysis pundits. 

A meeting of such size poses problems when it comes to producing a proceedings volume, especially 

as we were keen to keep the price of the volume as low as possible. In order to give the speakers 

enough room to write something sensibly approximating to their talks while keeping the volume 

a reasonable size, we had to make the sad decision not to include the text of poster papers. The 

interested reader will however find a list of all the titles and authors of poster papers, so that 

s/he can write and request preprints from the authors, where available. 

The conference was masterminded by Michael Rowan-Robinson, with enormous quantities of 

nervous energy and dedication. Sally Wright, our Conference Secretary, was both administrative 

nerve centre and principal shock worker. Nobody ever doubted it would be a success with Michael 



VI 

and Sally in charge. Filled thus with confidence, the organising committee went about ~be;_r tasks 

with vigour. In the closing stages however, the eventual success would have been impossible 

without the hard work of a large team of local staff members and students, many of whom had 

no IRAS research connection. We were worried by the problem of accomodation being so far 

fl'om the College, but in the event, most participants seemed to be delighted to find themselves 

in the midst of a great city. Full advantage was taken of London entertainments, including Bill 

Fishma.n's famous tour of Jack the Ripper territory ! 

FinaLly, the meeting also marked a sad moment in recent astronomical history. Marc Aaron- 

son was to have attended, with his family, and to have given a review talk on "The impact of 

IR astronomy on the distance scale". Shortly before the meeting, the news came that Marc had 

been killed in a tragic accident at Kitt Peak. We decided to set aside some time on the last day 

to remember Marc. First, L. Gougenheim gave a talk on the same subject as Marc's intended 

review. Then, Michael Rowan-Robinson and Roger Thompson spoke briefly, recalling both Marc's 

scientific achievements and his stature as a human being. We were delighted that Marc's wife 

Marianne, his daughter, and his father were able to come to London and attend our brief tribute, 

as well as taking part in some of the Conference social events. Marianne replied movingly to the 

tributes paid to Marc. Those of us who knew Marc only through his work were made aware that 

the community had lost more than just a good scientist. 

Andy Lawrence 

Queen Mary College 

November 1987 
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IMPACT OF IRAS ON ASTEROIDAL SCIENCE 

S.F.Dermott, P.D.Nicholson, Y.Kim and B.Wolven 

Center for Radiophysics and Space Research, 
Cornell University, 

Ithaca, NY 14853, U.S.A. 

E.F. Tedesco 

Jet Propulsion Laboratory, 
California Institute of Technology, 

Pasadena, CA 91109 U.S.A. 

ABSTRACT 

Asteroids are studied because, together with comets, they are one of 

the few sources of information on conditions in the early ,solar 

system. Asteroids have been classified into a small number of distinct 

types and the distribution of these types with respect to their 

distances from the sun gives information on the chemical structure of 

the primitive solar nebula. Asteroids are also believed to be the 

primary source of meteorites and thus the most abundant, diverse and 

accessible source of extraterrestrial material. There have been 

several major advances in asteroidal science in recent years. We now 

have a clear understanding of the origin of some of the Kirkwood gaps 

in the distribution of asteroidal semimajor axes and of the role that 

these gaps have in the delivery of meteorites to the Earth. Secondly, 

the number of meteorites available for study has increased since the 

discovery of the meteorite fields on the Antarctic ice cap. As 

expected, IRAS data on asteroidal albedos (the diameters and albedos 

of 1,811 asteroids have now been measured) will vastly extend the 

classification work. We anticipate that new insights into the 

chemical structure of the asteroid belt will be revealed by plotting 

the variations of the colors and albedos of asteroids in a given class 

against their distance from the sun. Unexpected products of the IRAS 

mission include the discovery of a small body in the Geminid meteor 

stream and the discovery of structure in the zodiacal cloud. The IRAS 

solar system dust bands provide a further connection with asteroids 

since they may be collision products of asteroids, possibly members of 

the major Hirayama families, implying that asteroids may be a 

significant source of the particles in the zodiacal cloud. 
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Figure i. (a) Some of the dynamical structure of the asteroid 
belt is revealed in this plot of the semimajor axes (radial 
coordinate) and the longitudes of pericenter (angular 
coordinate). All the numbered asteroids listed in the 1979 
TRIAD file (Bender, 1979) are represented, The arrow indicates 
Jupiter's longitude of pericenter (Dermott and Murray, 1984). 
(b) More of the dynamical structure is revealed by the 
distribution of asteroids in semimajor axis and eccentricity 
space. The solid lines represent the libration zones 
associated with the strongest jovian resonances. The 
locations of some of these resonances are marked by the ratio 
of the asteroidal and jovian orbital periods. The boundaries 
of the libration zones are largely clear of asteroids and 
neatly define the Kirkwood gaps. (Dermott and Murray, 1983). 



i. IN~qODUCTION 

It is now widely believed that the various bodies in the solar 

system formed in an extensive disk of gas and dust concomitant with 

the formation of the sun. In one version of this model of the origin 

of the solar system, temperature and pressure gradients within the 

solar nebula determine the condensation sequence of the elements and 

their compounds and this sequence largely accounts for the major 

division in the solar system, that between the inner, rocky, terres- 

trial planets and the outer, gaseous planets. However, much of the 

detailed evidence of the early condensation and accretion processes is 

now either buried in planetary interiors or has been lost for ever 

because of post-accretional physical and chemical changes. The major 

sources of information on conditions in the early solar system are the 

small bodies that failed to accrete to planetary size, that is, 

asteroids, comets and the debris that they give rise to, namely, 

interplanetary dust particles and meteorites. 

Asteroids are of particular interest since they are believed to 

be the primary source of meteorites, our most abundant, diverse and 

accessible source of extraterrestrial material, and because of their 

location in the transition zone between the terrestrial and jovian 

planets. A number of recent advances have placed asteroidal science 

in the forefront of planetary science. We now have a clear under- 

standing of the origin of some of the Kirkwood gaps in the distribu- 

tion of the asteroidal semimajor axes and the role that these gaps, 

particularly the 3:1 gap at 2.5 AU, play in the delivery of meteorites 

to the Earth. The nature of the Kirkwood gaps is partly revealed by 

their structure in semimajor axis and eccentricity space (Fig.l). The 

gaps correspond to those regions where one would expect to find aster- 

oids librating about resonant configurations involving Jupiter 

(Dermott and Murray, 1983). Numerical experiments have shown that the 

motions of asteroids in those regions can be chaotic and that at 

sporadic intervals of ~ 106 years the eccentricities of the asteroids 

increase to values large enough for their orbits to cross that of Mars 

and, less frequently, that of the Earth (Wisdom, 1983, 1985). 

Interest in meteorites has increased largely because of the 

development of techniques and laboratories to analyse lunar rocks but 

also because of the discovery by~ Japanese scientists in 1969 of rich 

meteorite fields on the Antarctic ice cap (Dodd, 1981). We can, 

perhaps, expect a similar surge of interest in the study of extra- 

terrestrial dust particles due both to the recent flyby of Halley's 

comet and to the recent discovery of cosmic dust on the Greenland ice 

cap (Maurette et al., 1986, 1987). The Greenland deposits contain 

large abundances of the larger dust particles (> i00 micron) that are 

easier to analyse, they also seem to be less affected by terrestrial 
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Figure 2. (a) The variation of the number density of 
asteroids with distance from the sun for the 236 bright 
asteroids in the bias-free set defined by Dermott and Murray 
(1983). The asteroids were classified as either S-type 
(dotted line) or C-~ype (solid line) according to the TRIAD 
classification scheme as modified by Tholen (1984). The 
remaining asteroids not in the S- or C-classes were classified 
as O (dashed line) or "other". (b) The distribution of 
asteroids in the S, C, M, E, P, and D classes in a sample of 
1373 asteroids after correction for observational bias. f is 
the estimated fraction of asteroids at a given distance in 
each class (Gradie and Tedesco, 1982). 



weathering than other deposits and, most importantly, a large fraction 

of the particles have not been melted by passage through the Earth's 

atmosphere and thus preserve their original mineralogy and petrology. 

The IRAS data have a major role to play in these studies both 

through the extension of the asteroidal data base and because of the 

unexpected discovery, by IRAS, of the solar system dust bands. 

2. THE IRAS ASTEROID SURVEY 

Averaged albedos and diameters derived from IRAS observations are 

available for 1,811 different asteroids (IRAS Asteroid and Comet 

Survey, 1986). However, it is important to realise that those data 

derived from low flux sightings are less reliable than those based on 

the means of several high flux detections (cf., Veeder, 1986; Tedesco 

et al., 1987; Tedesco et al., this book). The reasons for this 

include: (i) confusion of faint asteroids with background sources, 

(2) flux overestimation for the smaller asteroids, (3) real variations 

in flux from asteroids (due, for example, to variations in their 

cross-sectional areas), and (4) uncertainties in the absolute visual 

magnitudes. These problems are all more severe for faint asteroids. 

The flux overestimation at 25 microns for faint (< 2 Jy) sources 

in the IRAS Point Source Catalog is as much as a factor of 3 (IRAS 

Circular, Nov. 1986) and increases with decreasing flux. The values 

and uncertainties given for the IRAS albedos and diameters do not take 

this overestimation into account. Yet as many as 698 (or 40%) of the 

asteroids with IRAS albedos have no sightings with flux densities 

greater than 1 Jy. As an example of one of the consequences of flux 

overestimation consider that the IRAS survey lists 1685 Toro and 1980 

Tezcatlipoca as having low IRAS albedos. High quality ground-based 

observations contradict these and find instead that the albedos of 

both of these objects are moderate, in agreement with their taxonomic 

classifications which, in turn, are based entirely on visual data 

(Veeder et al., 1987). 

IRAS source observations were accepted twice for 1685 Toro and 

once for 1980 Tezcatlipoca. The former was "sighted" i0 times and the 

latter 4 times. Of these 14 sightings all but 3 were rejected by the 

processing software. The two sightings of Toro which were not 

automatically rejected had flux densities at 25 microns of 0.56 Jy 

while that for Tezcatlipoca was 0.32 Jy. In view of the known 

problems with sightings having 25 micron flux densities less than 1 Jy 

it is not suprising that these fluxes yielded low albedos; the fluxes 

have been overestimated, the asteroids were probably observed near a 

peak in the noise or while confused with a background source. The key 

to recognizing such dubious results lies in looking at the 25 micron 

flux density together with the number of realized versus expected 
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Figure 3. (a) Variation of the mean U - V color of 191 S- 
class asteroids with mean semimajor axis. The asteroids were 
sorted in order of increasing semimajor axis and then 
separated into independent samples of i0 asteroids (Dermott, 
Gradie and Murray, 1985). (b) Variation of the v - x color of 
low albedo (< 0.076) asteroids (those in the C, P and D 
classes) with semimajor axis. All asteroids with U - V < 0.90 
were eliminated from the sample (this restriction removes the 
F-class asteroids). Tedesco (1987) concludes from this figure 
that the P-class merges smoothly into the C-class and is thus 
a subgroup of the C-class. The D-class (largely those 
asteroids with semimajor axis ~ 5 AU) do separate from the P- 
class. However, Tedesco notes that this separation could 
merely be due to a tendency for v - x to increase with 
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sightings. If the flux density is below 1 Jy, and/or the number of 

expected sightings greatly exceeds the number realized, then the 

accuracies of the quoted albedo and diameter are probably much lower 

than their formal errors. 

The IRAS albedos of the brighter asteroids will be used to extend 

the asteroidal classification schemes. Preliminary results have been 

announced by Barucci et al. (1987) and by Chapman (1987). Albedos are 

the backbone of all classification schemes and the availability of the 

IRAS albedos would appear to allow the separation of the asteroids 

into an even larger number of distinct classes than was previously the 

case. Using a statistical clustering technique, Barucci et al. class- 

ified 438 asteroids for which there are both eight color photometric 

data (Zellner et al., 1985) and IRAS albedos available. They were 

able to recognize a total of nine principal classes. Chapman has 

confirmed that the heliocentric distribution of asteroidal types is 

zoned (see Fig.2) and by comparing distributions of types within 

families with the general mix of asteroids at the same heliocentric 

distance, he has been able to evaluate the reality of some of the 

numerous "Hirayama" families proposed by various workers. Chapman has 

also confirmed an earlier result of Zellner (1979) that the different 

types have different size-frequency distributions, in particular, that 

there is a peak in the size-frequency distribution of C-types at i00 

km. 

Two comments are worth making on the distribution of asteroidal 

types. Figs.l and 2 emphasize in several different ways that the 

structure of the asteroid belt has been determined by dynamical 

processes and that there has been a large amount of post-accretional 

mixing of the asteroids. The asteroids must have accreted in near- 

circular, near-coplanar orbits and it is hard to envisage any process 

that could have increased their eccentricities and inclinations with- 

out also changing their semimajor axes. The inner edge of the belt 

has been defined by the sweeping action of Mars while resonant inter- 

actions with Jupiter have both depleted the belt beyond 3.2 AU and 

sculpted the Kirkwood gaps. In Fig.2(a) we see that the distribution 

of asteroidal types is certainly zoned: S-types, for example, tend to 

dominate the inner edge of the main belt. However, in the same figure 

we also see that peaks in the number densities of the various types 

can occur at the same heliocentric distance. The origin of these 

peaks is obviously some, as yet obscure, dynamical process (associated 

with the major Kirkwood gaps), probably unrelated to the formation 

distances of the various asteroidal types. The observed zoned 

structure of the belt is best regarded as a weak reflection of an 

earlier primordial structure that, fortunately for us, has managed to 

survive a number of major dynamical processes that have shuffled the 
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orbits. It would be wrong to regard the peaks in the distributions 

of, for example, the S- and C-types in Fig.2(b) as the formation 

locations of these asteroids. The implication is that S-types were 

formed closer to the sun than C-types, but, at present, that is all 

that can be stated with confidence. The groups of asteroids in the 

stable resonant locations, that is, the Hildas and Trojans, are 

special cases and the distributions of types within these groups 

deserve special consideration. 

Secondly, the variation of the colors and albedos of asteroids 

within a given class with heliocentric distance should prove to be of 

interest. This has already been shown to be the case for S-class 

asteroids (Dermott et al., 1985) - see Fig.3(a). Tedesco (1987) 

points out that there appears to be a trend in the heliocentric 

distribution of the v - x colors of low albedo asteroids in the C, P 

and D classes - see Fig.3(b). This type of analysis may lead to the 

recognition of subclasses of asteroids, or, and this is somewhat 

disturbing, to the recognition that the colors of the asteroids have 

been modified by space weathering. 

3. NEAR-EART~ASTEROIDS 

The major triumph of IRAS in this area was the discovery of a 

small object (1983TB, now 3200 Phaethon) in the middle of a (or the!) 

major meteor stream, the Geminids (Davies et al., 1984). While of 

great interest, this and other recent discoveries seem only to heighten 

the confusion that exists regarding the relationships between 

asteroids, comets, meteorites, meteors and near-earth asteroids 

(Davies, 1986). 

Halliday (1987) has recently reported camera observations of a 

second large meteorite fall from the orbit of the Innisfree (brecciated 

LL) chondrite, although no object has yet been recovered. The 

detection of two related meteoritic events only 3 years apart and 

within 500 km of each other on the Earth's surface argues for the 

existence of a stream of meteorites that could contain as many as 5 x 

108 objects with masses ~ I0 kg. The Pioneer Venus orbiter magnetom- 

eter appears to have detected "comet wakes" in the orbit of the 

"asteroid" 2201 Oljato (Russell et al., 1984). There is no evidence 

from either IRAS or ground-based observations that Oljato possesses a 

coma, although the asteroid is very peculiar in many other ways (see 

Kerr, 1985). 

3200 Phaethon has an albedo of 0.ii 0.02, a diameter of 0.7 

0.5 km and its thermal properties are consistent with those of solid 

rock (Green et al., 1985). There is no evidence of a coma or even a 

faint dust trail that may have enhanced its detectability (Davies, 

1986; Davies et al., this meeting). The blue JHK colors and moderate 
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albedo, when combined with the optical data, show Phaethon to be a 

unique object among the near-earth asteroids and dissimilar to the 

usually accepted model for an inert cometary nucleus (Green et al., 

1985). These results offer some support to the hypothesis that the 

Geminid meteor stream is the result of collisions between asteroids. 

4. THE IRAS SOLAR SYSTEM DUST BANDS 

Support for the wider hypothesis that collisions between 

asteroids are a major source of all interplanetary dust particles may 

be provided by analysis of the structure of the IRAS solar system dust 

bands. During its all-sky survey, IRAS discovered three narrow bands 

of warm (165-200K) emission circling the sky at geocentric ecliptic 

latitudes -I0, 0, and +i0 degrees (Low et al., 1984, Neugebauer et 

al., 1984). Low et al. (1984) were the first to suggest that the bands 

may be associated with dust in the asteroid belt. We predicted 

(Dermott et al., 1984) that because of the secular perturbation of the 

dust grain orbits by the planets, the latitudes of the bands would 

vary with ecliptic longitude and we showed that measurement of the 

amplitude and phase of these variations might determine the orbital 

elements of the dust particles. We also suggested (Dermott et al., 

1984) that the dust bands may be associated with the three most 

prominent Hirayama asteroid families and, by implication, that dust 

produced by the gradual comminution of asteroids in the main belt 

could be a significant contributor to the broader zodiacal dust cloud. 

As a consequence of the latter suggestion, we further predicted 

(Dermott et al., 1984) that the central dust band discovered by IRAS 

would be split and that the separation of the two components would be 

consistent with an origin associated with either the Koronis or Themis 

asteroid families (these two families have similar inclinations that 

may not be resolved in the binned data). The longitudinal variation 

of the latitudes of the dust bands and the appropriate splitting of 

the central dust band have both been confirmed by our subsequent 

analysis of the binned data in the IRAS Zodiacal History File (Dermott 

et al., 1986). 

Examination of the unbinned high resolution data (IRAS Sky Flux 

Map Plate 81, HCON 3) by Sykes (1986) has revealed the existence of 

pairs of bands that he associates with the Themis, Koronis and Nysa 

asteroid families. However, Sykes and Greenberg (1986) are not 

convinced that the bands are a steady-state feature, favoring the 

alternative hypothesis that the observed bands are the results of 

comparatively recent collisions between random asteroids. Since 10% 

of all asteroids belong to the three most prominent asteroid families 

(Eos, Themis and Koronis), this may be a somewhat fine distinction (we 

could strengthen this argument by only considering asteroids with the 
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appropriate inclinations: most asteroids with inclinations less than 2 

degrees Belong to either the Themis or Koronis families). It may also 

be irrelevent to the broader problem of the origin of interplanetary 

dust particles since they also argue that collisions between asteroids 

are sufficient to supply the steady-state zodiacal cloud. 

We have now completed our analysis of most of the useful data in 

the IRAS Zodiacal History File at wavelengths of 12 and 25 microns. 

The raw data in a typical set of scans are shown in Fig.4(a). The 

high-frequency structure evident in these scans was separated from the 

large-scale, background structure using Fourier techniques. This 

involved using a Fast Fourier Transform to find the spatial frequency 

distribution of the signal strength and then dividing the signal into 

high- and low-frequency domains using a Parzen window. The features 

of interest in Fig.4 include the latitude of the peak of the 

background zodiacal emission (Fig.4(a)) and the latitudes of the peaks 

of the narrow dust bands (Fig.4(b)). 

The very existence of the narrow dust bands implies that the dust 

particles in a given band have a common inclination (Low et al., 

1984). If we assume that they also have other orbital elements in 

common, in particular, that they have a common semimajor axis, then we 

can apply Lagrange's secular perturbation theory to the band as a 

whole and from the band's observed latitude variation deduce its 

distance (Dermott et al., 1984, 1985, 1986). Similar arguments can be 

applied to the particles in the background zodiacal cloud, except that 

in this case, since the particles have a wide range of semimajor axes, 

the structure of the cloud will be determined by integrated 

quantities. 

We have analysed nearly i000 profiles similar to that shown in 

Fig.4. Some of our results are shown in Figs.5 and 6. Fig.5(a) shows 

the variation in latitude of the peak of the zodiacal background with 

the day of year, while Fig.5(b) is a similar plot for the center of 

the central (near-ecliptic) dust band. In all cases, the variations 

are well-matched by sinusoids with periods of one year. The data 

appear to be of high quality in that the sinusoidal variations are 

strong and allow accurate determinations of the orientations of the 

various planes of symmetry of the dust particle distributions. For 

elongation angles close to 90 degrees, the geocentric ecliptic 

latitudes of the peaks seen in the leading and trailing phases of the 

motion of the IRAS satellite around the Earth must be equal and 

opposite when the Earth crosses the symmetry plane of the dust. At 

these times, the peak latitudes are also equal in magnitude to the 

inclination of the plane of symmetry to the ecliptic. Thus, the 

determination of these locations (marked by vertical lines in 

Fig.5(a)) leads to a direct determination of both the inclination of 
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Table I. Geometry of the zodiacal cloud with respect to the ecliptic 

(a) 25 micron data 

Ascending node 
Descending node 

Inclination Longitude 
(degrees) (degrees) 

1.59 51.9 
1.53 231.2 

-179.3 = Difference 

(b) 12 micron data 

Ascending node 
Descending node 

Inclination Longitude 
(degrees) (degrees) 

1.36 47.8 
1.62 229.4 

-181.6 = Difference 

Table 2. Geometry of the central dust band with respect to the ecliptic 

(a) 25 micron data 

Ascending node 

Inclination Longitude 
(degrees) (degrees) 

1.21 52.4 

(b) 12 micron data 

Ascending node 

Inclination Longitude 
(degrees) (degrees) 

1.23 43.3 

the symmetry plane and the longitudes of its nodes. Some of our results 

are shown in Tables 1 and 2. Note that this geometrical method is 

insensitive to problems associated with the flux calibration of the IRAS 

data. 

Both the inclination and the nodes of the background zodiacal cloud 

are what one would expect for dust particles near or inside the orbit of 

Mars (the inclination and ascending node of Mars are 1.85 degrees and 49 

degrees, respectively), and do not discriminate between models invoking 

asteroidal or cometary origins for the dust. The inclination of the 

central dust band is clearly less than that of the zodical cloud and is 

exactly what one would expect for the Themis and Koronis families. 

However, the node is the same as that of the background cloud and about 

40 degrees less than the expected value for particles at a distance of 

~ 3 AU. We are presently unsure of the seriousness of this discrepancy. 

We have observed that there are marked differences in the 

amplitudes of the leading and trailing curves of the background ZE at 

both 12 and 25 microns (only the 25 micron data are shown in Fig.5(a)). 

Note that this is an asymmetry in the geometry of the cloud and cannot 

be caused by calibration problems. We believe that this asymmetry may 

reveal an important feature of the geometry of the zodiacal cloud which 

has not previously been recognized in the literature, namely that the 

sun is not at the center of symmetry of the zodiacal cloud (Dermott et 

al., 1986). 
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We have found other asymmetries in the data which do lead us to 

question the IRAS flux calibration scheme which was based on a 

particular, and possibly inadequate, model of the zodiacal cloud. The 

peak brightness of the zodiacal background varies with ecliptic 

longitude because of the variable contribution of the dust bands (the 

plane of symmetry of the central dust band is clearly inclined to that 

of the background zodiacal emission). If the dust bands are filtered 

out, then we can investigate the longitudinal variation in the peak 

brightness of the large-scale, background emission. However, to do 

this, we first have to determine and remove the variations in brightness 

associated with elongation angle (Dermott et al., 1986). In Fig.6 we 

show the variation of the normalized peak brightness with the day of the 

year, separating those observations in the leading leg from those in the 

trailing leg. The distributions at both wavelengths are regular, 

remarkably similar and show a marked difference between the leading and 

trailing legs at all times of the year. 
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ABSTRACT 

The IRAS Asteroid and Comet Survey was the largest, most uniform and 

least-biased survey ever conducted for asteroids and comets. The size 

and approach of this survey gave it marked advantages over earlier 

surveys. The large number of sightings over most of the sky provided 

excellent sampling of spatial distributions. The instrument and sur- 

vey parameters were relatively constant throughout, yielding a uniform 

set of data. This was the first small bodies survey to observe thermal 

emission, rather than reflected light, thereby avoiding the severe 

albedo bias present in all previous surveys. Requirements of high 

reliability and completeness were also maintained. For the known ast- 

eroids a total of 11,449 sightings were obtained. Ultimately, 6,510 

of these sightings were accepted into the catalog. These data yielded 

albedos and diameters for 1,811 different asteroids. Numerous previ- 

ously unknown asteroids were also observed. There is an apparent 

difference in the albedo distribution of the asteroids as a function 

of size, however, this effect is probably an artifact due to a combin- 

ation of factors such as faint source flux overestimation and confu- 

sion with faint background sources. 
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i. INTRODUCTION 

The IRAS Asteroid and Comet Survey was conducted during the sky 

survey portion of the IRAS mission. With the exception of two five 

degree wide bands centered at ecliptic longitudes of 163 ° and 343 ° 

which went unscanned, 97% of the ecliptic plane was scanned four 

times; 72% was scanned six times. Because the same instrumentation 

and data reduction techniques were applied to each scan the resultant 

data is the most uniform obtained to date. Since each scan extended 

nearly from pole to pole the bias against sampling regions at high 

ecliptic latitudes was avoided. In addition, because this was the 

first survey to be conducted at wavelengths where thermal emission was 

the dominant source of photons, the severe bias against observing 

small, dark asteroids was avoided. For example, consider two 

asteroids of the same size but one with a geometric albedo of 0.03 and 

the other 0.30 both of which are observed under identical geometry. 

At visual wavelengths the lower albedo asteroid would have a flux one- 

tenth that of the brighter asteroid whereas at the IRAS wavelengths 

this ratio would be only 1.15! 

In this paper we will limit ourselves to a discussion of what 

IRAS data have revealed about asteroids (IRAS Asteroid and Comet 

Survey, 1986). Because the IRAS asteroid data became available to the 

scientific community in December 1986, about six months before this 

conference, no science analysis of these data has yet been published. 

2. DISTRIBUTION 

What we present here is of a preliminary nature and is restricted 

to a discussion of the distributions of the 6,510 accepted asteroid 

sightings over heliocentric distance, albedo, and size. We use the 

following nomenclature throughout the remainder of this paper. By 

"albedo" we mean the visual (0.55 ~m) geometric albedo. "Known 

asteroid" refers to one of the 3,318 asteroids which had been assigned 

a permanent number as of September 1985 or to one of the 135 

unnumbered asteroids for which reliable orbital elements were known as 

of that date. 

A "bright" asteroid is one with an albedo greater than 0.I and a 

"dark" asteroid one with an albedo less than this. 
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2.1 spatial Distribution 

The main belt was well sampled as was the outer belt, including 

the Trojan groups. The limit on how many outer-belt asteroids were 

detected was not set by the sensitivity of the IRAS detectors but 

rather by the lack of completeness of the numbered asteroids, a limit 

set by the apparent visual brightness (e.g., from photographic 

surveys). 

2.2 Size-Distance Distribution 

The upper portion of Fig. 1 gives the diameter-distance distribu- 

tion for known asteroids with IRAS-derived albedos less than 0.I. 

Note the bias against observing small, dark, asteroids at large helio- 

centric distances. This is due, in part, to the incompleteness in the 

known asteroids at these diameters. For example, there are numerous 

known asteroids with diameters less than 20 km at heliocentric distan- 

ces between 2 and 3 AU but virtually none in this size range at helio- 

centric distances between 3 and 4 AU. 

The lower portion of Fig. 1 is equivalent to the upper portion 

but for asteroids with IRAS-derived albedos greater than 0.i. A 

similar bias against observing small (bright) asteroids at large 

heliocentric distances is present here as well. Again, this is due, 

in part, to the incompleteness in the known asteroids at these 

diameters. Note the complete absence of bright known asteroids 

at distances beyond 4 AU. Because the albedo of a "bright" asteroid 

is about three times that of a "dark" asteroid, bright asteroids are 

more easily observed visually at any given distance. As can be seen 

from the upper portion of the figure, dark asteroids with diameters 

greater than 70 km are quite common at distances between 4 and 5 AU. 

If equal numbers of bright asteroids in this diameter range were 

present at these distances we would expect visual surveys to have 

discovered them down to diameters of about 30 km. The fact that IRAS 

observed none larger than this therefore cannot be attributed to the 

incompleteness of the known asteroids. 

Conclusion: There are virtually no bright asteroids with 

diameters greater than about 30 km at heliocentric distances beyond 4 

AU. 
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2.3 Albedo Distribution 

Prior to IRAS it was established that the observed asteroid 

albedo histogram was bi-modal (cf., Morrison and Lebofsky, 1979). 

This conclusion was based on data for about 180 asteroids, much of it 

of low quality. There were more bright than dark asteroids in this 

sample, a consequence of the bias favoring observing asteroids which 

are bright at visual wavelengths. 

The IRAS-derived albedo histogram for the larger asteroids 

(diameters greater than 40 km) presented in Fig. 2 is based on obser- 

vations of 1,811 different asteroids, most of high quality. In this 

sample there are more dark than bright asteroids, a demonstration of 

the fact that IRAS lacked the severe albedo bias present in all 

earlier surveys. 

On the other hand, as shown in Fig 3, the albedo histogram of 

known asteroids with IRAS-derived diameters less than 40 km is 

decidedly not bi-modal but rather resembles a Maxwellian curve. 

The reason for the difference in these two distributions is cur- 

rently being sought. Possible explanations include: i) Confusion of 

faint asteroids with background sources, 2) Flux overestimation for 

the smaller asteroids, 3) Real variations in flux from asteroids (due, 

for example, to variations in their cross sectional areas), and 4) 

Uncertainties in the absolute visual magnitudes. These problems are 

all more severe for faint asteroids. 

At this time we do not know whether this difference is real, 

i.e., this difference may not be physically significant. 

3. UNKNOWN IRAS ASTEROIDS 

Many of the 1,811 different asteroids with accepted sightings 

were observed multiple times. The average was 3.6 accepted sightings 

per asteroid. When the time between these multiple sightings is on 

the order of hours to days the sightings appear as "tracks". This 

property will be exploited to identify previously unknown asteroids in 

the IRAS asteroid data. By requiring that the individual sightings 

comprising each track have similar fluxes and, for the brighter sight- 

ings, similar flux ratios between bands, we will be able to assign a 

probability as to the reality of each track. 
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Fig. 3. IRAS-derived albedo histogram for accepted asteroid 

sightings with IRAS-derived diameter < 40 km. 
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To date we have identified on the order of i00 different tracks 

in the IRAS asteroid data. Brian Marsden CMinor Planet Center) has 

identified at least one of these tracks with an as yet unnumbered 

asteroid discovered at visual wavelengths within a few months of the 

IRAS observations. This gives us some confidence that the tracks we 

are finding are actually composed of sightings of real asteroids. 

Before the sightings in a track can be used to estimate an albedo 

and diameter the distance and visual magnitude of the asteroid must be 

known. In the case of those few percent of tracks which are linked 

with asteroids for which such visual observations are available those 

parameters can be obtained from them. In the vast majority of cases, 

however, these estimates must come from the IRAS observations 

themselves. 

Precisely how this can be done is beyond the scope of this paper. 

For the brighter candidates, i.e., those observed at 12, 25, and 60 

um, we can obtain a crude estimate of the heliocentric distance from 

the position in a two-color diagram as shown in Fig. 4 as well as from 

their apparent rate of motion. 

4. CONCLUSION 

IRAS has increased the data base of asteroids with reliable 

albedos and diameters by an order of magnitude. Although more work 

needs to be done on assessing the reliability of the results for the 

smaller asteroids that work is well under way. The job of exploiting 

the IRAS asteroid data base for previously unknown asteroids will be a 

challenging one. That many such asteroids are present is firmly 

established. The task facing us now is how to reliably extract as 

many such sightings as possible. 
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ABSTRACT 

The large-scale brightness of most of the sky at wavelengths from 

i0 ~m to 30 ~m is dominated by thermal emission from interplanetary 

dust. Measurement of this 'zodiacal emission' has long been of 

interest for many reasons. The IRAS survey has provided 

comprehensive brightness measurements in the infrared, covering the 

celestial sphere with solar elongation angles ranging from 60 ° to 

120 ° . These data have stimulated numerous approaches to segregation 

and modeling of the zodiacal emission. Current models provide a 

reasonable basis for study of the interplanetary dust, but are 

severely stressed when one wishes to know the 'residual' sky 

brightness. The nature, status, and implications of various models 

are reviewed. 

i. INTRODUCTION 

The IRAS survey data show clearly that emission from interplanetary 

dust dominates the infrared sky brightness over most of the sky at 12 

and 25 ~m, and is a substantial contributor at 60 and i00 #m as well 

(Hauser et al., 1984). Study of this emission has already revealed 

several new features of the interplanetary dust (IPD), such as the 

apparent bands of emission near the ecliptic plane (Low e t al., 1984) 

and dust trails in cometary orbits (Sykes e_tt al., 1986). Because of 

the high sensitivity, multi-wavelength mapping of the celestial 

sphere for most of a year, with solar elongation angles ranging from 

60 ° to 120 ° , the IRAS data provide a major new tool for study of the 

structure and origins of the dust cloud as well as of the character 

of the dust (see reviews by Hauser and Houck, 1986 and Beichman, 

1987). 

The IRAS data have triggered many new attempts to model, infrared 

emission from the IPD. These models have had numerous motivations in 

addition to study of the IPD itself, including: to facilitate 

studies of extended galactic sources by removal of the bright 

zodiacal emission foreground; to search for a possible residual 
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extragalactic infrared background; to permit comparison of the solar 

system dust cloud with those found in other stellar systems; to aid 

in establishing a consistent zero point calibration of the IRAS data 

over the year; and to provide a basis for determining natural 

sensitivity limits for future space infrared astronomy measurements. 

The fidelity of the model required, and consequently the approach 

employed to obtain it, generally depends upon the particular 

motivation. Because of the dominant contribution of the zodiacal 

emission to the sky brightness at the shorter IRAS wavelengths, 

studies of the residual galactic or extragalactic brightness at these 

wavelengths typically demand the greatest precision, a few percent or 

better, in determining zodiacal emission. On the other hand, at i00 

~m where the Galaxy is dominant, accurate determination of the 

zodiacal component itself is more difficult. 

Significant challenges arise in seeking models of such fidelity. 

Fundamental among these is the difficulty of distinguishing emission 

originating beyond the solar system from the IPD contribution. Many 

models are based upon assumptions of simple properties for the IPD 

cloud, such as axial symmetry, symmetry about a plane, lack of small- 

scale features, or spatial homogeneity of dust properties. Since, as 

we shall discuss, none of these assumptions are totally satisfied, 

such models are inherently limited. Remaining uncertainties in the 

calibration of the IRAS data, particularly in the absolute zero point 

and its consistency over the year, also impose limitations. Finally, 

the large volume of IRAS data presents a significant computational 

burden to serious modeling efforts. 

My aim here is to review the nature and attributes of current 

models of zodiacal emission, primarily those based upon IRAS data, 

and to summarize some of the implications for the IPD cloud. I will 

focus on properties of the main cloud; the zodiacal emission bands 

and dust trails are addressed by others at this Conference. 

2. REVIEW OF MODEL APPROACHES 

A number of techniques have been used to isolate and model the 

zodiacal emission, including: (1) analysis of time variation in 

observed properties of selected subsets of data; (2) angular 

frequency decomposition; (3) averaging observations of regions where 

galactic emission is not prominent; (4) fitting parameterized 

physical models to the data; and (5) inversion techniques. Though 

some models incorporate aspects of several of these techniques, I 

shall try to illustrate each in what follows. 
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2.1 Time variation 

Analyses of temporal variations in the observed diffuse emission have 

the advantages that the variable component is certainly zodiacal 

emission and that the results often are relatively insensitive to 

photometric uncertainties. Methods applied so far have the 

disadvantage that they determine limited specific properties of the 

IPD cloud rather than a full photometric model. Two examples used to 

study the geometry of the IPD cloud have been determination of the 

annual variation of the difference between the North and South 

ecliptic polar brightnesses, and determination of the annual 

variation of the apparent symmetry axis of the emission (the ecliptic 

latitude about which the brightness distribution is symmetric in 

scans at fixed elongation). Both analyses assume that the IPD is 

symmetric about a plane. The polar difference analysis, carried out 

numerous times on the various revisions of the IRAS Zodiacal History 

File (Hauser e__tt al., 1984; Rickard e_tt al., 1985; Rickard and Hauser 

1987), yields D, the ecliptic longitude of the ascending node of this 

plane, without further assumptions about cloud properties. 

Determination of the inclination angle of the plane relative to the 

ecliptic plane, ~, requires some knowledge of the density 

distribution normal to the ecliptic plane. Results are summarized in 

Table 1 and discussed in section 4. 

Table i. Symmetry surface of the interplanetary dust cloud 

Inclination Ascending Node Reference 

(deg) deg 

5 55 Hauser and Gautier (1984) 

47 ± 0.I0 50 ± 4 Dermott et al. (1986) 

58 ± 0.i 43 ± 5 Vrtilek and Hauser (1987) 

8 ± 0.i 75.7 ± 1.0 Rickard and Hauser (1987) 

40 ± .05 67 ± 2 Good (1987) 

6 - 3 77 - ii0 Murdock and Price (1985) 

0 ± 0.3 87 ± 4 Leinert et al. (1980) 
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The seasonal variation of the location of the apparent symmetry 

axis has been studied with several approaches. Hauser and Gautier 

(1984) identified the symmetry axis for each IRAS scan with the mid- 

latitude between points of equal intensity north and south of the 

ecliptic plane, and estimated ~ and ~ by comparing with results 

calculated for simple models of the radial variation of dust density. 

Less model-dependent results have recently been obtained by Dermott, 

Nicholson, and Wolven (1986; and private communication) and Vrtilek 

and Hauser (1987). The former group found the symmetry latitude by 

first separating the high angular frequency zodiacal band 

contribution from the low angular frequency main zodiacal cloud 

contribution using Fourier analysis of the scan data. The symmetry 

latitude was then found from the main cloud profile. The latter 

group fit a smooth parameterized empirical function to the lower 

envelope of the data for scans near 90 ° elongation, obtaining the 

symmetry latitude as one of the parameters. Dermott et al. noted 

that the times at which scans looking ahead of (leading) and behind 

(trailing) the direction of the Earth's orbital motion yield symmetry 

latitudes of equal magnitude but opposite sign are the times at which 

the Earth is in the ascending or descending line of nodes. The 

symmetry latitude at these times is the inclination of the symmetry 

plane. Results from the two methods applied to the IRAS 25 ~m data 

are very consistent (see Table i). Both groups also found that the 

amplitudes of the annual variation of the apparent symmetry latitude 

in the leading and trailing directions are not the same, suggesting 

that the dust distribution is net strictly heliocentric. A more 

quantitative interpretation of this effect requires analysis of 

detailed cloud models. 

2.2 Angular frequency decomposition 

Many investigators have assumed that the zodiacal emission varies 

only slowly over the sky, with the exception of the relatively low 

contrast zodiacal band features and comet trails, and have identified 

the zodiacal emission with the low frequency part of the IRAS scan 

data. This is clearly subject to significant systematic error, 

since, for example, any isotropic extragalactic background or large- 

scale galactic gradient would erroneously be called zodiacal 

emission. Nevertheless, at those wavelengths where zodiacal emission 

dominates anyway, the errors are presumably small. 
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The Fourier decomposition and lower envelope empirical function 

fitting described above are examples of this approach. A 

comprehensive model of zodiacal emission in the IRAS data based on 

this assumption was reported by Good, Gautier, and Hauser (1984) (see 

also discussion by Hauser and Houck 1986). This model, in which 

ellipses were fit to the lower envelope of each scan when represented 

as polar coordinate plots with intensity I and inclination angle i 

(angle between the ecliptic plane and the plane defined by the line 

of sight and the observer-Sun line) as radial and angular coordinates 

respectively, yielded typical residuals of several percent and 

systematic shape errors at low ecliptic latitude. It also did not 

include the zodiacal bands, and often was not successful in fitting 

the i00 ~m data. Characteristics of this model are summarized in 

Table 2. 

2.3 Averaging techniques 

An alternate approach to separating galactic and IPD emission is to 

average data over regions of the sky where galactic emission is 

weakest. Jongeneelen, Deul, and Burton (1985) took this approach in 

order to remove zodiacal emission at 60 and i00 #m from the IRAS 

quick-look data product Spline I. They incorporated a number of 

simplifying assumptions about symmetries of the zodiacal emission in 

their analysis, but their residual maps were suitable for study of 

global interstellar emission, particularly at low galactic latitude 

(Table 2). 

A more complete empirical model for the zodiacal emission as 

seen by IRAS based upon few a priori assumptions and yielding very 

small residuals has recently been developed by Boulanger (private 

communication; see Boulanger and Perault 1987 for a brief 

description). The observed zodiacal emission can be represented as a 

function of time t (due to the Earth's motion within the cloud), 

elongation angle ~ (the angle between the line of sight and the Sun), 

and ecliptic latitude 8. It is explicitly assumed that the zodiacal 

emission varies smoothly with ~ and time. The model consists of a 

set of average scan profiles (ASP), that is, intensity (at each IRAS 

wavelength) as a function of ~ at finite intervals of t and ~, such 

that the intensity at arbitrary (t, ~, ~) can be found accurately by 

tri-linear interpolation. Note that the angular frequencies 
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represented in the model are determined by the sampling rate in 8, 

which can readily be chosen to include the zodiacal emission bands in 

the model. 

To separate galactic and zodiacal emission contributions, 

Boulanger determined the ASP's from the IRAS Zodiacal Observation 

History File (ZOHF) in an iterative fashion. The sky regions over 

which data were averaged were first restricted to exclude galactic 

latitudes less than 25 ° and the Magellanic Clouds. After completing 

determination of ASP's and finding maps of residual sky emission, 

additional regions of substantial (presumably galactic) emission were 

identified and excluded in a subsequent repeat of the averaging 

process. Large-scale galactic emission at 60 ~m was largely 

eliminated from the ASP's by subtracting a component proportional to 

velocity-integrated HI emission at each point. The i00 ~m ASP's were 

obtained by scaling those at 60 ~m using an average ratio of 60 to 

i00 ~m zodiacal intensity (found after subtraction of the HI- 

correlated galactic emission from each). In practice, it was also 

necessary to find separate ASP's for IRAS scans taken in the Earth- 

leading and trailing directions, since significant differences exist 

between these profiles. 

The residual sky brightness maps obtained by subtracting the 

Boulanger model from the IRAS scans appear to be the least-biased and 

highest fidelity view we now have of galactic infrared emission on a 

large scale (Table 2). In order to minimize the effects of residual 

small calibration errors in individual scans at 12 and 25 ~m, where 

galactic emission is small compared to zodiacal emission, Boulanger 

used a lower envelope fit of the ASP to each scan to obtain a gain 

and offset correction for that scan before subtracting. It is 

evident that any isotropic component in the sky brightness remains in 

the zodiacal emission model determined in this fashion. It is also 

true that spatially slowly varying 12 or 25 ~m galactic emission at 

high galactic latitude remains in the zodiacal model. 

2.4 Parameterized physical models 

A very different approach to determining zodiacal emission is to 

construct a physical model of the IPD cloud, and then to evaluate 

unknown model parameters by fitting calculated brightnesses to the 

observational data. This has the virtues of yielding a model which 

can be represented with a relatively small number of parameters and 

which can directly be used to obtain meaningful physical properties 
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of the cloud. It has the disadvantages of explicitly incorporating 

assumptions about the nature and distribution of the dust and of 

being computationally intensive, both to determine the parameters and 

to evaluate emission at an arbitrary direction and time from the 

model. 

Good (1987) has recently generated a model of this type using 

the IRAS data (Good, Hauser, and Gautier (1986) reported an early 

version of this model; see also papers by Rowan-Robinson and Reach 

and Heiles at this Conference). He assumed that IPD particles have 

spatially homogeneous properties, and adopted a modified fan model 

for the dust density distribution (Giese, Kneissel, and Rittich 

(1986) have reviewed such models): 

n(r,z) = n o (Ro/r) ~ exp [-~ (Izl/r)7] (R O = 1 AU) 

where r and z are cylindrical coordinates relative to the dust 

symmetry plane, and n o is the dust number density at 1 AU. The 

symmetry plane was characterized by its inclination ~ and longitude 

of the ascending node ~. He adopted a power law radial variation of 

dust temperature T, 

T(r) = T O (Ro/r)6 

where T o is the temperature at 1 AU, and a dust emissivity law of the 

form 

e(A) = I I for ~ ~ k 
XolX for ~ > x~. 

The overall brightness scale determines the infrared volumetric 

absorption coefficient at 1 AU, Po, which is the product of no, the 

mean particle cross-sectional area, and the radiative absorption 

efficiency at wavelength k o. To obtain reasonable fits, Good found 

it necessary to express the zodiacal emission as the integrated line- 

of-sight radiance of this model plus an additive constant C A for each 

spectral band. The model was fitted to the lower envelope of the 

data for 200 IRAS scans selected to span the time and elongation 

coverage of the mission. Preliminary values for the parameters are 

summarized in Table 3. 
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Table 3. Parameters of a physical IPD cloud model 

(Good 1987) 

Dust Density 

Po = 1.4 x 10 -20 cm -I 

~ = 1.7 

= 4.o5 

7 = 1.16 

Symmetry plane orientation 

= 1.4 = + .05 ° 

n = 67o + 2 o 

Dust Temperature 

T o = 263 K 

6 = 0.27 

Dust emissivity 

~o = 36 ~m 

Briqhtness offsets 

C12 = 2.6 MJy sr -I 

C25 = 9.1 MJy sr -I 

C60 = 1.0 MJy sr -I 

2.5 Inversion methods 

Classical inversion methods used to invert the brightness integral 

using optical zodiacal light data can also be applied to infrared 

data to obtain the volume emissivity function. This has been 

discussed by Hong and Um (1987), who applied their analysis in the 

ecliptic plane to the Zodiacal Infrared Photometer rocket data of 

Murdock and Price (1985) at ii and 21 ~m. They find that the radial 

dust density distribution can not be represented by a single power 

law applicable to both wavelengths and all elongations, suggesting 

that the IPD particle properties are not spatially homogeneous. 

3. SUMMARY OF MODEL ATTRIBUTES 

The characteristics of the global zodiacal emission models discussed 

here are summarized in Table 2. The relative merits of the models 

depend upon the intended application. For the general purpose of 

describing the infrared sky brightness, e.g., for planning future 

experiments, all are quite sufficient. All share the disadvantage 

that they are not fully described in the published literature, and 

are not yet widely available. However, they do shed light on the 

merit of various approaches, and will be discussed from that point of 

view. 

The most complete representation of the time, elongation angle, 

and spectral range encompassed in the IRAS data is provided by the 

models of Good, Gautier, and Hauser (1984) and Good (1987) (note that 
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the first of these was evaluated for a now-obsolete version of the 

ZOHF). The least model-dependent approach, and hence the least 

biased for studies of the zodiacal emission itself, is that described 

by Boulanger and Perault (1987). However, this model does not 

include the HCON 3 data, which limits its time and elongation angle 

coverage. 

The Boulanger and Perault model is the only one of these models 

which covers all four spectral bands and which represents the 

zodiacal band emission, making it also the most useful for study of 

the residual galactic emission. The values in the 'Residuals" column 

of Table 2 represent estimates of the rms noise in the residual maps 

due to lack of fidelity in the zodiacal model. These should be 

compared with typical zodiacal emission at the ecliptic plane near 

90" elongation of 40, 85, 28, and I0 MJy/sr at 12, 25, 60, and I00 #m 

respectively, and galactic emission of .05, .08, .2, and 1 MJy/sr in 

the same bands at the galactic poles (Boulanger and Perault 1987). 

Whereas the residual noise in the maps of Boulanger and Perault is 

impressively only ~0.3% of the peak zodiacal emission at high 

galactic latitude at 12 and 25 ~m, it is still somewhat larger than 

the mean galactic brightness at the galactic poles. This clearly 

demonstrates the challenge of determining the extra-solar system sky 

brightness in the infrared. However, these residuals are certainly 

small relative to galactic emission near the galactic plane. 

The model by Good (1987) is the only one of these four which 

could in principle discriminate an isotropic background from zodiacal 

emission. Though appreciably non-zero additive constants were found 

at 12, 25, and 60 ~m, it is not clear whether these constants 

indicate real isotropic emission or calibration problems. This model 

does more readily provide insight into physical conditions in the IPD 

cloud than the others, as discussed below. 

4. SUMMARY OF INTERPLANETARY DUST CLOUD PROPERTIES 

While it is not my intent to undertake a thorough review of IPD cloud 

properties as we now understand them, some comments on the 

implications of the analyses discussed above seem in order. 

I have already noted the evidence for lack of axisymmetry in the 

IPD cloud from the asymmetries in annual variation of the latitude of 

peak emission in the Earth-leading and trailing directions. There is 

also evidence supporting the suggestion (Misconi 1980) that there is 

not a plane of symmetry for the IPD, but rather a warped surface with 
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different orientation in different parts of the solar system. This 

may be seen in the differences of the symmetry plane parameters shown 

in Table i. For example, the analyses of Hauser and Gautier (1984), 

Dermott et al. (1986), and Vrtilek and Hauser (1987), which depend 

upon cloud properties near the ecliptic plane somewhat exterior to 

1 AU, yield ~ and n values close to those of the Mars orbital plane 

(~ = 1.8 ° , ~ = 49°). On the other hand, the Helios data of Leinert 

et al. (1980), which sampled the cloud interior to 1 AU, yield values 

more reminiscent of the Venus orbital plane (~ = 3.4 ° , ~ = 76°). The 

ecliptic polar analysis based upon IRAS data (Rickard and Hauser 

1987) and the IRAS global model of Good (1987), which sample 

intermediate regions, yield intermediate values of ascending node. 

The steep radial decrease of dust density and shallow radial 

gradient of dust temperature found by Good (1987) (Table 3) suggest a 

decrease in particle albedo with heliocentric distance. This is in 

accord with the conclusions of Dumont and Levasseur-Regourd (1986), 

based upon analysis of IRAS data, and of Lumme and Bowell (1985), 

based upon optical intensity and polarization data. The volumetric 

absorption coefficient at 1 AU found by Good, Po = (1.4±0.05) x 10 -20 

cm -I for wavelengths less than 30 ~m compares favorably with that of 

(0.5 - 0.7) x 10 -20 cm -I deduced by Hong and Um (1987) from the 

Murdock and Price (1985) data when one allows for the 40% calibration 

discrepancy between the two experiments. 

Finally, the Good (1987) model can be integrated to yield an 

estimate of the total IPD cloud mass of 3 x 1018 g, assuming a mean 

particle radius of 15 #m, particle density of 3 g cm -3, and maximum 

cloud radius of 3.3 AU. This is somewhat lower than the estimate of 

15 x 1018 g derived under the same assumptions from optical data by 

Lumme and Bowell (1985). Both estimates are very much smaller than 

the estimated range of -6 x 1025 - 2 x 1030 g for the dust shell mass 

of the Vega system (Aumann et al. 1984), underscoring the difference 

in nature of the two dust systems. 

5. CONCLUSIONS AND FUTURE PROSPECTS 

We have seen that considerable effort has already been expended on 

extracting, modeling, and interpreting the zodiacal emission. Though 

none of these efforts has yet produced a definitive model best for 

all purposes, considerable progress has been made and much insight 

gained. Simple assumptions often made regarding the IPD cloud, such 
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as axisymmetry, symmetry with respect to a plane, spatial homogeneity 

of particle properties, and lack of small scale structure, have all 

been shown to have their limitations. The problem of unequivocal 

separation of zodiacal emission from other large-scale components of 

infrared emission remains a challenge, particularly in determining 

large-scale galactic emission accurately at 12 and 25 #m, zodiacal 

emission accurately at 60 and i00 ~m, and extragalactic emission at 

any infrared wavelength. Progress with both modeling approaches and 

calibration consistency suggest that IRAS data will ultimately yield 

zodiacal emission models superior to present versions. 

In the future, we can look forward to major new zodiacal 

emission data from the Diffuse Infrared Background Experiment (DIRBE) 

on NASA's Cosmic Background Explorer mission (Mather 1982), now 

scheduled for launch in early 1989. With absolute photometry from 1 

to 300 #m, including linear polarization measurements at 1.2, 2.2, 

and 3.2 #m, and hundreds of observations of each sky position over 

the course of a year, the DIRBE data promise to enhance substantially 

our ability to extract and model the various large-scale emission 

components in the infrared sky. 
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S E P A R A T I N G  T H E  S O L A R  S Y S T E M  A N D  G A L A C T I C  C O N T R I B U T I O N S  TO 
T H E  D I F F U S E  I N F R A R E D  B A C K G R O U N D  
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A B S T R A C T  

A model for the zodiacal emission detected by IRAS is presented. The model allows for power- 
law variations with heliocentric distance of the grain temperature and density, and includes an 
outer edge with the same ellipsoidal shape as the density contours. Results of a preliminary least- 
squares fits suggest that  the outer edge is located near the edge of the asteroid belt, that the grains 
absorb and radiate like blackbodies, and that the density is consistent with Poynting-Robertson 
drag on grains originating in the asteroid belt. 

1. I N T R O D U C T I O N  

The diffuse IR emission is due to at least two distinct components: Galactic and zodiacal (Solar 
System) emission. The zodiacal emission (ZE) dominates in the 12 and 25#m bands, and at 
60~m the zodiacal and Galactic plane brightnesses are comparable. At 100#m the Galactic 
plane clearly dominates, but  intermediate and high lati tude Galactic features are comparable 
in brightness to the ZE. Reliable color temperatures from the IRAS diffuse emission maps are 
difficult to determine, particularly over large angular scales. Thus an accurate model for the 
infrared background is needed for practical reasons, over and above its physical significance. 

We believe that  the ZE and Galactic emission can be accurately separated by a global least- 
squares fit to a model of the zodiacal dust distribution together with the galactic HI. An important 
feature of this approach is that  all four IRAS bands, and both the Galactic and ZE models, will be 
used simultaneously to calculate the fit. The residuals can then be examined for correlations with 
ecliptic coordinates or with regions of strong Galactic emission, to test for inadequacies of the 
fit. Previously undetected astronomical backgrounds which may appear in the residuals include 
Galactic emission associated with the ionized component of the ISM, Solar System emission from 
comets in the hypothetical inner Oort cloud, and a cosmological background radiation, tn this 
paper we present preliminary results on the ZE model. 

2. C h a r a c t e r i z a t i o n  o f  t h e  Zod iaca l  E m i s s i o n  

To understand the angular distribution of the infrared background, it is advantageous to consider 
part icular wavelengths and coordinate systems. Figure 1 presents two examples of 25#m maps 
in different coordinate systems. It is clear that the appropriate coordinates for displaying the ZE 
are not the standard ecliptic longitude and latitude, but rather the solar elongation and ecliptic 
latitude. Thus it is not feasible to attempt to model the infrared background without knowledge of 
the location of the sun. Further, two geometric effects, caused by the fact that IRAS observations 
occurred as the Earth traversed nearly an entire orbit, are also evident in the data, as discussed 
below. These effects can all be modelled if, in addition to the direction of the line of sight, the 
time of observation is specified. We have used the time-ordered Zodiacal Observation History 

File, with 1/2 ° resolution, as our data base. 
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Figure I. Contour maps of the IRAS-observed 25#m sky brightness in different coordinate 

systems. (a) Ecliptic longitude, A, and ecliptic latitude 8. (b) Solar elongation angle 

(between the solar direction and the line of sight), ~, and ecliptic latitude. Contours 

in both figures are labelled in units of MJy/Str. The variation of brightness with the 

coordinates in b is real, while some of the variation in = is not. Note in particular the 

sawtooth pattern in the highest contour level in ~; the jogs are due to abrupt changes of 

the elongation angle, which is held constant for each scan, from one orbit to another. Also 

note the slope of the lowest contour in =; this is due to the changing height of the satelhte 

with respect to the dust symmetry plane. Contours in b are smooth and vary in a natural 

way, except near the galactic plane, which runs from (e,~) = (60°,-60 °) to (100°,70°), 

passing through the galactic center near (75°,-15°). Map a covers the galactic anticenter, 

where the galactic 25#m emission is very weak. 
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A table of the optically-observed zodiacal light (ZL), in coordinates similar to those shown 
in Figure lb, was presented by Levasseur-Regourd and Dumont (1980). Since the spectrum of the 
ZL is the same as the solar spectrum, the ZL is interpreted as sunlight scattered by interplanetary 
dust. The similarity of the angular distributions of the ZL and ZE suggests a common origin. 
Indeed, the existence of the dust required to produce the ZL implies that there must be an infrared 
background due to emission of the fraction of the incident sunlight which is absorbed. Thus we 
interpret the ZE as thermal emission from the same dust grains which produce the ZL. This fact 
allows us to use the results of opticM modelling as an important stepping stone from which to 
begin to model the infrared background. 

3. A Mode l  for the  Zodiaca l  Emiss ion  

The observed intensity is equal to the integral over the line of sight of the infrared emissivity, 

I~, = dx n a,, B~,(T)  (1) 
J O  

where n is the dust density, ~ is its absorption cross section, B , , ( T )  is the Planck function 
evaluated at the temperature of the dust, and the upper limit to the integral, dm~,  represents 
the outermost edge of the dust distribution for the specified line of sight. The temperature 
was approximated by a power law in heliocentric distance, r. The expected dependence for large 
blackbody grains is r -1/2 , with a local value of 280 K at 1 AU. The dust density distributions which 
have been successful in modelling the ZL are usually separated into one function of heliocentric 
distance multiplied by another function of heliocentric latitude. We have found that an acceptable 
fit is obtained by using a power law in heliocentric distance and an ellipsoid-shaped function of 
the heliocentric latitude, i.e. 

= ,~o~-~[1 + (~ sin #o,)2]  - ' / ~  (2) 

The latitude, ~ez, in this expression is zero in the dust symmetry plane, the location of which is 
discussed below. From space-borne observations of the ZL in the inner solar system, the radial 
power law index is known to be about • = 1.3 (Lienert, 1981). Also, the ratio of the major to 
minor axes of the dust distribution is specified by 1', which is near 3' -- 6.5 to reproduce optical 
observations (Giese, 1986). 

Integrating this density distribution out to a heliocentric distance r. the total number of 
particles in the cloud is found to be proportional to r 1'7, Clearly the density cannot continue a 
r - l 'a  decrease for all r, since the total number of particles implied diverges so rapidly. In order 
to take this into account, we have introduced an outer edge to the density distribution, which 
terminates the intensity integral at an upper limit, d,nax. As a first attempt, the upper limit 
was taken to be the same for all lines of sight. We found that with this assumption, a negative 
constant had to be added to the model in order to fit the IRAS data. As an alternative, d~n,x for 
each line of sight was calculated by assuming that the outer edge of the cloud has the ellipsoidal 
shape of the density contours. Using this assumption, the choice of major axis for the cloud which 
minimized the error in a simultaneous least-squares fit to the 12#m and 25/zm data was 3.6 AU. 
Optimal values for the other parameters were found by minimizing the total error calculated when 
offsets from the estimated values were applied. The density radial power-law index was found to 
be ~, = 1.3 4- .15; the local temperature was found to be 274 =k 2 K; and the power-law index of 
the temperature variation was found to be 0.50 4- 0.05. No evidence was found for a wavelength 
dependence of the absorption cross-section. 
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4. G e o m e t r y  o f  t h e  Z o d i a c a l  D u s t  D i s t r i b u t i o n  

The fact that the ZE and ZL isophotes are not parallel to the ecliptic (see e.g. Figure la)  is due 
to the fact that  the surface of maximum dust density is not parallel to the ecliptic. The simplest 
assumption is that  the surface is a plane, called the "symmetry plane", which intersects the 
ecliptic in a line that  passes through the sun. The effect of the inclination of the symmetry plane 
is most clearly seen at high ecliptic latitudes, where the brightness is observed to have a clear 
annual variation. Sinusoidal curves fit to the variations were used to provide relative calibration of 
the IRAS extended emission data. It is evident that  the north and south ecliptic polar brightness 
variations are well fit by a sinusoid, but the amplitude of the north polar brightness variation is 
consistently 27% brighter than that at the south pole. 

We have found that this effect is predicted if the eccentricity of the Earth 's  orbit is taken 
into account when the brightness integral is evaluated. All IRAS-observed ZE brightnesses are 
modulated annually by this effect, with a phase set by the perihelion of the terrestrial orbit. Using 
the difference between the north and south polar brightness nearly eliminates the effect. We have 
fit the observed annual variation of this difference to sinusoids to find the ascending longitude of 
the intersection between the symmetry plane and the ecliptic; we obtain ~ = 79 °. Using model 
calculations of the amplitude of the annum variation, we find that the inclination of the symmetry 
plane with respect to the ecliptic is i -- 1.8 °. 

5. D i scuss ion  

The ZE model presented here differs from previous models by allowing an outer edge of the dust 
distribution. The value of 3.6 AU obtained for the outer edge in the ecliptic has a straightforward 
interpretation, because it corresponds to the outer edge of the main asteroid belt. Some marginal 
direct evidence for a steepening of the density distribution in the asteroid belt was obtained by 
the optical cameras aboard Pioneer 10, but  the ZL brightness was near the minimum detection 
level for r > 2.5 AU. Indeed, no evidence exists for significant amounts of dust in the outer Soiar 
System. 

The value obtained for the density radial power-law index, ~, = 1.1, is marginally consistent 
with the Helios value (1.3) and the theoretically-predicted value (1.0) for a steady-state equi- 
librium with Poynting-Robertson drag. Together with the outer edge, our results support an 
asteroidal origin for the dust which produces the ZE. The possibility of a radial gradient in the 
absorption cross-section, which would modify ~ in equation (2), seems to be ruled out by the 
fact that the temperature gradient is so close to the theoretical prediction for blackbody grains. 
The temperature results suggest that the ZE is due to larger particles than those responsible for 
the ZL. Thus it may not be reasonable to calculate the albedo of the dust using the ratio of the 
observed ZE and ZL emissivities. We obtain an albedo of 0.09 from such an estimate, which is 
probably darker than the actual grains responsible for the ZE. 
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ABSTRACT 

The method of the nodes of lesser uncertainty, which allowed in zodiacal photometry 

to retrieve local information, is extended to the thermal case. Results about 

temperature T, global volume intensity ~ , albedo of the dust ~ , and their 

gradients with heliocentric distance r (in AU) are derived in the ecliptic from the 

available IRAS observations. Typically T is found to be of the order of 250 r -°'s2 K 

and ~Cof the order of 0.09 r 0.ss 

i. INTRODUCTION 

Many progresses have been made during the last 20 years in the study of the complex 

of interplanetary dust grains in the solar system, i.e. the zodiacal dust (Fechtig 

et al., 1981, Weinberg, 1985). It has been possible to collect grains in the Earth 

environment, to study their impacts on board space probes or to perform accurate 

measurements of the solar light they scatter and of their thermal emission. In a 

first approximation, it can be said that the grains are mainly fluffy particles, 

their size is in a 1-100~m range, there is a maximum of concentration near the 

ecliptic plane, and the density increases with decreasing distance to the Sun. 

The grains are spiralling around the Sun under Poynting-Robertson effect, 

unless they are too small and are blown out by the radiation pressure. They are 

believed to originate from comets and/or asteroids. The question of the homogeneity, 

smoothness, and stability of the zodiacal dust has been disputed for a long time 

(Levasseur and Blamont, 1975, 1976, Dumont and Levasseur-Regourd, 1978). IRAS 

results do confirm that the zodiacal cloud is neither completely smooth (Low et al., 

1984), nor really homogeneous (Levasseur-Regourd and Dumont, 1986). Instead of 

fitting a general model with IRAS observations, we derive our results from an 

inversion method adapted for the thermal emission from a method developped for the 

optical scattering case (see Dumont, 1983 or Dumont and Levasseur-Regourd, 1985). 



45 

2. INTERPLANETARY DUST ; THERMAL EMISSION 

The quantity observed along the line of sight is the infrared brightnesses I(~) 

(basic unit MJy sr "I ; dimension MT -2) 

l(v) ~(v) dx - F r2 dx (I) 

where ~(v) is the monochromatic intensity of infrared emission, dx the elemental 

section of the line of sight, F the solar constant at i AU, r the heliocentric 

distance, and ~. (w) the "remote" (-relative monochromatic _thermal emission) 

volume intensity. 

We know that ~(v) ~ 0 when r ~ = (fall of density + temperature) and that it 

exists a rotational symmetry (absence of seasonal dependance, after correction for 

oscillations of the Earth on either side of the symmetry plane ; see Dumont and 

Levasseur-Regourd, 1978, or Dermott et al., 1986). With one degree of freedom, the 

simplest mathematical model for .~(v),in agreement with density laws and 

temperatures is found to be: 

F~(v) - a/r + b/r 2 (2) 

Calling ¢ the elongation, r ° the Sun-Earth distance, m the Sun-line of sight 

distance (-roSin e), equations (I) and (2) lead to I - aA + bB, where : 

A(m,e) -(I + cos e)/m z B(m,e) -(~ - e +sin e cos ~)/2m 3 

For each elongation, there exists one peculiar point where, once l(u) is 

measured, ~(u) is retrieved with less uncertainty than elsewhere. All the curves 

F~(u) satisfying the observed integral l(u) focus,or at" least constrict in one 

point: for abscissa r I - A(m,e)/B(m,~) 

and ordinate F~(w) - I(w) B(m,e)/A2(m,~) at r I. 

Note that numerous gradients of the temperature (from r -°'3 to r -0"7) and of 

the space density (from r -0"8 to r -1"4) have been combined to derive F ~ (v) for 

typical elongations ; the r.m.s, deviation at the node remained weak and the 

method was found to be moderately model dependant. 

3. TEMPERATURE OF THE DUST AT i AU ; GRADIENT IN THE ECLIPTIC 

IRAS allows to derive I(~) for 12 ~m and 25 ~m at various elongations (see 

Hauser et al., 1984, Hauser and Houck, 1986 or Zodiacal History File).From the 

nodes of lesser uncertainty method, and for given heliocentric distances r1(m,e), 

~(12~m) and ~(25~m) are therefore obtained. Assuming the absorption cross 

section to be the same at all wavelengths (greybody case), Planck law gives, from 

the ratio ~ (12~m)/ ~(25#m) at r1~the local temperature T(rl). 

We typically obtain T - 250 K at I AU (see also Dumont and Levasseur-Regourd, 

1986). In the ecliptic, at least in a i AU - 1.3 AU range, 

T(r) - 250 r -°'32±°'°8 K 



46 

Note that ZIP data (see Murdock and Price, 1985), would lead to a larger value for 

T (= 40 K discrepancy), but to the same gradient z-0.32. 

Such a gradient (* 0.5) conflicts with the greybody assumption. However the 

results remain valid if the volumetric absorption cross section is assumed to have 

two distinct values C v±" in the visible and C IR in the infrared (see Roser and 
abs abs 

Staude, 1978). The deviation of the temperature gradient from -0.5 comes from the 

distinct heliocentric changes of the two Cab s . 

4. RELATIVE GLOBAL VOLUME INTENSITY; ITS GRADIENT IN THE ECLIPTIC 

Given the l°cal temperature T' ~ "  ImP(w) dv and ~ - o  I ;  ~ (w) dw' 

so called the relative global volume intensity, can be derived : 

~'[ hi' 3 hv 
~ - q l - 7 1  " -  (exp • - 1 )  T' e'(v) - J ( w , T ) ~ ( u )  

- $(v, T) ~(w) rZlF 

IRAS data allow to obtain ~and its gradient, again in good agreement for the 

gradient with ZIP 

.~,, = 13 I0 -9 r -°'~ AU "I 

In the non gray case, this gradient p - - 0.7 is demonstrated to be also the 

gradient of C vi" while the heliocentric gradient of C IR is found to be twice 
a b s  ' a b s  

steeper and equal to 1.4. 

5. ALBEDO AND ITS GRADIENT IN THE ECLIPTIC 

The local albedo ~ of the zodiacal dust is accessible if the thermal energy 

reemitted in the IR (~) and the energy scattered in the visual domain (~)) are 

known 

The directional scattering coefficient depends on location and scattering 

angle 0. From all observational sources of the visual brightness, we have 

(Dumont and Levasseur-Regourd,1985) ~)at r - 

gradient 6 

- (1.3 + 0.2) i0 -g r (-1.4~ 0.3) 
90 

The albedo at 90" scattering angle, 

therefore be obtained 

The albedo and its heliocentric gradient are obtained 

and zodiacal light observations.Typically, 

obtained 

i AU, 0 - 90" and its heliocentric 

AU-I 

and its heliocentric gradient ~ can 

- (i - .-v~9o)(~ - p) 

from a combination of IRAS 
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Weinberg (ground based) 64 gives : ~ = 0.107 r "°'28 g0 
R o a c h  a n d  G o r d o n  ( g r o u n d  based)73 = 0 . 0 9 1  r " ° ' 8 7  

Frey et al (balloon) 74 = 0.079 r -°'79 so 

Levasseur-Regourd and Dumont (s/c + ground 80) 40 " 0.082 r-0.65 

The albedo at r - IAU, 9 - 90 ° is of The order of 9% ; its heliocentric 

gradient, definitely negative, could be in a - 0.5 to - 0.8 range. Such a small 

value of the albedo at 1 AU, and an even smaller one farther from the Sun (= 4% at 

4 AU), rule out the possibility for grains to be icy. It is rather in favour of 

dark fluffy particles breaking off and evaporating while spiraling towards the Sun. 

6. CONCLUSION 

Despite the great difficulty of retrieving local information from brightnesses 

integrated along the line of sight, the method of the nodes of lesser uncertainty 

allows to retrieve various parameters of the zodiacal cloud in the ecliptic. By 

such an approach, further analyses of IRAS data should allow to derive 

unambiguously a precise description of the physical properties and of the evolution 

of interplanetary grains. 
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THE INFRARED SPECTRUH OF COMET P/HALLEY 

Th&r~se ENCRENAZ 

Observatoire de Paris, Section de Meudon 

92195 Meudon-Cedex, France 

ABSTRACT 

Infrared observations of Comet P/Halley have provided the first 

unambiguous detection of parent molecules in a comet. The most abundant 

parent molecule is H 0 ; C0 and C0 are also present in minor abundances. 
2 2 

The IR spectrum of P/Halley has also revealed for the first time a 3 ~m 

signature showing some analogy with the unidentified IR interstellar 

features. The cometary signature is interpreted by the presence of 

hydrocarbons, both in the saturated and the unsaturated form, with a total 

number of carbon atoms equal to about 30 % of H20. With this result it is 
possible to define a cometary composition which is in global agreement with 

the composition found for interstellar dust. 

1 - INTRODUCTION 

Infrared observations of comets have been performed for many years. 

However, before Comet Halley's apparition in 1985-86, they were mostly 

restricted to broad-band photometry {Ney, 1982). All infrared cometary 

spectra show the 2 characteristic components (Fig. I) due respectively to 

reflected and scattered sunlight (below 3 ~m) and to thermal emission of 

cometary dust (above 3 ~m) : Depending upon the heliocentric distance R of 

the comet, which affects the grain temperature through a R -~/z law, the 

maximum of the observed thermal emission ranges between about 6 ~m (R ~ 0.4 

AU) and 14 ~m (R ~ 2 AU). 

Signatures of ices and grains have been searched for at low or 

medium spectral resolution (R ~ 50). A broad emission due to silicates has 

been observed in most of the comets, at i0 ~m and 18 ~m. Many attempts have 

been made to detect ice at 3 ~m but, in spite of a tentative identification 

on Comet Cernis (Hanner, 1984) this research has not been fully conclusive 

at this time. 

Before Comet Halley's last apparition, only one comet, the 

non-periodic comet West (1976 VI) was bright enough for high resolution 

spectroscopy. A Fourier-Transform spectrum was recorded between 0.9 ~m and 

2.5 ~m by Johnson et al (1983) with a resolving power of about 3000, 

showing in particular the red system of CN. 
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The 1986 apparition of Comet Halley provided a unique opportunity 

to explore the infrared spectrum of a bright comet:at high spectral 

resolution, from the ground, from an aircraft and from space. Observations 

from above the Earth's atmosphere were especially needed to search for 

cometary parent molecules, directly outgassed from the nucleus. These 

molecules, which provide a key information about the nature of the cometary 

material itself, have strong transitions in the infrared and mill~mete~ 

ranges, while the UV and visible ranges are, in contrast, best suited for 

the study of cometary radicals and ions. 

Several types of infrared experiments have been performed on Comet 

Halley : (I) photometry and spectrophotometry, from ground-based 

telescopes ; (2) high resolution spectroscopy, from the Kuiper Airborne 

Observatory ; (3) medium resolution spectroscopy from the Vega probes. In 

addition high resolution spectroscopy has been performed from Mauna Kea 

Observatory in the near infrared, and spectrophotometry has been performed 

in the far infrared from the KAO and from the Lear Jet. Thanks to all these 

means, the spectrum of Comet Halley has been measured, from 1 Mm to about 

100 ~m with many repeated photometric measurements over about 2 years 

(1985-86). Information has been obtained upon the nature of parent 

molecules, their production rate, their distribution as a function of the 

nuclear distance, the nature and properties of cometary grains, and their 

spatial distribution. Apart from the detection of new parent molecules in 

Comet Halley, the IR spectrum has also revealed a 3 Mm emission feature 

showing some analogy with the "unidentified IR interstellar features". This 

unexpected result has been interpreted by the presence of carbonaceous 

material in the vicinity of the comet nucleus, but the exact identification 

of the 3 ~m feature in Comet Halley is still an open question. 

This paper analyses the major results obtained on the nature of 

parent molecules in P/Halley from IR spectroscopy (Section 2). A study of 

the 3 ~m emission feature and its possible interpretation is given in 

Section 3. On the basis of these results, a comparison is shown between the 

abundances in Comet Halley, as derived from molecular observations, and the 

abundances of interstellar dust, as derived from IR observations of dense 

clouds (Section 4). 

2 - DETECTIO N OF PARENT MOLECULES IN COMET HALLEY 

In the near infrared range, cometary molecules are expected to be 

excited by resonent fluorescence from the solar infrared radiation field. 

Calculations have been performed before Halley's apparition to estimate 

which parent molecules could be detectable (Yamamoto, 1982 ; Crovisier and 

Encrenaz, 1983 ; Crovisier and Le Bourlot, 1983 ; Crovisier, 19fl4 ; Weaver 

and Mumma, 1984). Although not directly observed, H20 was believed to be 

the most abundant constituant, on the basis of the presence of H 0', and 

the H and OH abundances. This assumption has been confirmed with the first 

unambiguous detection of the H 0 ~ band {Fig. 2) at 2.7 ~m from the Kuiper 
2 3 

Airborne Observatory (Mumma et al, 1986). The same band was also observed 

with the IKS infrared experiment aboard Vega 1 (Fig. 3) which explored the 
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spectrum of P/Halley from 2.5 to 5 ~m, and from 6 to 12 ~m. The IKS 

instrument also detected CO 2 for the first time, with a mixing ratio 

CO2/H 0 = 2 i0 -2 (Moroz et al, 1987). The distribution of I|20 and 

densities as a function of nuclear distance r follows the r -z law eHpected 

for parent molecules. 

Other parent molecules were also tentatively identified : (I) H CO, 

at 3.5 ~m and 3.6 ~m from IKS and from ground-based observations (Horoz et 

al, 1987 ; Knacke et al, 1986 ; Danks et al, 1987} ; (2) CO, marginally 

present at 4.7 ~m in the IKS data, and also observed in the UV range (Woods 

et al, 1986). If the IKS identifications are real, they correspond to the 

following mixing ratios : H CO/}Iz0 ~ I0 -2 , C0/H20 ~ 0.2. 

Two species are absent from the list of parent molecules detected 

in P/Halley : CH 4 and NH . Upper limits of 0.04 and 0.i0 have been derived 

respectively (Drapatz et al, 1986 ; Krankowsky et al, 1986). HCN has been 

detected from ground-based millimeter observations (Despois et al, 1986) 

with a mixing ratio HCN/H20 ~ I0 -3 . This amount is apparently not 

sufficient to account for the CN abundance derived from visible 

observations (Krasnopolsky et al, 1986). 

3. THE 3 Mm EMISSION FEATURE 

The 3 ~m feature, first revealed by the IKS experiment aboard the 

Vega 1 probe, is observed for the first time in a comet (Combes eta], 

1986 ; Moroz et al, 1987). The density distribution of the emitter follo~s 

the distribution of a parent molecule. This detection has been conf~rmed by 

several ground-based observations (Knacke et al, 1986 ; Wikramasinghe and 

Allen, 1986 ; Baas et al, 1986 ; Danks et al, 1987). Examples are shown in 

Fig. 3, 4 and 5. It can be seen that, as the spectral resolution increases, 

the 2 components at 3.28 ~m and 3.36 ~m become well separated. Both 

components appear in emission. 

These features appear at the same wavelengths as the interstellar 

features, but the latter appear in different conditions in the interstellar 

medium. Indeed the 2 features are not present in the same kinds of objects. 

The 3.28 ~m is narrow and appears in emission near UV sources (Willner et 

el, 1977), associated with other strong emissions at 6.2, 7.7, 8.6 and 11.3 

Fm (Fig. 6). In contrast, the 3.4 ~m feature is broader (Fig. 7), appears 

in absorption in dense clouds (Butchart et al, 1986) and is sometimes 

associated to weaker features, in particular at 6.8 ~m. In the case of 

Comet Halley we see for the first time the 3.28 ~m and the 3.4Fm features 

both in emission. 

Another striking point is the absence of associated features beyond 

6 ~m. Indeed, the spectrum of Comet Halley between 6 and 12 ~m only shoals 

the strong silicate emission band, observed from the ground (Tokunaga et 

al, 1986 ; Bouchet et al, 1987 ;Hanner et al, 1987), the KAO (Campins et 

al, 1986 ; Fig. 8) and with the IKS Vega 1 experiment. A preliminary 

reduction of the IKS data (Combes et al, 1986) had revealed a stron~ 

emission centered at 7.5 ~m but a more careful analysis of the data has 

shown that this feature was due to an instrumental effect. The corrected 

IKS spectrum is in full agreement with the ground-based and KAO data 

(Combes et el, 1987). 
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It has been known for many years that the 3.28 ~m and 3.37 ~m 

features were most likely the signature of C-If bonds in carbonaceous 

material. The 3.28 ~m feature is associated to the C-H stretching mode of 

unsaturated hydrocarbons (-CH=CH-, CH=CH2) or aromatics (= C-H) . In the 

case of interstellar features, Leger and Puget (1984) have pointed out the 

remarkable agreement between the interstellar spectra and the IR laboratory 

spectra of polycyclic aromatic hydrocarbons (PAH). As first suggested by 

Sullgren (1984), the excitation mechanism would be transient heating by a 

single UV photon. 

The 3.37 ~m signature is associated to the C-H stretching mode of 

saturated hydrocarbons. In dense clouds, these chains probably form grains 

larger than PAH, which cannot be heated by a single UV photon, and are 

observed in absorption in front of an IR source. The 3.37 ~m interstellar 

feature shows some analogy with the organic material obtained in the 

laboratory from the irradiation of ices by UV radiation or high energy 

particlesCFi~.9), 

In the case of Comet Halley, the 3.28 ~m and 3.36 ~m emission 

features are likely to be due to the same material than in the interstellar 

medium, i e both unsaturated and saturated hydrocarbons, but the emission 

mechanism has to be different. The fact that both cometary features are in 

emission and the absence of associated features beyond 6 ~m can be simDly 

explained if we assume that the hydrocarbon molecules are excited by solar 

resonance scattering (or resonent fluorescence), as in the case of the 

other cometary parent molecules. As the pumping rate is strongly dependent 

upon the solar flux (Crovisier and Encrenaz, 1983), this mechanism 

decreases very rapidly towards longer wavelengths and cannot be efficient 

beyond 6 ~m. 

With this interpretation, it is possible to derive the abundance of 

carbon in the material responsible for tile 3 ~m feature. The intensities of 

the two 3 ~m feature are actually functions of the number of C-H stretches 

in the material. By taking a mean value of the intensities measured in the 

various cometary spectra (Figs. 3, 4, 5), a value of i0 % can be derived 

for the ratio [C-H] /[l{z0 ], for each class of hydrocarbons. In order to 

derive the carbon abundance, an assumption has to be made for [C]/[C-H] and 

[H]/[C-}I] in hydrocarbons. For saturated hydrocarbons, assumed to be 

composed of CH -chains, it is reasonable to take [C]/[C-H] = 1 and 2 
[HI/[C-HI = 2. For unsaturated hydrocarbons we tentatively assume [C]/[C-H] 

= 2, [H]/[C-H] = I. Then the total number of carbon atoms in Comet Halley 

(derived from the 3 ~m signature) is about 30 % of the number of I! 0 z 
molecules. This number is surprisingly high, compared to the amount of 

other carbon molecules detected in comet Halley (CO2/H20 = 2 I0"~; |{ CO/}| 0 

i0 -z ; CO/Hz0 ~ 0.15 ; HCN/H20 ~ 10"s). It means that, for molecular 

abundances, the most important contribution to the total carbon content 

comes from hydrocarbons (Encrenaz et al, 1987). 

4 - ABUNDANCES I N COMET HALLEY AND IN THE INTERSTELLAR DUST 

Table 1 summarizes the molecular abundances derived in Comet 

Halley, relatively to H, 0. Upper limits are given for CH 4 and NH. These 
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Tab le  4 

Relative abundances of molecular species 

in Conet ]lalley, normalized to 1120 

l l o l e c . l  e ~11 xl ng R a t i o  

( p e r  vo lume)  

H20 I 

CO 0.15 

C02 0.02 

Number of carbon atoms 0.I0 

(sa tura ted ) 

Number of carbon atoms 

(aromatics hydrocarbons) 0.20 

CH4 < 0.04 

NH 3 < 0.10 

H2CO < 0.01 

HCN 0.001 
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An example of organic residue obtained in the laboratory from the 
irradiation of ices, showing the 3.4 ~m absorption feature. The ice 
is e mixture of Hz0, CO, CH 4 and NH (from d'Hendecourt, 1984}. 



56 

Table  
(1) (2) 

Na furs  

Silicates 

Sl 02 
+ Hg,Fe.. 
Ices II20 

NIl 3 

CO (gas + Ice) 

Very sma l l  

g r a i n s  

Organic 

re fractory 

F r a c t i o n  In ~asa 
to t o t a l  ~ s s  of 
gas (measured)  

4. I0 -3 

3.3 10 -3 

1.4 10 -3 

I.I 10 -3 

4.7 10 -4 

5.2 10 -4 

1.45 10 -3 

Fraction of 
carbon 

Fraction of 
oxygen 

18 l 

34 Z 

15 Z 8 

15 X 

17 X 

(if dominated by 

carbon) 

24 Z 6~ 

Amorphous 

c a r b o n /  

g r a p h i t e  

1.3 I0 -3 29 Z 

TOTAL 100 Z 66 Z 

(1) r e l a t i v e  to t o t a l  carbon ,  assuming coGmlc abundances (Ref .  35) 

(2) r e Z a t l v e  to t o t a l  oxygen,  assuming cosmic abundances  (Ref .  35) 

Table  3 

R e l a t i v e  Ahur~.lances in  I n t e r s t e l l a r  Dust  

and in  Comet l l a l l e y  ( d e r i v e d  from tl~e gaseous  phase)  

normal ized to oxygen 

Cosmic I n t e r s  t e l l a r  Comct 

Abundance Duat 11alley 

(1)  (2)  

H 1.51 103 2.13 1.4~ 1.93 

o 1.oo 1 .oo 1.oo 1.oo 

c o.50 0.50 0.50 o.39 

N o .14  o.i.'0 Q.14 4 0 . 0 8  

sl o.o5 0.05 0.05 
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numbers can be converted in elements abundances ; the result is H:O:C:N = 

1.93 : 1.00 : 0.39 : < 0.08. These numbers refer to the gaseous phase 

(except for hydrocarbons which might be partly in the form of small grains) 

so that the material which is trapped in cometary grains in not considered 

in this table. 

A similar compilation can be made for the composition of dense 

molecular clouds, as observed from IR interstellar spectra, mostly from the 

solid phase (ices and refractory grains). This work has been made by Puget 

(1987) and the results are shown in Table 2. These results show that the 

observed carbon and nitrogen abundances fit the cosmic values reasonably 

well, while, in contrast, the oxygen observations can account for 66 ~ of 

the cosmic value. It is thus reasonable to assume that about 34 % of the 

total oxygen is in the gaseous form, or in some undetected fce. Two extreme 

assumptions can be made: (I) the missing oxygen is in form of gaseous H 0; 

(2) the mixing oxygen is in form of 02 (ice or gas). These 2 assumptions 

lead to 2 different compositions of the interstellar dust : in the first 

case, H:O:C:N= 2.13 : 1.00 : 0.50 : 0.14 ; in the second case, H:O:C:N = 

1.45 : 1.00 : 0.50 : 0.14 (Encrenaz et al, 1987). 

We can now compare the compositions which have been derived for 

Comet Halley and for the interstellar dust (under the 2 assumptions 

mentioned above). This comparison is shown in Table 3. 

A first comment is that the H/O ratio in Comet Halley ranges 

between the 2 values derived for interstellar dust under the 2 extreme 

cases. In all cases the H/O ratio is in the order of 1.5 to 2, which means 

that H 0 is one of the major sources of H and 0. Thus, the amount of 
2 

condensable hydrogen seems to be comparable in interstellar and cometary 

material. 

A second remark concerns the abundances of C and N in Comet Halley. 

Table 3 shows that there is a depletion of C and N relatively to the 

interstellar (and cosmic) values. A reasonable explanation is that C and N 

are partly trapped in grains in Comet Halley. This result is in qualitative 

agreement with the conclusions of the Vega and Giotto mass spectrometer 

experiments (Kissel et al, 1986) which indicate a large fraction of light 

elements ("CHON") particles. It has been also suggested that CO, CN and C 
2 

in Comet Halley could partly originate from grains (Eberhardt et al, 1986 ; 

A'Hearn et al, 1986 a,b). Assuming that about 20 % of cometary oxygen is 

trapped in grains, (Si02, MgO, Fe0...), we derive that about 40 % of carbon 

and at least 50 ~ of nitrogen are trapped in grains in Comet Halley. These 

numbers do not seem unreasonable, from the studies of the cometary dust 

composition; unfortunately it seems difficult to derive accurate element 

abundances from the study of cometary grains. 

5 - CONCLUSIONS 

Infrared spectroscopy of Comet Halley has provided a major step in 

our knowledge of the cometary chemical composition. For the first time, 

parent molecules have been unambiguously detected. Furthermore, besides the 

expected H, 0 and CO, signatures, hydrocarbons have been detected in large 
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amounts. From what wa know now from both the gaseous and the solid phase, 

it seems possible to define a cometary composition which could be similar 

to the composition of interstellar dust, as observed in dense molecular 

clouds. Moreover, the cometary icy material seems to have been irradiated 

by UV radiation or high energy particles, in the same way as the 

interstellar dust. All these results suggest an analogy in the global 

nature of cometary and interstellar material at the time of the comet's 

formation, and reinforce the already suspected "primitive" nature of 

comets. 
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A B S T R A C T  

At its 1986 apparition, Halley's Comet became by far the most studied comet in history with 

five space probes encountering it and a multitude of ground based telescopes observations carried 

out by both amature and professional astronomers. In this overview we will discuss only the part 

of the data  set that  is of most interest ot infrared astromers, namely the nucleus and the dust. 

The molecular emission has been dealt with in another chapter. 

1. INTRODUCTION 

In ancient times comets were objects of great interest primarily because of the belief that  they 

either fortold or were the cause of great disasters. This was very fortunate for our understanding 

of comets, for the dates of the appearance of many comets have been carefully noted, and this 

has allowed much valuable information regarding the orbital  evolution of Halley's comet to be 

gathered [Yeomans & Kiang 1981]. The 1910 apparit ion was significant in that it  produced the 

first photograph of the comet, but the recent apparit ion also caused great interest as there was a 

hope of observing the nucleus for the first time and so confirming its existence. The main reason 

for the study of comets is to gain an insight into the structure and evolution of the nucleus. It is 

generally believed that  the nucleus of comets may be composed of primordial material, essentially 

unaltered since the epoch of formation of the planets and so an understanding of the nucleus will 

throw light on the problem of the formation of the planets and ultimately on the process of star 

formation. Clearly, observing the nucleus is therefore of prime importance. 

The results from the recent apparation obtained both from space probes and ground based 

telescopes can be roughly be divided into four categories, plasma, gas, dust and nucleus. The 

plasma experiments produced many results regarding shock fronts, ionization, disconnection 

events and magnetic fields but in general these are of little interest to infrared astronomers. 

In general, the plasma results also confirmed the pre-encounter theories so that  no startl ing new 

discoveries were made. The plasma physcisists had got their calculations correct. We will not 

therefore discuss this aspect further. The results 0f the observations of gas has been reviewed in 

this book by Encrenaz (1988) and so will not be discussed further here. There were many results 

obtained from the study of the nucleus and the dust and space will permit only a brief account 

of some of the more important discoveries. 
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2. T H E  N U C L E U S  

Comet Halley was recovered on 16th October 1982 by Jewitt and Danlelson (1982) at a visual 

magnitude of 24.5 while still at a distance of 11 A.U. from the Sun using the 5.1 m telescope 

at Mount Palomar. At this time all the radiation would have been solar radiation, scattered or 

re-emitted from the nucleus but because of extreme faintness no information could be obtained 

beyond the fact that Halley was still in existence and close to the position predicted by orbital 

calculations. By September 1984, while at a distance in excess of 6 A.U. a weak coma was observed 

(Spinrad et al, 1984) indicating that some outgassing had commenced. On its emergence from 

behind the Sun in February 1985, CN emission bands were identified by Wyckoff et al (1985) 

with the comet still at a heliocentric distance of nearly 5.A.U. In between these two dates, the 

first detection in the infrared was made by Birkett et al. (1986) using the U.K. Infrared telescope 

in Hawaii. At the time, because of the previous indications of some outgassing, it was difficult 

to ascertain whether the infrared emission was from the nucleus, or the ejected dust or any 

combination. As the comet approached the Sun, this situation worsened and so it was not until 

the spacecraft encounters occured that any data on the nucleus which did not depend on the 

theoretical modelling of dust ejection was obtained. 

The first space probe encounter was by Planet A (Snisei) the first of the pair of Japanese 

spacecraft (the second being Sakigake). This indicated a number of discrete sources of emission on 

the nucleus. The results also suggested that the nucleus was covered with some hard substance, 

with the jets of predominantly H20 being emitted from vents or fractures (Kaneda et al. 1986). 

Vega 1 and 2 improved on this picture by showing that the nucleus was an elongated irregular 

body of rough dimensions 14 x 7.5 km [Sagdeev et al. 1986]. The GIOTTO encounter, passing 

within 605 km of the nucleus produced images of the nucleus by means of the multicolour camera. 

Photographs of the nucleus may be seen for example in Keller et al. (1986) and Reitsema et al. 

(1986). The projected size is 14.9 x 8.2 km but the actual size is somewhat larger and Wilhelm 

et al. (1986) calculated, using a trl-axial ellipsoid fit, that the real dimensions may be 16 x 9 x 

10 kin. 

The geometric albedio is very low of the order of .044 (Whipple 1986) so that the nucleus 

is very dark, considerably darker than had hitherto been suspected. In the past, all estimates of 

cometary radii have been obtained from the absolute magnitude by assuming an average albedo 

for a 'dirty ice' body. If an albedo similar to that of Halley were to be universal for comets, then 

the previous estimates for cometary radii have to be increased by a factor of between 2 and 3. 

The emission is predominantly from jets or vents which occupy no more than about 15 percent of 

the total surface area. One hemisphere apears to be much more active than the other. Activity is 

also only present from the Sunward side which indicates that the nucleus both has a low thermal 

capacity and low thermal conducitivity. 

We thus have a picture of the nucleus as a dark irregular elongated object emitting gas 

(mostly H2O) containing small grains, the emission occuring in well defined jets. It is pertinent 

to ask whether this tells us all we need to know about the structure of comets. This clearly is 

not the case for a steam locomotive would also fit the above description and it is meaningful to 

ask, now that space encounters are past, whether we can tell the difference. 
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The one physical property not determined by the fly-by missions was the mass of the nucleus. 

[The deceleration measured for GIOTTO was dominated by collisions with ejected material rather 

than the gravitational field due to the nucleus]. It is possible to obtain a reliable estimate of the 

mass using variations of the following basic principle. Astrometric observations of the comet show 

that a delay AT of 4.1 days in the time of perihelion passage occurs due to non-gravitational effects 

that is after account has been taken of all the planetary gravtational perturbations, [Yeomans, 

1977]. These non-gravitated effects are of course due to the asymmetric emission of dust and gas 

mentioned above. Estimating the rate of loss of momentum due to out gassing gives the force on 

the nucleus, while the 4.1 day delay is related to the deceleration. By division, the mass can thus 

be inferred. More details of the method can for example be found in Pdckmann (1986). A mass 

in the range 5 to 13 x 101Sg is estimated for the Halley nucleus which implies a density in the 

range 0.08 to 0.24 g c m  -3 ; the nucleus is not thus a steam locomotive! The low density implies 

a very loosely packed material much like terrestrial snow. This type of structure also has the 

advantage of explaining the low conductivity and low thermal capacity required to explain why 

emission only occurs on the sunward side. 

3. T H E  E J E C T E D  D U S T  

One of the most noteworthy results from the study of Halley dust has been the discovery of 

variability in its composition with considerably more material based on combinations of Carbon, 

Hydrogen, Oxygen and Nitrogen (the so called CHON particles) than had hitherto been suspected 

in addition to the more usual grain compositions. This has opened up the possibility that some gas 

molecules may originate from these grains rather than all being emitted from the nucleus. Another 

aspect of great interest was the physical side of the problem namely the size and size distribution 

of grains found near Halley. It is important to distinguish between the insitu measurements for 

the mass spectrum [i.e. what was actually measured by the spacecraft] and what this may imply 

for the mass spectrum at the nucleus. The two will differ as both the initial velocity achieved 

by the grains and the retardation forces due to solar radiation are dependent upon grain sizes. 

Consequently the very large grains do not move far from the nucleus as they have low ejection 

speeds while very small grains with both a high initial velocity and small deceleration as the 

efficiency factor, Q, for radiation is small, can travel very far from the nucleus. An addition of 

about 0.2 to the index is called for in the case of larger grains but the exact correction is of course 

model dependent and in what follows only the insitu measurements are given. It should also 

be noted that the cumulative mass index is used throughout, that is the number of grains with 

mass greater than m is assumed to be proportional to m -a  [note that this is not what is always 

used by authors cited, but conversion is standard and straight forward. Most of the data comes 

from spacecraft encounters but some grain masses can also be obtained from a study of the two 

meteor streams associated with Halley, namely the Oriouids and the 77 Aquarids. It is convenient 

to discuss the results as five separate mass ranges, though the exact location of the boundaries 

between the mass ranges is somewhat arbitrary. 

(i) Very Small Grains, m < 10-13g 

The discovery of these very small grains was one of the more exciting aspects of the Halley 
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encounter these being essentially undetectable from Earth, [Vaisberg et al. 1986a, Mazets et al. 

1986a, McDonnell et al. 1986a]. The index of the mass spectrum for this size range was found to 

be very variable with distance from the comet, with an average value for a of 0.2 from Vaisberg 

et al. (1986b), in agreement with vMues given by Mazets et M. (1986a). 

(ii) Small Grains, 10-1Sg < m < 10-1°g. 

Some variation, both with nuclear distance and size within the range was found by Simpson 

et al. (1986) though somewhat surprisingly, the change of spectrum slope with distance was less 

for the smaller grains. They found values of the index in the range 1.0 to 1.9. All these values 

appear to be in conflict with values of a around 0.5 - 0.7 given by Vaisberg et al. (1986a.b) 

Mazets et al. (1986a.b) McDonnell et al. (1986b). 

(iii) Medium Grains, 10-1°g < m < 10-~g. 

McDonnell et al. (1987b) give a value for the index a of 0.85 which is very much in line with 

a value of 0.8 given by Mazetz et al. (1986a). This is probably the best determined of all the 

indices. 

(iv) Large Grains, 10-Sg < m < 10-1g. 

The mass spectrum now comes from the DIDSY experiment alone. The largest mass de- 

tected was .035 g though and impact with a grain as large as 1 g can be inferred [McDonnell 

private communication]. The index for this range has a value of 0.54 (McDonnell, 1987). A large 

asymmetry in number was found between pre and post encounter data. Radio meteors also fall 

within this mass The index for meteors in the Ovionid and Aquarid streams for a similar mass 

range in 0.7 (Hughes, 1986). 

(v) Very Large Grains, m > 10-1g. 

The only source of information here is the visual meteors found in the two meteor streams 

and Hughes (1986) found an index of 1.27 for these. 

In general there appears to be a general increse in the index a , with increasing grain size, 

starting at around 0.2 for very small grains, increasing to 1.3 for the very large. The only exception 

to this rule appears to be the large grains where an index of around 0.7 was found, rather than 

values just above one for a continuous trend. It maybe that in this range the spacecraft data is 

biased by statistics of small number while the difficulty of both mass and number estimation for 

the small meteors is also considerable. It also has to be remembered that the difference between 

the in situe and nuclear index may be largest here. 

4. T H E  S U N W A R D  S P I K E  

One other feature of the Halley dust environment that deserves comment is the Sunward 

Spike which was observed between April 28th and June 7th. [See Selmn~na et al. 1986 for a list of 

observations]. As already mentioned, the larger grains are ejected with a small velocity relative 

to the nucleus and consequently never move far from the orbit of the comet. The anti-tail is seen 

when the comet is close to the ecliptic and the dust, in orbit close to the comet, is seen due to 

projection effects as an anti-tail. Such an anti-tail was indeed expected in February 1986 and was 

observed (Sekanlna and Larson, 1986). By March 1986 it was fading rapidly (West et al. 1986). 

The Sunward Spike is not this anti-tail but is a genuine Spike pointing towards the sun with a 
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length of 7 x 105 kin. In order to achieve such a separation from the nucleus in the Sunward 

direction it is necessary to have both a high initial velocity and a low deceleration by solar 

radiation. Both conditions are only satisfied by grains less than 0.1 ~m in size the acceleration 

being small because of their reduced efficiency to absorb solar radiation. The appearance of the 

spike thus also indicates the presence of the very small grains detected by the space probes. 

The appearance of the Spike is suggestive of  a thin dust sheet observed almost edge on. Since 

it is composed of small grains with no forces acting on them, their location in a plane must signify 

their ejection in a plane. The Halley nucleus is precessing about the angular momentum vector 

(Sekanina, 1987) and a plane normal to this vector is the only plane in which one might expect 

to find ejected grains. The direction normal to the plane containing the small grains turns out to 

be at Right Ascension 17 ° , declination - 6 3  ° , very close to the position previously determined 

for the rotation pole of the nucleus. The angle between the Earth-Comet line and the deduced 

angular momentum vector was changing rapidly in April but slowly in June which explains the 

sudden appearance but slow fading of the Spike. 

5. C O N C L U S I O N S  

The recent exploration of Halley has produced many exciting results, many of interest to 

infrared astronomers. It was found that a ~ingle nucleus exists, which is an irregular elongated 

body of very low albedo and low bulk density. Most of the dust and gas is ejected from the 

Sunward side of the nucleus from well defined vents indicating also a low conductivity for the 

nucleus. One hemisphere appears to be more active than the other. Two unexpected results from 

the study of the ejected dust were the composition (many CHON particles) and the extreme small 

size of some of the grains. Because of their very small size the solar radiation pressure does not 

excert a significant force on these grains and so they can be found at much larger distances from 

the nucleus than had hitherto been suspected and in particular, when seen at the correct angle 

can generate a Sunward Spike. 
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ABSTRACT 

Thermal emission from a portion of the Tempel 2 dust trail indicates that the large refractory 

particles ejected from the nucleus have a bolometric Bond albedo of ~0.05. It is inferred that 

the nucleus itself is dark. Upper limits on the number density of trail particles are calulated. 

The mean free path between trail particles suggests that the Comet Rendevous/Asteroid Flyby 

mission is unlikely to be affected if it flies within the trail ahead of the comet in its orbit, but 

may collide with trail particles (having diameters of a few hundred microns) behind the comet. 

I .  I N T R O D U C T I O N  

Cometary dust trails were first observed by the Infrared Astronomical Satellite (IRAS) and consist 

of debris continuously tracing out a portion of a comet's orbit both behind and often ahead of the 

comet's orbital position (Sykes et al., 1986a). Seen from the earth, these trails extend from a few 

degrees to many tens of degrees of sky at thermal wavelengths. Their narrowness and proximity 

to the projected orbit of of their parent bodies argues for particle sizes in the submillimeter range 

and larger with low (meters/sec) relative velocities with respect to the comet nuclei from which 

they derive. Simple dynamical analysis of several trails show that significant surface area resides 

in particles several millimeters and larger in diameter (Sykes et al., 1986b). 

With the exception of P/Schwassmann-Wachmannl,  the comets so far identified as having 

associated trails all have perihelia within 3 astronomical units (AU) of the sun. When ejected 

from the comet nucleus dust trail particles are likely to have significant ice components. This ice, 

however, is unstable so close to the sun, and will sublime on short timescales. Trail particles thus 

provide a unique opportunity to study the refractory component of a comet nucleus independent 

of the gas and micron-sized dust which dominate comae and tails. 

At the time of the IRAS mission, the brightest and largest (in apparent length) dust trail 

was associated with the short-period comet Tempel 2. It was first observed at 25/~m as a string 

of point sources which were found to be continuous (Davies et al., 1984). Examination of the 

IRAS sky flux maps showed it to be a narrow contrail-llke feature clearly and continuously seen 

at 12, 25, and 60/~m and extending across 7 adjacent 16.5 x 16.5 degree plates (HCON 1). It is 

seen very faintly at 100 #m. 

Because each successive scan which is incorporated into a plate is generally eastward of the 

previous scan, the satellite effectively tracks the trail motion. This results in a far greater apparent 
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F i g u r e  1. G e o m e t r y  of  P / T e m p e l  2 a n d  i t s  o b s e r v e d  d u s t  t r a i l  a n d  t h e  e a r t h  o n  29 
J u n e ,  1983. E c l i p t i c  l o n g i t u d e  is s h o w n  on  t h e  r i g h t .  T h e  b o x  enc loses  t h e  p o r t i o n  

of t he  t r a i l  s e e n  in  P l a t e  95, H C O N  1. T h e  so l a r  e l o n g a t i o n  of t h e  o b s e r v a t i o n  is 

~,~ i00 °" 

length in the  sky flux maps  t h a n  would be  the  case if each m a p  was a ~snapshot"  of the  sky. 

The  trai l  appears  to  fade away ~ 4  ° in m e a n  anomaly  forward of the  comet 's  orb i ta l  posi t ion and  

gets lost in galactic emiss ion when  it is observed ~ 8  ° in mean  anomaly  beh ind  the  comet .  Some 

plates sample the  P / T e m p e l  2 orb i t  more  t h a n  20 ° in m e a n  anomaly  beh ind  the  comet ' s  o rb i ta l  

posit ion,  bu t  show no evidence of trai l  emission. The  location of the  observed trai l  in late June ,  

1983, is shown in Fig. 1. I t  was a lmost  100,000,000 k m  in length  and  sub tended  more  t h a n  30 ° 

of sky as seen f rom ear th .  

2. A N A L Y S I S  A N D  R E S U L T S  

For purposes of th is  s tudy,  a single skyflux p la te  (P la te  95, HCON 1) was chosen for analysis  

because of its re lat ively low scan- to-scan noise ("s t r ip ing")  and  the  very small  t ime  in terval  (9 

days) over which  the  scans compris ing  the  pla te  were taken  (Fig. 2). This  la t te r  minimizes  

parallactic effects which  can resul t  in a very  "choppy" trail .  The  t imes of observa t ion  were 19 

June  to 28 June ,  1983, when  the  t rai l  segment  in P la te  95 HCON 1 had  a hel iocentr ic  d is tance  

of 1.38 AU and geocentr ic  dis tance rang ing  be tween  0.82 and  0.94 AU. The  trai l  is viewed at  an  

angle between 5 and  8 degrees away f rom its o rb i ta l  plane.  
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Figu re  2. T h e  T e m p e l  2 dus t  t ra i l  as seen  in all  four  I R A S  bandpas se s  in I R A S  
Skyf iux  P l a t e  95, H C O N  1. T h e  t ra i l  e x t e n d s  f rom the  u p p e r  left  to l ower  r i gh t  
of each  image .  T h e  b lacked  out  a reas  in t he  25 mic ron  field show the  p o r t i o n s  of 

t he  t ra i l  and  b a c k g r o u n d  emiss ions  wh ich  were  coadded .  

Verticle cuts were made through the trail which were 1.37 ° (41 pixels) in length, centered 

on the trail. Adjacent  columns were sampled over the length of the trail on the plate,  bu t  were 

rejected if the column contained a bright source in any bandpass (primarly 12, 25, and 60 #m).  

An example of the sampled region is shown in Fig. 2. 

The sampled columns were then registered with  respect to the trail and averaged. The 

resultant  coadded profiles are shown in Fig. 2. Trail  emission is clearly seen in all four IRAS 

passbands, but the trail profile is largely due to the blurring of the true profile (having a width of 

~3  pixels) in the process of coaddition. At each wavelength,  the trail profile was manual ly  removed 
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and the modulation in the background was estimated by fitting a parabola to the remaining points. 

The background was then subtracted from the trail profile and the result was integrated to get 

the total trail flux density within a cut through the trail. The uncertainty of the background 

fit was taken to be the uncertainty of trail flux density at each point in its profile. The total 

uncertainty of the trail flux is then that value multiplied by the square-root of the number of 

profile points summed. The results are shown in Table 1. 

Table  1. 

Wavelength  Flux density* dr 
(microns) (Jy/sr )  (Jy/sr)  

12 7.47 X i0 s 4.0 X 104 
25 1.34 )< i0 ¢~ 9.5 X 104 
60 5.37 X 10 s 3.0 )< 104 
I00 2.83 X 105 3.0 X 104 

* This  is the mean dust  trail  surface br ightness  den- 
si ty compressed into one 2 X 2 arcminute  pixel along 
a Nor th-South  line. The  correction factor to get the 
uncompressed value is 0.62. 

Since dust trail particles are submillimeter in size and larger, their thermal emissivities are 

assumed to be spectrally flat over the IRAS passbands. Assuming the particles to be rapidly 

rotating gray spheres in radiative equilibrium with sunlight, the coadded observations are best 

fit by a graybody of temperature 233 K (Fig. 4). A rapidly rotating spherical blackbody at 

the heliocentric distance of the trail particles would have an equilibrium temperature of 237 K. 

The uncertainty of 11 K is derived by propogating the uncertainties of the fluxes through the 

blackbody radiation equation. The dominant term in this case is that of the uncertainty in the 100 

/zm flux. Neglecting the 100/zm term results in an increase of one degree in particle temperature 

and a reduction of the temperature uncertainty to 4-5 K. Temperatures exceeding the blackbody 

temperature for that heliocentric distance of 237 K are rejected as they would require the presence 

of particles very small by comparison with the wavelength observed. Dynamical considerations 

would require that they be tens of nanometers in size and break off from larger dust trail particles 

well away from the comet nucleus where coupling with the gas outflow would accelerate them to 

speeds of ~1 km/s relative to the nucleus (which is much larger than the relative velocities of trail 

particles). Of course, if future analysis of the remainder of the Tempel 2 dust trail were to result 

in a firm temperature in excess of 237 K, then such particles would have to be considered. The 

nominal bolometric Bond albedo of the dust particles is thus 0.05, which says that the particles 

are likely very dark. For a Lambertian scatterer, this would correspond to a geometric albedo of 

0.03. 

The uncertainty in temperature translates to a range of bolometric albedos from totally 

black to 0.23 (using all for wavelengths) or 0.13 (neglecting the 100 ~m point). Careful future 

coaddition of more than an order of magnitude additional Tempet 2 dust trail observations should 

substantially reduce uncertainties in particle temperatures and albedos. 
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the trail. The solid line is a parabolic fit to the background emission. Each point 

corresponds to the flux density of a 2 arcmlnute plxel. The true trail width is 

only ~,,3 arcminutes. The wider profile results from blurring due to the method 

of coaddition. 
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F i g u r e  4. T h e  t o t a l  t r a i l  f lux d e n s i t i e s  in  a l l  f ou r  I R A S  p a s s b a n d s  h a v e  b e e n  fit  
t o  a g r a y b o d y  c u r v e  u s i n g  a m e t h o d  of l e a s t  s q u a r e s .  N e g l e c t i n g  t h e  100 m i c r o n  

p o i n t  r e s u l t s  in  a n  i n c r e a s e  in p a r t i c l e  t e m p e r a t u r e  of one  degree ,  wh i l e  r e d u c i n g  

i t s  u n c e r t a i n t y  b y  a f a c t o r  of two .  
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3. T H E  T R A I L  E N V I R O N M E N T  

P/Tempel 2 is the proposed target for the Comet Rendevous/Asteroid Flyby mission (CRAF). 

Since the spacecraft is expected to remain in the vicinity of the comet over most of an orbit, 

an understanding of the nature of the environment is important, especially with respect to dust 

contamination. Given the large size of the trail particles, there is also the concern of possible 

damage if the spacecraft is struck at large relative velocities. Since the trail has been spatially 

resolved (Sykes et al., 1986b), an upper limit to the volume density of trail particles can be 

estimated by assuming a minimum patrticle size as well as a bolometric albedo. The mean free 

path of the spacecraft travelling through or within the trail can then be calculated. 

The Tempel 2 dust trail was observed to have a resolved width of ~125,000 km (ibid.). This 

is assumed to hold for all locations. At the trail, each skyflux map pixel (2 arcminutes on a side) 

has a width of ~78,000 kin. Thus in order to get the true average surface brightness density of 

the trail, the values in Table 1 must be multiplied by 0.62 in each band. The number density, N, 

assuming all particles have a radius a is 

where, 

N = F v / ( B v r a 2 D )  (1) 

2he 
B~ = ~ S [ e x p ( h ~ / k r  ) _ 1] (2) 

and F~ is the observed surface brightness density, and D is the depth of the trail along the 

line of sight (which is assumed to bye equal to its width - perpendicular to the line of sight). 

The temperature of the particles, T, is related to the blackbody equilibrium temperature at the 

heliocentric of the trail by the particle albedo, Ab: 

T = 237(1 - Ab) 1/4 (3) 

Number density profiles have been calculated assuming a range of particle radii and bolometric 

albedos, and are plotted in Fig. 5. The values of N were are averaged over the values obtained 

for observations in all four IRAS passbands. 

CRAF is assumed to have a projected surface area, ACRAF, of 10 m 2. The mean free path 

of the spacecraft is given by 

A = 1 / ( N A c R A F )  (6) 

which is also plotted in Fig. 5. It turns out that both N and ~ are only weakly dependent on 

the bolometri¢ aibedo over the range of uncertainty of the aibedo previously determined. 

Forward of the comet's orbital position the trail particles are several millimeters or larger in 

radius (Sykes at 0d., 1986b). The spacecraft would have to travel more than 10 skm within the trail 

to have a reasonable chance of being hit. Since the trail particles move with respect to the nucleus 

at only meters per second (Eaton et al., 1984; Sykes eta/., 1986b), a static position relative to the 

nucleus would be "safe" indefinitely. Behind the comet's orbital position the situation changes 
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Figure 5. (a) Number  densi ty curves for the Tempel  2 dust  trail,  assuming all t rai l  

particles to be the same size. The bolometr ic  albedo of the particles are allowed 

to vary from 0.0 to 0.25~ with little effect. (b) Curves for the mean free pa th  of 

CRAF wi th in  the trail  with the same condi t ions  as in (a). 

as smaller, submillimeter size particles probably dominate. At worst, CRAF would have to move 

through only 108 km of trail to have a chance of collision. At a relative velocity of ~1 kin/s, this 

would correspond to a travel time of several months within the trail. These estimates assume 

that the spacecraft is well away from the dust coma surrounding the nucleus. 
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A B S T R A C T  

Recent progress in near-infrared reflectance spectroscopy of several solar system bodies is re- 

viewed. 

1. I N T R O D U C T I O N  

Progress in understanding the planets and minor bodies of the solar system owes much to infrared 

techniques used at ground-based observatories, airborne platforms, and aboard Earth-orbital and 

deep space probes. Information on the surface mineralogical and the atmospheric gaseous com- 

positions of the planets and their satellites is contained in the near-infrared spectral region, 

encompassing that  wavelength range where reflected sunlight dominates the flux from the bodies, 

normally between 0.8 and 3/~m. Longer wavelengths, where intrinsic thermal emission from plan- 

ets, satellites, comets, and asteroids are, contain additional compositional information, but also 

yield basic data  on temperatures, thermal structures of the uppermost surface layers, and overall 

dimensions of the objects. Of special interest is the thermal signature of Jupiter 's  satellite Io, 

because of the strong component due to surface hot spots as a manifestation of active volcanism. 

IRAS observations have given very important  data  on the asteroid population, the zodia- 

cal material, comets, Pluto, and other solar system bodies; most of this is reviewed elsewhere 

in this volume. The IRAS data  are complementary to those obtained from ground-based and 

airborne observatories, and together form an emerging picture of the compositions, dimensions, 

and thermophysical properties of the Earth 's  neighbors in the solar system. 

This is a brief and incomplete review of some current work on planetary objects in the 

infrared, with emphasis on near-infrared reflectance observational studies. 

2. S P E C T R O P H O T O M E T R Y  O F  P L A N E T S  A N D  S A T E L L I T E S  

The passively scattered solar radiation received from planets and their satellites contains absorp- 

tions at the visible and near-infrared wavelengths where electronic and molecular transitions oc- 

cur. At wavelengths longward to about 2.5 #m, transitions of d-shell electrons in transition metal 

ions and electron exchange between ions are largely responsible for the absorptions. Molecular 

oscillations result in absorptions longward of about 1 #m, with water, carbon dioxide, methane, 

ammonia, and various other molecules being of importance in the outer solar system. 
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Reflectance spectroscopy of planets and satellites observed at relatively low spectral resolution 

(1-5%) has given a general picture of the distribution of volatile materials in the outer solar 

system, while in the inner solar system it has revealed the presence of several mineral types in 

the asteroids and on Mercury, the Moon, and Mars. In this brief review, only some of the most 

recent work published and some in progress can be considered. 

2.1 P l u t o  a n d  C h a r o n  

The presence of methane on Pluto was established from filter photometry in two near-infrared 

wavelengths chosen to distinguish the ices of methane, water, and ammonia (Cruikshank et al. 

1976) and later confirmed in a spectrum obtained by Soifer et al. (1980). Subsequent work (e.g., 

Buie and Fink 1987) has shown the methane band system at 0.89 #m and has demonstrated 

that the hand strength is variable with the planet 's 6.4-day rotation. Cruikshank and R. H. 

Brown (unpuhlished) noted that the hand strengths of methane in the near-infrared also vary 

with Pluto's rotation. Thus, the absorption bands must arise largely from solid methane on the 

planet's surface rather than from a gaseous atmosphere, though a tenuous atmosphere consistent 

with the v~por pressure equilibrium may exist. 

For two years, 1987 and 1988, Pluto and its satellite Charon have been in an epoch of mutual 

transits and eclipses. Photometric and spectroscopic observations during these total  events has 

permitted the determination of the dimensions of both the planet and satellite (e.g., Tholen et 

al. 1987), as well as the spectrophotometric signature of water ice on Charon (Bule et al. 1987). 

The radius of Pluto determined from eclipse and transit  photometry is 1145 4- 46 kin, and that 

of Charon is 642 :k 34 kin. Measurements of the dimensions of Charon's orbit hy a variety of 

techniques gives the mass of the planet-satellite system, which together with the sizes of the 

bodies, yields the system density of 1.84 4- 0.19 g cc -1 (Tholen et al. 1987). 

2.2 ~ r l t  on  

Near-infrared spectrophotometry of Triton shows six methane bands in the region 0.8-2.5/zm, plus 

another weak band at 2.15 um that is at tr ibuted to molecular nitrogen (Crnikshank and Apt 1984; 

Cruikshank et al. 1984). The early data were obtained with a circular variable interference filter 

(CVF), hut the development of the infrared array detector spectrometer at the NASA Infrared 

Telescope Facility ( IRTF) by A. T. Tokunaga and colleagues makes it possible to observe the 

spectrum of Triton and other faint planetary objects with higher signal precision and greater 

resolution than previously was possible. New observations of Triton with the Cooled-Grating 

Array Spectrometer (CGAS) on the IP~TF show structure in the strongest of the methane bands 

and give the hand center and shape of the nitrogen feature with greater precision than possible 

with the CVF. 

Triton is revealed as a volatile-rlch satellite on which the extreme seasonal cycle probably 

results in the mass migration of methane and nitrogen gas and condensates. The opportunity 

for direct in ~itu observations from Voyager 2 in 1989 will offer an extraordinary opportunity to 

compare the hard-won Earth-based telescopic da ta  with a little world revealed to the spacecraft. 
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2.3 Io 

Reflectance spectroscopy of Io shows a band complex of sulfur dioxide in the vicinity of 4.1 ~tm. 

Recent work on this topic by Howell et al. (1987) gives details of the strengths of the combination 

and overtone bands of the normal isotopes of sulfur and oxygen, as well as indications of the 

abundances of the isotopes 33S, 34S, and 1sO. There are no indications of measurable isotopic 

anomalies among those studied so far. The sulfur dioxide on Io appears to be mostly in the form 

of condensed frost or snow in a mixture with the surface soil materials, whatever they might be. 

The source of the sulfur dioxide is the system of active volcanic vents. 

2.4 N o n - W a t e r  Vola t i l e s  on  P l a n e t a r y  Sa te l l i t e s  

In addition to the water-ice surfaces of the three Galilean satellites Europa, Ganymede, and Cal- 

listo, the surfaces of the large satellites of Saturn and Uranus are also dominated spectroscopically 

by the presence of water ice. The spectra are quite different from one another in overall reflectance 

level and in the shape of the near-infrared reflectances from 0.8 to 2.5/~m (see the review by Clark 

et al. 1986). In particular, there are hints of the presence of non-water ice components in the 

spectrum in the cases of Europa (Jupiter), Enceladus (Saturn), and Ariel (Uranus), particularly 

in the 2.1-2.4 gm region. In search of other volatile components of the ices, Brown et al. (1988) 

have begun to explore the spectra of these bodies with higher resolution than that afforded by 

the CVF spectrometers used for the original work. In prehminary work on Europa, Brown et al. 

report the possibility of ammonium hydroxide as a minor constituent of the water ice surface of 

this high-albedo and recently resurfaced satellite. 

Ammonia is a particularly important  potential constituent of those planetary satellites whose 

surfaces show evidence of relatively recent activity, because ammonia has the effect of lowering 

the melting temperature of the interior ices of these bodies, thus making recent eruptive activity 

more easily understood. Methane is another potential component of the icy surfaces of some 

planetary satellites because it may have been incorporated in the condensing water ice as a 
clathrate compound during the cooling of the solar nebula. There is, as yet, no firm evidence for 

the presence of methane clathrate on planets or their satellites. 

3. A S T E R O I D S  A N D  C O M E T S  

3.1 A s t e r o l d s  

The reflectance spectra of asteroids from 0.8 to 2.5 /~m show various minerals of importance 

for understanding the mineralogical evolution of the asteroids and their associations with the 

meteorites (e.g., Gaffey and McCord 1979; Larson and Veeder 1979; Cruikshank and Hartmann 

1984). Spectrophotometric work has been extended to longer wavelengths, in particular the 2.8- 

3.6 ~tm region, in studies of the water of hydration in certain classes of asteroids and in search 

for the diagnostic C-H stretching mode band in hydrocarbons. 

Lebofsky found bound water in the surface minerals of some asteroids (Lebofsky 1980; Lebof- 

sky et al. 1981). In the C-type asteroids, the amount of bound water is highly variable (Feierberg 

et al. 1985), and while it is presumed to be present in asteroids of other types, particularly the D 
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and P types in the outer  regions of the asteroid system, the characteristic 3-#m absorption band 

has not yet been detected. 

On the smooth wing of the bound water absorption band seen in certain primitive carbona- 

ceous meteorites in the laboratory lies the 3.4-#m C-H stretching mode band arising from the 

hydrocarbons that are abundant in such meteorites as Murchison and Murray. The 3.4-pro band 

has been tentatively identified in the spectrnm of the asteroid 130 Elektra by Cruikshank and 

Brown (1987) from IRTF spectra obtained with the CGAS in 1986. Asteroid 130 Elektra is a 

C-type object with bound water in the surface minerals. The 3.4-pm band at tr ibuted to C-H 

is only about 4% deep as seen in diffuse reflectance against the combined thermal radiation and 

reflected sunlight from the asteroid. 

3.2 C o m e t s  

The reflectance spectra of comets tend to be featureless between 0.8 and 2.5 pm, more or less 

independent of the level of activity of the comet (e.g. Hartmann et al. 1987). Jewitt et al. (1982) 

found" evidence for an absorption band at 2.2 pm in the spectrum of Comet Bowell (1980b), but 

they could not identify it. In the 3-pro region, a number of studies of Comet P/Halley revealed 

the 3.4-pm C-H band complex in emission (e.g., Wickramasinghe and Allen 1986). This band and 

other emission features in the spectrum of Comet P/Halley were seen by the spectrometers aboard 

the Vega spacecraft that  flew by the comet's nucleus in 1986. Continued studies of comets from 

ground-based telescopes in the region of the 3.4-~m emission features will give crucially important  

statistical information on the compositions of the old comets that have made many passes through 

the inner solar system in comparison with "new" comets making their first approach to the Sun. 

4. C O N C L U S I O N S  

Near-infrared reflectance spectroscopy of solar system bodies, particularly those in the outer 

solar system, continue to give fundamental information on the surface compositions of these 

bodies because of the diagnostic spectral features in the relevant minerals and ices that  occur 

in the accessible spectral  region. These discoveries establish a backdrop against which the next 

generation of spectral studies from spacecraft such as Galileo, Mars Observer, Comet Rendezvous 

Asteroid Flyby, Cassinl, and others can be planned and eventually realized. 
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THE LARGE SCALE DISTRIBUTION OF INFRARED RADIATION IN OUR GALAXY 

Harm. J. Habing 
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PO Box 9513, 2300 RA LEIDEN, the Netherlands 

I. LARGE SCALE DISTRIBUTIONS: AN OLD PASTIME FOR ASTRONOMERS 

Characterisation of the large scale distribution of astronomical objects has 

been astronomers entertainment for a long time: already Herschel tried to fathom the 

depth of the Universe by counting stars. To obtain more convincing results than 

Herschel Kapteyn used his considerable diplomatic, organisational and mathematical 

skills to derive a spatial distribution via his "Plan of Selected Areas". His efforts 

failed for a reason feared by Kapteyn but demonstrated only after his death: 

interstellar extinction. Successful and lasting interpretations of systematic large 

scale surveys have been made only at wavelengths where extinction is of minor or no 

significance: at radio wavelengths and at gamma wavelengths. These interpretations 

show clearly that the best and most direct information in such surveys is on the 

interstellar medium -only one of the components of our Galaxy. The surveys give some 

insight in the stellar component but only in an indirect way -see the interesting 

work on the distribution of ionizing stars in our Galaxy by Guesten and Mezger 

(1982). 

Now we have the IRAS results in front of us: Complete and reliable data superior 

to that of all earlier surveys. I will not offend anybody when I say that we will 

soon forget all previous broad-band infrared surveys in the same wavelength interval 

as IRAS (I 8 to 150wm). Only surveys outside this interval remain significant; for 

example the Japanese balloon borne surveys at 2.4~m (Maihara et al., 1978; Hayakawa 

et al., 1978) or the Goddard balloon survey at 150, 250 and 350~m (Hauser et al., 

1984). The former measure the stellar distribution in the Galaxy, and the latter 

interstellar matter. It is thus quite possible that the four IRAS surveys (one in 

each band) contain information on the distribution of the interstellar medium and of 

the stellar component in the Galaxy. In fact, I will argue that the 12wm and 25~m 

surveys contain very good information on the stellar component. And yet, I guess that 

even at 12~m the point ~ources contribute only a small fraction of the total emission 

- a qualitative inspection of 12~m sky flux maps leads me to this statement. 

This review divides naturally into two parts: first, a discussion of the 

infrared emission by interstellar matter and, second, a discussion of the stellar 

component. 
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2. THE EXTENDED INFRARED EMISSION 

Before IRAS was launched there was a paradigma accepted by most (but not all) 

scientists involved in its preparations: the only high-quality product to come out of 

the mission was going to be a catalogue of point sources: extended structures could 

not be measured, the detectors would be too unstable. As it turned out, the few 

enthousiasts who before launch were willing to bet on extended structures (Mike 

Hauser was the most pronounced team member), proved to be right: the stability of the 

detectors was excellent and very good maps of the extended emission have been 

constructed. And yet, the present "sky flux" maps are not the best possible; 

significant improvements are still being obtained, in the U.S. at IFAC, the IRAS data 

processing center at the California Institute of Technology, and in the Netherlands 

in a project called GEISHA at the Space Research Laboratory in Groningen. 

Analyses of the IRAS "Sky flux" maps have up to now been preliminary, even 

though it is over 2~ year after the data were published. The major cause for delay 

has not been the quality of the maps, but the presence of significant zodiacal 

emission at all four IRAS wavelengths. Models of the zodiacal light have now become 

so well developed that the interested researchers begin to subtract the "zody" from 

the IRAS sky flux maps with some confidence. In the last few weeks before this 

conference I obtained preprints of a number of more or less "definitive" analyses 

(Sodritski et al., 1987; Boulanger and P4rault, 1987; P4rault et al., 1987; Burton 

and Deul, 1987). Time of preparation was too short to attempt a synopsis of these 

papers. Therefore I will isolate a few important points of discussion. I will use two 

references, bench marks, to "calibrate" the discussion: the first reference is to the 

important paper by Cox et al. (1986), that summarizes and discusses mainly pre-IRAS 

data on the Galaxy. The second reference is to the thesis on M31 by Walterbos (1986) 

who included IRAS data; this thesis allows very useful comparisons between M31 and 

our Galaxy. Table I is the first example of what I termed "calibration": it compares 

the infrared emission from the solar neighbourhood as derived by Boulanger and 

P4rault (1987) with that of the inner Galaxy derived by Cox et al. and of M31 

(Walterbos). 
Table 1 

Normalized spectrum of the diffuae emission 

AFx 

C~ ]) Bp 2) W3) 

12~m ~ 38 51 

25~m 8 27 21 

6Opm 50 3~ 36 

Ioogm 100 100 100 

1 ) COX et  a l .  (1986):  pre-IRAS data; inner par ts  o f  our Galaxy 

2) Boulanger and P6rault (1987): IRAS data; local, solar neighbOurhood 

3) Wa/terbos (1986): M31 
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Table I shows that the spectrum of our local neighbourhood compares quite well with 

that of M31 and, at least qualitatively, with the pre-IRAS views. The surprise is, as 

you all know, the secondary maximum at 12um; that has already been discussed by Cox 

et al. (who give references to earlier work), but it is stronger than they thought. 

Practically all infrared emission recorded by IRAS is thermal emission by dust 

grains. Symbolically this is represented by the following: j= ~ n i el(T) , where j is 

the emissivity per volume element, ~i the emissivity of a grain of type i at 

temperature T and n i the number density of particles of type i. Of crucial importance 

is the temperature T, which is determined by the absorption mainly of UV photons from 

the surrounding interstellar radiation field. The emissivity j is thus determined (I) 

by the particle density and (2) by the local density of the UV radiation field: IRAS 

measured a product of the two; to derive either one extra information is needed. 

Consider now the particles or grains. As is well known, there are two different 

kinds of particles, each identified by an emission/absorption feature: at 9.7~m 

(silicate type particles) and at 11.3~m (carbon rich particles). The distribution of 

the particle sizes is an important datum, because many particles are smaller than the 

wavelengths at which they emit; for example, the exponential MRN-distribution (Mathis 

et al., 1977) extends from 10nm to ?50nm. New information from the IRAS observations 

is the presence of large numbers of small particles with sizes down to I, or even 

0.3nm: these particles are required to explain the emission at 12 and 25~m, and 

perhaps, part of the 60~m emission. The existence of such small particles had been 

discussed already a long time ago but the first convincing evidence came shortly 

before the IRAS emission from the detection of 2~m continuum in reflection nebulae 

(Sellgren, 1984). 

Small particles add the following properties infrared: (I) they are poorer 

emitters in the infrared, but remain good absorbers in the UV; thus they will be 

hotter than larger grains; (2) the smallest particles do not reach a time-constant 

temperature in the interstellar radiation field: the absorption of a single photon 

will elevate temporarily their temperature; nevertheless a sufficiently large number 

of such particles will show an equilibrium distribution of temperatures, with a tail 

of high temperatures (200-300k); (3) the smallest particles are probably better 

described as macro molecules (the suggestion by L&ger and Puget (1984) is that they 

are PAH's or polycyclic aromatic hydrocarbons); the particles will show quantum 

mechanical effects, such as discrete band structures. The upturn of the spectrum at 

the short wavelength end of the spectrum (table I) is now generally attributed to the 

small particles -clearly they occur not only in our Galaxy, but also in M31. 

The analysis of extended emission usually progresses as follows: from the 

observed distribution of the emission one derives some local emissivity j(k) at 

wavelength k and compares this with other local properties, for example n(H), the 

density of (atomic or molecular) hydrogen. Another frequently discussed parameter is 

j(1OO~m)/j (60~m), which is used to derive the grain temperature T. I noticed that 
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all observers agree that j(10Oum)/j(60~m) is very constant in our Galaxy and also 

over the face of M31; however, the ratio j(100pm)/n(H) decreases by a factor 8-10 

when one moves away from the galactic center. Taken at face value this would suggest 

that the temperature of the dust grains remains constant, but that the number of dust 

grains per hydrogen atom decreases with increasing R (R is the galactocentric 

distance). This, however, is not necessarily true; when there are a large number of 

small grains then, as Walterbos showed (see his table 4 at his page 165), a decrease 

of just the interstellar radiation field will have the s'ame effect as a decrease of 

the relative particle density. 

The general outcome of the analyses in our Galaxy and in M31 is that at 100~m 

the emission is from the larger grains; at 60pm most of the radiation is still from 

large grains, but there may already be a significant contribution by the very small 

grains; at 25pm and at 12pm the small grains contribute essentially all the 

radiation. 

Table 2 

Contribution by percentage of various components of the interstellar medium to the 

infrared flux density 

very cold dust 14k 

(molecular clouds) 

CI(M I )  Bp I ) W I ) 

4%' 10% (7%)? 

cold dust 15-25k 33% 70% 5~% 

(HI region) 

warm dust 30-QOk 50% 20% 8% 

(HII regions) 

hot dust 250-350k 13% included 31% 

(very small grains in 70%) 

and circumstellar dust) 

i) CKM: Cox et al. (1986); BP: Boulanger and P~rault (1987); 

W: Waltarbos (1986) 

Table 2 shows the break-down of the contributions by various components of the 

interstellar medium to the extended infrared emission. It is evident that the results 

concerning the local neighbourhood (BP) and concerning M31 (W) agree quite well: most 

emission is from clouds of atomic hydrogen; HII regions give a small contribution in 

M31 compared to that in our Galaxy; this is probably real and reflects the fact that 

M31 performs rather poorly in the formation of stars. In the Cox et al. paper warm 

dust in HII regions contributes 50% to the total infrared emission; in the local 

neighbourhood Boulanger and P4rault estimate this fraction to the only 20%. Two 

causes for this discrepancy are possible: in the inner Galaxy HII regions are more 

important, or Cox et al. underestimated the contribution by the dust in HI regions. 

It seems to me that the second explanation is the more probable (see also P4rault et 

al.). 
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Finally I give a summary of the most important conclusions reached so far. 

Please remember that all analyses are new and my summary may be a little too early! 

a. Most of the infrared emission from extended sources is from regions with atomic 

hydrogen (HI region). However, the heating of the grains is through photons that 

have escaped from HII regions! 

b. PAH's and the smallest grains appear to occur especially (exclusively?) in HI 

regions. 

c. Discrete HII regions dominate locally, but not over the whole Galaxy. 

d. Molecular clouds are relatively unimportant contributors to the IR emission 

between 12 and 150~m. 

e. The emissivity at 100~m per hydrogen atom (i.e. j(100um/n(H)) decreases strongly 

with increasing galactocentric distance, but the ratio j(100~m)/j(60~m) stays 

remarkably constant. This may be the result of an decrease in the radiation field 

with R or in the dust abundance -or a decrease in both. 

f. For M31 the same conclusions can be drawn, except that M31 has a lower star 

formation activity. 

g. To equate the IR emission of a galaxy with star formation activity is dangerous, 

because it oversimplifies the relation between the presence of young stars and 

interstellar matter. 

3. POINT SOURCES AND GALACTIC STRUCTURE 

I have already given my opinion (more a guess than the conclusion of a serious 

investigation) that most of the radiation detected by IRAS is from extended sources, 

already at 12~m and much more so at the other three wavelengths. But such a 

conclusion does of course not imply that point sources are useless for the study of 

galactic structure. In fact, I think that the opposite is true: the distribution of 

the point sources is highly informative! To see this, one has to make the right 

selection of point sources; especially useful is the distribution of IRAS point 

sources with their 25~m flux density about equal to their 12um flux (for example the 

range 0.8<f(25)/f(12)<3.8: See Habing et al., 1985 and Habing, 1988). After selection 

of point sources in this way a beautiful picture of our Galaxy emerges (Fig. I). The 

explanation why this narrow selection "window" gives such a nice result is well 

established: point sources at 12~m are practically all stars, most with circumstellar 

shells of gas and dust. The ratio of the 25um to 12~m flux density is an indication 

of the optical depth in the shell; if the ratio is close to I the shell is optically 

thick around 10~m, and all the stellar radiation is converted into infrared emission, 

usually with a peak at 12~m. In fact, when f (25~m)=f (12~m) then the IRAS band at 

12~m contains as much as 30% of the total stellar flux. And since these stars are all 

giants and thus are very luminous, they become very strong sources at 12~m and at 

25~m. Interstellar extinction plays only a minor role and the stars have been 

detected by IRAS over more than IOkpc distance. Thus the IRAS data permit us to 
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Figure I: Distribution on the sky, in galactic coordinates, of IRAS point sources 
with a good detection at 12~m and at 25~m and with a flux density at 25~m 
between 0.82 and 3.8 times the flux density at 12~m. 

derive the space distribution and the luminosity distribution of our Galaxy -see 

further down. How informative are such distributions? 

The space distribution throughout the Galaxy and the luminosity distribution can 

be interpreted in the best way once we know what these stars are. Where do they 

belong in the Hertzsprung-Russell diagram? Much effort has gone into this question, 

and generally accepted conclusions have been reached -see for an extensive discussion 

Van der Veen and Habing (1987). All stars with strong circumstellar emission appear 

to be Asymptotic Giant Branch stars, objects that have become red giants for the 

second time, this time with a degenerate carbon-oxygen core and alternatingly burning 

hydrogen into helium and helium into carbon in two adjacent shells. Such stars are 

long period variables with periods between 250 and 2000 days; Mira variables are 

identified with those of shorter periods. All stars loose mass at a significant rate, 

but those with the longer periods ( ~500 days) have such large mass loss rates that 

the shell is optically thick even at 9.7~m. Estimates have been made of the main 

sequence mass and these suggest that all stars with a mass between I and 5 M e range 

(this could also be between 0.9 and 8 M 0) ultimately pass through this particular 

phase of evolution. Because the phase lasts briefly, there are always only a very few 

stars in this phase -the duration is ,say, 104yr for stars with the largest mass loss 

rate and the longest periods, and 105yr for the Mira's. 

The apparent distribution of the AGB stars in the plane of the sky is a 

convolution of their space distribution in the Galaxy and their luminosity 

distribution. Specify a quantity n(l,b,f )df , where n is the number of stars per 

square degree in direction (l,b) with a flux density (at 12~m) 

between f and f + df . It is easy to show that n equals the spatial 

distribution, p, of the stars convolved with the luminosity distribution, ~. By 

determining n in a large number of directions one can then try to unravel p and ~. I 
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have recently made such an attempt (Habing, 1988). Assuming cylindrical symmetry for 

the density distribution p one can indeed find distributions p and @ that together 

give an acceptable description of n. For p I found an exponential distribution in R 

(galactocentric distance) with scaleheight h R = 4.5±0.5kpc, and a similar 

distribution in z(h =0.3kpc). The luminosity distribution is broad, but shows a 
z 

clear maximum at 6000 Le, and virtually no stars at L<1500 L G and at L>16,000 L e. The 

analysis is hampered by confusion effects in the galactic plane, especially near the 

galactic centre: the count in such a direction is significantly smaller than the 

actual number of sources. A very convincing conclusion is that most of the stars are 

found in the galactic disk within 90 ° from the galactic center (i.e. 270°<i<90°); 

this implies that the Sun is at the edge of this disk of stars which, as I argued 

before, consists of objects shortly ago evolved from stars with main-sequence masses 

between I and 5 M e -quite ordinary stars. A puzzle is that in my analysis the 

observations show a small excess of rather faint stars compared to model predictions. 

These stars seem to be real enough, but their galactic distribution is thicker in z 

and the scale length in R is larger; are they related to the stars in the so-called 

thick disk of the Galaxy (see Freeman, 1987)? I am convinced that my analysis can be 

much improved by treating in more detail confusion effects and by making counts to a 

deeper level than the IRAS point source catalog permits -which is possible via the 

cleaned-up and better organized IRAS data bases now available. 

Shortly after the IRAS mission the presence of the Bulge of our Galaxy in 

figures like figure I created some interest. But after this first wave of enthousiasm 

very little has been published, although several groups are working on the data. The 

existence of stars with L between 4000 and 6000 L 0 (by necessity AGB stars; stars 

on the first red giant branch have L~3000L e) remains a fact; the most direct 

interpretation is that their main sequence mass is over 1.0 Me, and that they are 

younger than the globular clusters, although the bulge is hypothesized to be among 

the oldest structures in the Galaxy. Undoubtedly the last word has not been said on 

this subject. 
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ABSTRACT. Both the large scale and intermediate scale structure of the dust and gas 

in the Galaxy are discussed. A set of clean all-sky maps are obtained using a physical 

model that  describes at the four IRAS wavelengths the contaminating contribution of 

the zodiacal emission. Direct comparison between the 100/zm and HI column density 

maps shows a good correlation at high galactic latitudes. After radial unfolding the 12, 

25, 60 and 100 #m radial profiles are strikingly similar and show both the molecular 

ring and a steep increase toward the galactic center where the 12/zm emission is 

relatively weak. The profiles clearly show a changing 100 Izm/HI ratio which can be 

explained by a changing interstellar radiation field. The intermediate scale infrared 

structure can be separated in velocity space using high resolution HI data. There is 

evidence for a correlation between the HI material at anomalous velocities, with wide 

profiles and the corresponding dust, showing higher 60/100#m flux ratios than the 

material at normal galactic velocities. 

1. I N T R O D U C T I O N  

The distribution of dust and gas in our Galaxy can be studied by comparing the IRAS 

infrared observations with existing neutral atomic hydrogen observations. Before both sets of 

data are useful for comparison they have to be manipulated considerably. 

The IRAS infrared measurements were obtained by observing through the zodiacal cloud 

of radiating particles that  considerably contaminate the emission from material outside the solar 

system (Hauser, 1987). In collaboration with R.D. Wolstencroft I have developed a physical model 

describing the contribution of the zodiacal emission at all four IRAS wavelengths for all scans in 
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the survey (Deul and Wolstencroft, 1987). After parameter determination on a subset of scans I 

have subtracted the modelled emission from all scans in the first two hours confirmation periods. 

The neutral atomic hydrogen comprize the standard surveys: Burton (1986), Cleary et 

a/.(1979), Heiles and Habing (1974), Kerr et a/.(I987), and Weaver and Williams (1973). A 

thorough description of the creation of a 3-dimensional HI datacube is given by Deul and Burton 

(1987). 

In section 2 I will present preliminary results for the large scale distribution of gas and 

dust as derived from the all-sky maps that were described above. Section 3 will deal with the 

intermediate scale structure (< 10 °). I will show for two representative regions how the detailed 

correlation between infrared and 21-cm emission can be used to separate cirrus structures in 

velocity space and how we can interprete differences in the correlation between infrared cirrus 

features and corresponding HI material at kinematically separated velocities. 

2. T H E  L A R G E  S C A L E  S T R U C T U R E  

A straightforward comparison between the 100 ~m all-sky map corrected for zodiacal emis- 

sion and the all-sky map of neutral atomic hydrogen column densities shows that the gas and 

dust emissivities correlate well at the higher galactic latitudes (b > 10 o). To quantify the corre- 

lation we have taken strips in galactic latitude at constant galactic longitude. These strips were 

choosen at arbitrary positions in longitude and cover the entire latitude range ( -60  o < b ( 60 o) 

of the all-sky maps. Figure 1 shows scatter plots on a pixel-by-pixel basis for the strips with the 

100#m flux on the horizontal and the 21-cm column densities on the vertical axis. The general 

correlation is evident from the scatter plot. There are, however, deviations from a one-to-one 

correlation which we will examine. A flattening of the correlation occurs at the higher flux lev- 

els . The galactic positions corresponding to these intensity levels are located near the galactic 

plane. We know that the neutral atomic hydrogen shows optical depth effects for all longitudes 

particularly for the inner Galaxy directions and between a few degrees latitude away from the 

galactic plane (Burton, 1976). Therefore the flattening can be attributed to the HI optical depths 

which cause a lowering of the integrated HI intensities in the manner shown in figure 1. A second 

characteristic of the correlation is the dependence on galactic longitude. This can be seen in 

figure 1 as the gradual increase of the correlation from the latitude strip at l = 0 o (filled trian- 

gles) to the strip at l = 135 o (filled stars). This is quite noticable at the higher intensity levels, 

but persists to higher galactic latitude positions where HI optical depths are low and therefore 

this must be caused by another effect. The interstellar radiation field responsible for heating the 

dust particles is known to decrease with galactocentric radius both in intensity and in relative 

amount of UV photons (Mathis et a/.,1983). Consequently the 100#m emission per dust particles 

decreases. Assuming a constant dust to neutral gas ratio, appropriate for higher galactic latitudes 

where the contribution of molecular gas is negligible, the resulting 100 ~m/HI  ratio will decrease 
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with galactocentric radius. This view is supported by examining the ratio in the galactic plane. 
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Figure 1. Scatter plot of the HI column density as a function of the lOOl~m brightnesses 

corrected for zodiacal emission. Scans in latitude averaged over 0 ?25 at arbitrary longitudes 

were choosen. The correlation shows a flattening at the higher flux levels; the degree of 

flattening depends on galactic longitude. 

Having obtained all-sky infrared maps that are free of zodiacal emission the radial unfolding 

technique (Strong et al., 1976) can now be applied to all four IRAS wavelengths. A solar galac- 

tocentric distance of 10 kpc is assumed. The profiles presented in figure 2 show an enhancement 

of the emissivities near the molecular ring between 4 < R < 8 kpc as well as a steep increase with 

decreasing galactocentric radius at R < 2 kpc. Both these characteristics can be understood as 

the result of a non-uniform interstellar radiation field. The infrared emissivity per dust particle is 

directly related to the amount and spectral shape of the incident radiation. The number of popu- 

lation I stars, responsible for a large fraction of the interstellar radiation field increase in number 

density around the molecular ring and for R < 2 kpc the number density of population II stars 

strongly increases. Thus we expect the emissivities to increase near these positions. The profiles 

at 12 and 100#rn, resulting mainly from small (a < 0.01/~m) and large (a - 1 #m) dust particles 

respectively, are strikingly similar. The region beyond R ~ 2kpc  shows a constant 100/12#m 

ratio. Ins:,de 2 kpc this ratio increases strongly, showing that the smaller particles are relatively 

scarce in the inner Galaxy. This could be the result of the destruction of small particles due to 

the increased particle density and interstellar radiation flux in this part of the Galaxy. 



92 

* ~°l I 

~ 2 io' 

0 

:  To,! 
J ! 

i ,'f'" ', 

T---- 

i l 

,o' I 

o~ 
~o 

° Goloe~ocer ~, ~ ~ Ito~ce 

Figure 2. Radial profiles of the 12, 25, 60, and lO01~rn emissivities derived from the all- 

sky maps with zodiacal emission removed, using a radial unfolding technique appropriate 

for continuum data. The dashed line represents the profile for the fourth quadrant; the full 

drawn line that for the first quadrant. Note the close correspondance among the profiles. The 

molecular ring are around 4 < R < 8 kpc can be seen, as well as a steep increase of  emissivities 

toward the galactic center. 

3. T H E  I N T E R M E D I A T E  S C A L E  S T R U C T U R E  

In section 2 the apparently tight gas-to-dust ratio was discussed on galactic scales. In this 

section we examine the continuation of this correlation to the lower intensity levels and smaller 

spatial scales. A number of aspect of the gas-to-dust correlation have been discussed by eg. de 

Vries and Le Poole (1985), Tereby and Fich (1987), and Weiland et a/.(1986), using starcounts, 

and HI or CO observations. Together with W.B. Burton, I have obtained with the NRAO 140-foot 

telescope in Green Bank, new HI observations of a number of large fields, at usefully high sensi- 

tivity and resolution, typically 10 o x 10 o wide. The HI profiles at a resolution of 0.5 krn s -1 cover 
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250 k m  s -1 sufficient to span the velocity range characteristic of intermediate to high galactic lat- 

itudes. The  fields were choosen by examining the infrared all-sky images and identifying regions 

that  contain well-defined cirrus s tructure on a smooth background. Two examples from this set of 

fields will be shown here. 

zsB" 2S0' 272" t 264"288° 280" 272" 264'288" 280 ° 272 ° 264" 
L 

Figure  3. Gray scale plot showing the lO0~m (top left-hand corner), the total column 

density of  neutral atomic hydrogen (bottom left-hand corner), and four channel maps of the 

21-cm line emission integrated over ~ krn s -1 centered at the indicated velocities. This region 

contains the scan observed by IRAS on June 23, 1983, and described by Low et al.(1984). 

The first region is centered at l = 278°,b  = +73 °. It is illustrated in figure 3. The two 

lef t-hand panels of this figure show the 100 Izm (top) and HI column density (bottom) maps. This 

region is part icularly interesting because it contains the scan observed by the IRAS telescope on 

June 23, 1983. Low et al.(1984) used this scan in their preliminary analyses of the IRAS data, 

in which they found that  although most isolated infrared peaks correlate well with HI emission 

obtained from the Heiles and Habing (1974) survey, at least one feature was especially interseting 

for lacking such a correlation. Two of the three features from that  scan are contained in our 

first region. These features are labelled "B" and "X" by Low et al., who found no detected HI 

counterpart  for feature X. Feature B is the bright blob of emission at l = 277°,b = 74 ° and 

feature X corresponds to the ridge of emission crossing l = 277°,b  = 72 °. Our new observations 

show that  both cirrus features have HI counterparts  at levels close to the noise level of the Heiles 

and Habing survey and that  they are part  of a larger cirrus complex extending over several tens 

of degrees over the sky. Although the infrared map shows considerable striping, notice the close 
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correlation between the 100/~m emission and the HI column density for this region. The small 

point-like sources in the infrared map all are associated with galaxies. 

The four right-hand panels of figure 3 also show HI channel maps integrated over 2 krn s -~ 

and centered on the velocity specified in the top right-hand corner of each panel. They clearly 

illustrate the kinematic separation of cirrus features. The structure containing feature B is to- 

tally separated in velocity space from that containing feature X. The anomalous velocity at 

which feature B is most prominent indicates that there is dust emission associated with HI 

material moving at velocities well above the sound speed for that region. This phenomenon, 

which can be observed in the two fields presented in this paper, is a common characteristic 

among the other fields of our sample. The small negative velocity at which feature X peaks is 

expected for this high galactic latitude. Notice the slanted structure running from the top left- 

hand corner to the bottom right-hand corner persisting in all panels. This general morphology 

can be attributed to the northern extention of the magnetic field from the North Polar Spur. 

93" ~o" ~" ~ 8~" 9'6" ~3" ~o" i v  , 8~" 96" Jr ~o" i7. , 8;  

Figure 4. Gray--scale plots of a well-defined cirrus structure on a smooth, low intensity background. The 

arrangement of the panels is like that of figure 3. This feature contains a cloud of HI emission at highly 

negative velocities. The cloud is associated with infrared dust that shows different properties than those 

of the surrounding material. 
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The second region, which is closer to the galactic plane than the first one, is centered on 

I = 90 o, b -- - 37  o, and extends over 14 o x 15 o. This field was choosen because it contains a cirrus 

feature that looks like a coherent structure on a smooth, low brightness background. The two 

left-hand panels of figure 4 show the 100/zrn map (top) and the HI total column density (bottom). 

The areas blanked out in the HI map were not observed. Although both maps look remarkably 

alike, some minor but interesting deviations occur. The structure near l = 86 o, b = - 38  o shows a 

different 100 I~rn/HI ratio than the rest of the field. Not only is this ratio different, the 60/100/~rn 

ratio also deviates to higher values. The central velocity of the structure is highly negative. 

The four right-hand side panels of figure 4 illustrate the velocity structure of the HI in 

this region. The main body of emission occurs at slightly negative velocities appropriate for 

these galactic latitudes. Although there is some velocity structure in the main feature it must 

be seen as a filament that is virially unbounded. One outstanding feature, however, can be seen 

at -54  km s -1. It has a velocity profile width that is twice as large as the low velocity material. 

The corresponding 60 and 100 t~m emission is quite different from that of the surrounding cirrus 

in that the 60/100~rn ratio is much higher. Because it is impossible to heat interstellar grains 

via such low velocity shocks another mechanism must cause the additional 60tzrn flux. 

One mechanism which could be responsible for this effect may be due to spectral line 

emission from collisionally exited trace atoms. A candidate is the fine structure line of [OI] at 

63/~rn (Petrosian, 1970). Assuming a cosmic abundance for Oxigen, the estimated transition 

probability from Petrosian, a line-of-sight path length of 1 pc, and using the HI resolution the 

calculated line strength could significantly influence the observed 60/~rn flux. If this is the case, 

more features with additional 60 #rn flux should be detectable. 

It has been shown that the correlation between the IRAS 100 #m brightnesses and the neu- 

tral atomic hydrogen column densities does not result in a straight line but that the infrared 

flux is the result of multiple components. The nature of the large scale correlation is influenced 

by a changing interstellar radiation field, the HI optical depth effects, and the apparent varia- 

tions in the small particle (a < 0.01/~rn) component. The intermediate scale correlations show 

characteristics which, assuming a constant interstellar radiation field, could be due to the effects 

of spectral line emission associated with shock exited atoms. Although the infrared emission is 

optically thin the observed flux is a complicated function of particle density, interstellar radiation 

field, and chemical composition of the radiating material. 
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ABSTRACT 

A m o d e l  of the  i n f r a r e d / s u b m i l l i m e t e r  e m i s s i o n  f rom the  galact ic  d i sk  is  p r e sen t ed  on  the  b a s i s  of the  

IRAS resu l t s .  T h e  6 0 / 1 0 0  p_m b r i g h t n e s s  rat io  is  u s e d  a s  a very  rigid observa t iona l  c o n s t r a i n t  of the  

model .  It is f o u n d  t h a t  d u s t  a s soc i a t ed  wi th  a tomic  h y d r o g e n  is t he  d o m i n a n t  con t r i bu t ion  to the  total  

inf rared  luminos i ty .  Corre la t ions  b e t w e e n  w a r m  a n d  cold d u s t  emi s s ion ,  HII reg ions  a n d  the  d is t r ibu-  

t.ion of the  a tomic  g a s  a re  analyzed.  D u s t  p roper t ies  are  briefly d i scussed .  

1. INTRODUCTION 

The  b a s i c  r a d i a t i o n  m e c h a n i s m  at t h e  origin of  t h e  i n f r a r e d / s u b m f l l i m e t e r  e m i s s i o n  of ga lax ies  is  

s i m p l e .  D u s t  g r a i n s  abso rb  s te l lar  r ad ia t ion  at  op t i ca l /u l t r av io le t  w a v e l e n g t h s  a n d  re rad ia te  it in the  

infrared.  O n  t h e  average  one th lrd/onefourth  of t he  total  s te l lar  e m i s s i o n  is  a b s o r b e d  a n d  re rad ia ted  

by dust .  

To in te rpre t  t h e  infrared e m i s s i o n  of galaxies ,  t h r ee  m a i n  p rob l ems  m u s t  be  resolved: 

- the  d u s t  cha rac te r i s t i c s  

- t h e  spa t ia l  d i s t r ibu t ion  of b o t h  in te r s te l l a r  d u s t  a n d  s t a r s  

- the  geometrical associat ion between s t a r s  a n d  dus t ,  which de termines  dus t  t empera ture  

and  infrared luminosi ty  

In our  Galaxy,  we believe to k n o w  wi th  s o m e  a c c u r a c y  t he  d i s t r i bu t ion  of s te l la r  popu la t ions ,  of  

t h e  a tomic  a n d  mo lecu la r  g a s  c o m p o n e n t s  a n d  h e n c e  of  the  in ters te l la r  d u s t  wh ich  is t h o u g h t  to be  un i -  

formfly mixed  wi th  t h e  gas .  Moreover d u r i n g  t h e  p a s t  y e a r s  ou r  u n d e r s t a n d i n g  of d u s t  proper t ies  consi-  

derably  increased .  Us ing  be t te r  mode l  p a r a m e t e r s  a n d  c o m p a r i n g  mode l  p red ic t ions  wi th  improved ob- 

s e rva t ions  s h o u l d  lead to more  real is t ic  m o d e l s  for o u r  Galaxy,  w h i c h  in t u r n  c a n  be  u s e d  a s  b a s i s  for 

t h e  model l ing  of t h e  i n f r a r e d / s u b m i l l i m e t e r  e m i s s i o n  of ex te rna l  galaxies .  

The  origin of  t h e  fa r - inf ra red  r ad ia t ion  of o u r  Ga laxy  h a s  b e e n  inves t iga ted  by  u s  in a ser ies  of 

p a p e r s ,  m a i n l y  o n  t h e  b a s i s  of  ba l loon  a n d  rocke t  o b s e r v a t i o n s  (see Cox et al. (1986) a n d  references  

therein) .  The  re lease  of the  IRAS d a t a  wi th  i t s  u n p r e c e d e n t e d  sens i t iv i ty ,  r eso lu t ion  a n d  c o m p l e t e n e s s  

p r o m p t  a n e w  a n d  crit ical  inves t iga t ion .  R e cen t  i n t e r p r e t a t i o n s  of  t he  infrared e m i s s i o n  of galaxies ,  
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including our  own Galaxy, which  are based  on the IRAS data base  can be found in: Pe r s son  and Helou 

(1987), Crawford and Rowan-Robinson (1987), Sodroski et al. (1987), Boulanger and Pdrault (1987) and 

P~rault et al. (1987). 

Within the pas t  year,  we have worked on a n  improved model for the infrared emiss ion  from the 

galactic disk, including the bes t  to our  knowledge of the IRAS data base.  The following pages  give a sta- 

t u s  report  on our  work  in progress.  

Figure 1 shows  the  longitudinal  profiles of the observed 60 and I00 ~rn galactic plane emission, 

corrected for the zodiacal contr ibut ion,  The profiles represen t  average intensi t ies over the latitude in- 

terval I b I < I* in longitude increments  of 0°5. The overall s t ruc ture  of the infrared emiss ion  of our  Ga- 

laxy s h o w s  a n u m b e r  of s t rong  peaks  - all assoc ia ted  with bright  Giant Molecular C louds /Hl l  com- 

plexes, spiral  a r m s  s egmen t s  and  the Galactic Center  - which are super imposed  on a c o n t i n u o u s  ridge, 

which we will define as  the diffuse emission component. The exact definition of th is  diffuse emission 

is however  somewha t  arbitrary;  it is defined in th is  pape r  as  the lower envelope of the longitude profi- 

les which passes  at the neares t  to the sources. 
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tigl~¢ 1. Galactic longitude profiles of the I00 and 60 ~m galactic plane emission, averaged over the latitude interval 

]bl< I °. The zodiacal contribution has been subtracted. The dashed curves represent the contribution of the cold dust 

associated with the atomic hydrogen; the solid curves are the sum of the contributions of the cold dust and the warm 

dust associated with the molecular cloud/HII complexes, and detkne the diffuse emission component. 
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The s p e c t r u m  of the dus t  emiss ion  wi th in  the solar  circle (but excluding the cont r ibut ion  of the 

Galactic Center regions) is shown  in Figure 2, from 4 to 900 ~wn. This  composite s p e c t r u m  of the inner  

Galaxy includes  bo th  the diffuse componen t  and  the sources  and h a s  been  compiled f rom all existing 

data  available to date. References are given in the  figure caption. The Galactic infrared spec t rum has  

two distinct p e a k s ,  the mos t  intense one at 100 Izm and a weaker one at about  10 Izrn, which contains 30 

% of the total Infrared luminosi ty.  This  fact emphas i ze s  the need of different d u s t  c o m p o n e n t s  char-  

acterized by different t empe ra tu r e s  in order  to explain the infrared emiss ion of normal  spiral  galaxies. 

The following d i scuss ion  will focus u p o n  the  Infrared emiss ion longward of 40 Izm. The origin of 

the consp icuous  mid-infrared emission is d i scussed  in detail in the contr ibut ions by J.-L. Puget and F. 

Boulanger  In th is  volume: the stellar contr ibut ion at these  wavelengths  is reviewed in the contr ibut ion 

to this  conference by  H. Habing. 

The basic a s s u m p t i o n s  of our  model are given In Cox et al. I1986). We emphasize  the fact that  we 

use  the dus t  model  originally introduced by Mathis  et al. {1977) and  modified by Draine and  Lee (1984). 

This  model cons i s t s  of a mixture  of silicate and  graphi te  gra ins  with a size dis t r ibut ion which does not 

include part icles  smal le r  t h a n  50 ,~. Compar i son  of the model predict ions with the  IRAS resul t s  re- 

qu i r e s ,  however, modifications of the dus t  model, which are discussed in Sect. 3.2. 
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Figure 2. Spectrum of the dust emission between 4 and 900~un from the inner part ( R -< 8 kpc) of our Galaxy, averaged 

over galactic longitude 3 ° - 35 ° and latitude I bl< I °. This composite spectrum includes both the diffuse component and 

the sources. Filled circles are the IRAS observations (corrected for the zodiacal contribution: the points at 12 and 25 

pan have been corrected for extinction, as well). Spectral points at 4, 10 and 20 ~tm are from Price (1981). 80 and 150 ~tm 

points are from Gispert et al. (1982), the 150, 250 and 300 ~m points from Hauser et al. (1984), 380 ~tm from Catux et al. 

(1986), 450 ~m from Owens et al. (1979) and 900 ~m point is taken from Pajot et al. (private communication). Light curves 

represent the contributions of the individual components (crosses for the very cold dust, dotted line for the cold dust, 

solid line for the warm dust, diffuse component and sources as indicated). The heavy dotted llne represents the total 

contribution of the diffuse components, whereas the heavy solid line represents the total contribution from both diffu- 

se components and sources. The solid line short-ward of 40 ~m is a simple extrapolation through the observed points. 
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2. THE DIFFERENT DUST COMPONENTS 

2.1 Cold Dus t  m i x e d  wi th  t h e  Atomic  Hydrogen  

D u s t  g r a i n s  a s s o c i a t e d  wi th  a tomic  h y d r o g e n  a re  h e a t e d  by  t he  gene ra l  in t e r s t e l l a r  r a d i a t i o n  field 

(ISRF). The  t e m p e r a t u r e s  of  t h e  g raph i t e  a n d  si l icate g r a i n s  were eva lua ted  u s i n g  the  ISRF a n d  i ts  de- 

p e n d e n c e  on  the  ga lac tocen t r i c  d i s t a n c e  a s  c o m p u t e d  by  Math i s  et al. (1983). The  va r ia t ion  of the  ISRF 

with ga lac tocent r ic  d i s t a n c e  a n d  the  a s soc ia t ed  d u s t  t e m p e r a t u r e s  are s h o w n  in Figure  3. Note tha t  the  

graphi te  g ra ins  have  a t empera tu re  range  of 25 - 17 K. 

10 ' I ' I ' I ' I ' I 

8gin 
/ o.ogp® ~]t J~ d),=2.17 10"2erg cm "2 

O ,  ' I , I , I L I , I 
4 6 8 10 12 

R (kpc) 

8 

v 

- < 6  
v 

E 
=:L 

~ 4  

¢ Y  

2 

T / K  
2 5 i -  

2 C -  

1 5 -  

1 0 -  

' . L  ' I ' I ' I ' I ' I ' I 

- 

r 

I , I , I i I 
2 ~ 6 8 

R (kpc) 

I , I J I 
10 12 1/+ 

Figure 3. (a) Variation of the intensity of the ISRF. integrated between 0.09 and 8 ~rn with galactocentric distance. (b) 

Temperatures of graphite (Tg r) and silicates (Tsi) associated with atomic hydrogen and heated by the ISRF. 

The  HI d i s t r ibu t ion  is derived f rom the  HI s u r v e y  of  Weave r  and  Wi l l i ams  (1973). The  dens i ty  is al- 

m o s t  c o n s t a n t  t h r o u g h o u t  t h e  p lane  (0.35 - 0 .45  c m  -3) a n d  the  scale  he igh t  is a n  inc reas ing  func t ion  of 

t h e  r ad ius .  

T h e s e  p a r a m e t e r s  fix t h e  con t r ibu t ion  of  cold d u s t  to t he  total  d u s t  e m i s s i o n  of the  Galaxy. Resu l t s  

of t h e  mode l  ca l cu l a t i ons  a re  s h o w n  as  do t ted  l ines  in t h e  ave raged  60  a n d  100 ~ long i tud ina l  pro- 

fries (Fig. 1).  As  c a n  be  s e e n  f rom t h e s e  f igures,  m o s t  of  the  diffuse infrared emi s s ion  c a n  be accoun t ed  

for by  th i s  cold d u s t  c o m p o n e n t .  

2 .2  Very  Cold D u s t  m i x e d  wi th  t h e  Molecular  Hydrogen  

D u s t  g ra ins  assoc ia ted  with the  qu i e scen t  molecu la r  c louds  are  also h e a t e d  by t he  ISRF, wh ich  is, how- 

ever, a t t e n u a t e d  a n d  par t ly  conver ted  into in f ra red  rad ia t ion .  D u s t  g r a i n s  ins ide  m o l e c u l a r  are  there-  

fore colder  t h a n  d u s t  g r a i n s  m i x e d  wi th  the  a tomic  h y d r o g e n  a n d  a t t a in  typical  t e m p e r a t u r e s  of 13 - 14 

K (see Ma th i s  et al. ,  1983 a n d  Puge t ,  i985).  We mode l l ed  the  i n f r a r e d / s u b m i l l i m e t e r  e m i s s i o n  of very 

cold d u s t  a s soc i a t ed  wi th  t h e  m o l e c u l a r  h y d rogen  u s i n g  t he  H 2 d i s t r i bu t ion  f rom S a n d e r s  et al. (1984) 

b u t  modif ied according to Puget  (1985). The  very cold d u s t  con t r ibu t ion  is too smal l  to be s e e n  on the  60 

a n d  100 I1m longi tud ina l  profiles. It a c c o u n t s  however  for ha l f  of  the  e m i s s i o n  longward  of 300  ~an.  
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2 .3  Warm Dust  Contr ibut ion  

Subtrac t ion  of the  contr ibut ions  of cold dus t  and  very cold dus t  - which are fixed by the model parame- 

te rs  which in t u r n  are determined by  observat ional  cons t ra in t s  - f rom the observed Galactic emiss ion 

leaves a warm dus t  component ,  whose  spec t rum is characterized by a temperature  of 30 K. We attribute 

th is  emission to dus t  heated by 0 and B s tars .  This  is suppor ted  by model calculations which show that  

only O and B s t a r s  have enough luminosi ty  to hea t  required a m o u n t  of dus t  to these  tempera tures .  This  

w a r m  dus t  associa ted  with HII region/Molecular  Cloud complexes t races  the locations of mass ive  s t a r  

format ion in ou r  Galaxy. Since the intensi ty of d u s t  emiss ion  increases  like Td 6, a relatively low m a s s  

of dus t  is needed. O u r  model fit, in fact, requi res  tha t  only one percen t  of the inters te l lar  molecular  

hydrogen is associa ted with w a r m  dust .  

Up to th is  poin t  we have modelled the diffuse galactic infrared emission. The sources ,  which are 

super imposed  on  the diffuse componen t s  (see Fig. 1) have also typical colour t empera tu res  of 30 K and 

contr ibute t h u s  to the warm dus t  emission. To reproduce the spec t rum of the dus t  emiss ion from the in- 

ne r  par t  of our  Galaxy, our  model requires  tha t  discrete sources  contr ibute about  twice as  m u c h  to the 

w a r m  dust  luminosi ty  t h a n  the diffuse w a r m  dus t  emission. 

2 .3  C o m p a r i s o n  w i t h  Prev ious  Work 

The cont r ibu t ions  of the  different dus t  c o m p o n e n t s  to the Galactic infrared luminos i ty  are s u m m a -  

rized in Table I. D u s t  heated by the general  ISRF and  mixed with the  atomic hydrogen dominates  the 

far- infrared emis s ion  of the  Galaxy and  a c c o u n t s  for two-third of the  total far- infrared luminosity.  

Warm dust  (30 K) heated by O and B s ta r s  and tracing the recent s ta r  formation contr ibutes  one third to 

the far- infrared luminosity:  one third of it is diffuse emission,  and  the remaining two third is associ- 

ated with the compac t  HII regions. As s h o w n  in Table I, the Galactic infrared luminos i ty  originates 

mainly  inside the  solar  circle. 

Table I, Characteristics of the the Galactic Disk for RQ = 8.5 k'pc. 

Dust associated with 

molecular gas 

diffuse 

warm dust 

SOUl'CeS 

Dust associated with 

atomic hydrogen 

Total far-lnfrared luminosity 

(~._> 25 ~.m) 

inside the solar circle integrated out R = 20 kpc 

1,7 -< R(lq~) < 8.5 Disk 

MH2 = 1.3 E9 lvlcD MH2 = 1.4 E9 MQ 

L~cd = 6.3ESLa / 

= 7E81.~ / 

Lso u = 1.3 E9 I ~  / 

Mill = 1EglV~ MHI = 2.1EgMQ 

= 5 E 9 I ~  Lcd = 6 EgI.~ 

LIR = 7.6 E9 I ~  LIR = 8.6 E9 I_Q 
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As compared  to ou r  prev ious  models ,  the con t r ibu t ions  of the different c o m p o n e n t s  (warm and 

cold dust) have significantly changed.  In par t icu lar  the diffuse warm dus t  accounts  now only for i0 % 

of the total infrared luminosi ty ,  as  compared  to ou r  previous  value of about  40 %. Two r ea sons  can  be 

invoked for th is  decrease. First, we used  as  basic  cons t ra in t s  to the model the IRAS data  and  neglected 

the (less reliable) bal loon observat ion at 80 ~ma: us ing  th is  point  would imply an increase of a factor of 

3 in the cont r ibut ion  of the  w a r m  dus t  component .  This  i l lustrates how sensitive any infrared model is 

to and  how m u c h  it is weighted by the exact knowledge of the data points  between 50 and  I00 ]zm. The 

carefully derived point  at 60 lma gives u s  some confidence as  to the actual results.  Secondly, we used  as 

a new const ra in t  the dependence of the 6 0 / 1 0 0  ~xn br igh tness  ratio on galactic longitude. The low dust  

t empera ture  derived from this  ratio (23 K) - see below - readily indicates tha t  the contr ibut ion of diffuse 

warm dus t  cannot  be very high. 

The fact tha t  the  Extended Low Densi ty [ELD) HII regions contr ibute  heavily (85 %) to the Lyman 

Con t inuum product ion  rate b u t  not  m u c h  to the w a r m  dus t  emtss lon may  be unders tood  as follows. To 

attain t empera tu re s  of 30 K dus t  m u s t  be fairly close to the OB association. Since the dus t  t empera ture  

decreases with electron density, dus t  associated with ionized gas  of a few ten ths  cm -3 electron density 

(typical for ELI) HII regions) t e n d s  to have low t e m p e r a t u r e s  and will become indis t inguishable  from 

the dus t  mixed with the atomic hydrogen and  heated by the general ISRF. 

3. GENERAL COMMENTS 

3. I S t a r  F o r m a t i o n  

A direct implication of the  high cont r ibut ion  of the  cold dus t  to the galactic infrared emiss ion  is that  

the total far-infrared luminos i ty  shou ld  not  be interpreted as  an  indicator of recent (107 years) s t a r  for- 

ma t ion  activity, bu t  r a t h e r  a s  a m e a s u r e  of the total stel lar  luminosi ty .  However, the  br ight  infrared 

sources  remain  excellent t racers  of recent  s t a r  formation.  
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Figure 5, Spectrum of the dust emission associated with the OalacUc Center within an area AI x Ab-2 ° x 0°5 (full line). 

Fllled circles are the IRAS observations. Spectral points at 380 ~n  and 900 ~zrn are derived from Caux and Serra (1986) 

and Pajot et al. (1986), respectively, The dotted line represents the Galactic spectrum -taken from Flg. 2- normalized to 

the GaLactic Center 100 ~tm flux density. 
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As shown before, the 50 - 100 lure wavelength region is the most  sensitive region to disentangle the 

relative con t r ibu t ions  of cold and w a r m  dust .  Hence, for galaxies in which mos t  of the luminosi ty  is de- 

rived from m a i n  sequence  s tars ,  the 6 0 / 1 0 0  Bm br igh tness  ratio is probably the bes t  indicator of mas-  

sive s t a r  fo rmat ion  activity. 

To i11ustrate how regions k n o w n  for s t a r  format ion (and traced by the w a r m  dust)  do differ in 

their  infrared characteristics from the Galactic Disk, Fig.4 shows  the infrared s p e c t r u m  from the Ga- 

lactic Cen t e r .  The quoted fluxes are intrinsic fluxes i.e the underlying emiss ion from the Galactic pla- 

ne h a s  been  subt rac ted .  References to the  observat ions  are given in the figure caption. For comparison,  

the Galactic s p e c t r u m  (taken from Fig. 2) is also plotted normalized to the Galactic Center  100 I~m flux 

density. From the superposi t ion,  two differences be tween the Galactic Center  and the Galactic Disk are 

apparent:  the Galactic Center radiates  more in the 60 Bm band  than  does the Galactic Disk and the mid- 

infrared of the Galactic Center  is definitely flatter t h a n  the Galactic Disk. The total luminosi ty  asso-  

ciated with the Galactic Center is 2.8 108 LO. For a total molecular m a s s  of 1-4 107 M(D (see Mezger et al., 

1986 and Osborne  et al., 1987), a typical luminosi ty  over m a s s  ratio of 10-25 is found,  as  compared to 

the value of 5 found in the Galactic Disk. 

3.2  Dust  Propert ies 

Fig. 5 s h o w s  the 6 0 / I 0 0  Bm br igh tness  ratio as  observed by IRAS as  a funct ion of galactic longi- 

tude. This  ratio r ema ins  a lmost  cons tan t  for the diffuse emiss ion in the Galactic Plane with a value of 

0.22, implying a dus t  t empera ture  of ~ 23 K. The peaks  supe r imposed  on this cons t an t  level trace the 

sources,  which have typical t empera tu res  of about  30 K. Shown as  a solid line is the prediction made by 

the model. The s t rong  decrease of the 6 0 / 1 0 0  pan b r igh tness  ratio is due to the decrease of the intensity 

of the ISRF (see Fig. 3). Whereas  observed and computed  ratio agree pretty well in the inner  par t  of the 

Galaxy (I _< 30°), the d isagreement  is obvious in the outer  Galaxy: the calculated ratio is systematically 

smaller  t han  the observed one by factors up  to 3. 

The model  is certainly at fault in the predict ion of the 60 itrn intensit ies.  The cons t ancy  of the 

b r igh tnes s  rat io can  be explained ff a large fract ion of the 60 Bm emiss ion  is due  to temperatures 

fluctuations in the  gra ins  smaller  t h a n  100 A - th is  appea r s  whenever  the energy input  associated with 
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8 0.2 

' ~ I l I i [ i ~ i i l I l , , 
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100 0 -100 
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Figu~ 6. ~'ne 60/100 ~m brightness ratio as observed by IRA,S as a function of galactic longitude. Solid line represents 

the prediction based on the model. 
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a discrete heat ing event is comparable to or larger t h a n  the average heat  content of the grains.  The ef- 

fects of tempera ture  f luc tuat ions  on the infrared spect ra  have been investigated by Draine and  Ander- 

son (1985). Although they reproduce correctly the 6 0 / 1 0 0  Ign ratio, they need 20 % of the carbon cosmic 

abundance  in gra ins  < 20 ~,, which is at fault with the local extinction curve. Moreover, the na ture  of 

these grains is still unknown.  

A complete model of the  infrared of our  Galaxy would incorporate s u c h  small  grains,  and  should 

also incorporate even smal ler  gra ins  down to polycyclic aromatic hydrocarbons to explain the second- 

ary m a x i m u m  in the galactic spec t rum at about  10 ~m. Since a populat ion of such  very small  grains is 

responsible for 30 % or more of the total observed infrared luminosity (see Puget, this  volume), the ab- 

sorption cross sect ions as  given by a classical grain model have to be revised in such  a way that  adding 

the absorpt ion of the smal les t  gra ins  to the absorpt ion of a distr ibut ion of "normal" sized grains  still 

accounts  for the observed interstellar extinction curve. 

Acknowledgments: We would like to thank J.-L Puget and M. Pdrault for useful discussions. S. Shlgihara is kindly 

thanked for her help in the text editing. P. C. gratefully acknowledges the support of an Alexander yon Humboldt fel- 
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T H E  N A T U R E  OF T H E  G A L A C T I C  B U L G E  

Robin Harmon and Gerard Gilmore 

Institute of Astronomy 

Madingiey Road, Cambridge, CB3 0HA 

A B S T R A C T  

The bulge of the Galaxy as seen by I R A S  forms a spatially concentrated system of long 

period cool variable stars. From the period distribution we show that a significant fraction of the 

IRAS bulge is younger than the globular cluster system. Thus the metal rich stars in the central 

1 kpc of the Galaxy are not obviously part of the extended stellar spheroid. 

1. I N T R O D U C T I O N  

The stellar distribution of our galaxy is seen to comprise at least three components: a thin 

disc of vertical exponential scale about 300 pc; a thicker disc with a vertical exponential scale of 

order 1 kpc and radial scale ,,~ 4 kpc and a spheroidal distribution of stars which has a density 

rising towards the Galactic centre with a radial scale (re) of about 2.7 kpc. The high luminosity 

central (< 2 kpc) region of the Galaxy, often loosely' termed the 'bulge', is presumably related 

to one or more of these components although this relation remains unclear. Available data show 

the bulge to have a velocity dispersion the same as that of the old disc near the Galactic centre 

(~110 kms-1), a metallicity distribution which peaks at ,-, twice solar and a population of late 

M giants whose surface density falls by a factor of 10 in 200 pc. An important parameter is the 

age of the stars which can be derived from the period distribution of long period variables and it 

is this approach which we follow here for the long period variables discovered by IRAS. 

2. T H E  B U L G E  AS SEEN BY I R A S  

To determine the range of colour and flux in 

which the bulge is most readily apparent in the 

IRAS data we show the relative numbers of ob- 

jects in two regions (one bulge-like 3 ° < [b I < 

10 °, It] < 10 ° and one disc-like 3 ° < Jb] < 10 °, 

10 ° < It[ < 20 °) as a function of colour (f12/f25) 

and flux (f12) in Figure 1. The bulge is dominant 

in the colour range 0.4 < (f]2/f25) < 1.6 and flux 

range 1 Jy < f12 < 8 Jy and, as selected by these 

parameter ranges, is shown in Figure 2. The ef- 

fects of point source confusion are clearly visible 

towards its centre. The bulge is a compact object 

with a total vertical extent of less than 10 ° 

o . . . . .  s . . . .  , , .  , I o .  . . , 1 I s  . , . . , .  

• ~ - / ~  P rom inence  ( f 12 / f ~L~ )  

I f \  / - -  - -  v , ~  (f~2/f~) 
./ J ~ , ~ . ~  - . -  Pro~i~,c.(,,2) 

Sf ",\: • ~ , '~ 

' \ . , . , .  

. . . . . . .  ; . . . .  ; . . . .  i . . . . . . .  

f,~/f. 

Figure  1. 
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F i g u r e  2. The Galactic Bulge as seen by IRAS. 

and an axis ratio of about 0.6. Detailed fitting of the luminosity profile indicates an exponential 

scale height of ~< 400 pc and corresponding radial scale of ~ 650 pc, a less steep decline than that 

of the late M giants, but still more than an order of magnitude more concentrated (radially) than 

any of the three components mentioned above. The bulge sources have an usually high mean 

probability of being variable (v) (Figure 1), The colours of these objects (corresponding to 200 

K ~< T ~ 450 K ) their large luminosity (,,- 10%C O and their high probability of being variable 

suggest that they are dust shrouded variable stars (Habing 1987), Indeed of the IRAS sources 

with this colour in Baade's Window 50% can be identified with the longest period sub-group 

(periods > 350 days) of the Mira variables seen there by Lloyd-Evans, (cf Glass 1986). The other 

IRAS sources in this field are redder in 3-H and H-K and have a ratio of fl~/f2s closer to that of 

OHIR stars and hence are likely to have longer periods. IRAS missed objects with periods less 

than 350 days because they are neither red enough or luminous enough to be detected. They 

have not been excluded by our selection criteria. 

3. M I R A S  S E E N  B Y  I R A S  

We wish to use the parameter v quoted in the Point Source Catalogue to determine the 

period range of the variables seen in the bulge by IRAS. With only three observations (at t, 

t+14 days, t+180 days) we cannot hope to determine the period of any one variable but we are 

able to constrain the period range of a group of variables. In order to transform a distribution 

N(v) (the number of objects with a given v) to N'(T) (the number with a given period T) we 

need to know the 12 micron light curves of Mira variables and OttIR stars and the definition 

of the parameter v. The latter is explained in the IRAS Explanatory Supplement. The light 

curves of long period variables in the infra-red are approximately sinusoidal and independent 

of wavelength beyond ,-* 3/~m (Engles et al 1983) and have amplitudes A which increase with 

period:A = log(fm~x/fmin) ~ 9.5(±0.18) x 10 -4 x T-0 .05(±0.2) .  Simulation of the IRAS sampling 
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process of the light curve of a variable source requires modelling a variety of instrumental and 

source parameters, in particular the standard deviation of the excursions of the sources in the Point 

Source Catalogue and the number of sources showing correlated and anticorrelated excursions of 

a given statistical significance. These are discussed in detail elsewhere (Harmon & Gilmore 1988). 

We have tested these simulations by successfully reproducing the IRAS variability distribution 

N(v) of 3 groups of sources from their known period distributions N'(T) (,-,1500 Miras drawn 

from the GCVS with periods in the range 100-600 days; 11 Miras from the £ = 0°,b = - 4  ° 

window in the bulge and a set of about 30 OHIRS listed in Herman et al 1986). 

4. A P P L I C A T I O N  T O  T H E  B U L G E  

Figure 3 shows the simulated distributions of N(v) for a constant value of N'(T) in four 

period ranges. It can be seen that IRAS was particularly sensitive to periods in excess of 400 

days. This is due both to its sampling interval and the increasing amplitude with period observed 

in long period variables. Comparing these four distributions with the observed N(v) for the bulge 

as defined in 1, b, f12,flz//f2s earlier (Figure 3 rightmost panel) it is apparent that objects with 

periods in excess of 400 days must comprise ~> 90% of this sample. Indeed a significant fraction 

of the sources could have periods of > 600 days. 
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F i g u r e  3. The sensitivity of IRAS to variables of a given period (first 4 panels) and the 

observed distribution of variability (last panel). 

The determination of a main sequence mass corresponding to a given period is possible 

through pulsation theory and, via the period - luminosity relation, from stellar evolutionary 

models (with uncertainties due to mass loss) but are uncertain by more than a factor of 2 (Table 

la) .  The conversion of this mass to a stellar age is further uncertain due to the extreme metailicity- 

dependence of the stellar lifetimes (cf VandenBerg & Laskarides 1987, Mengel et al 1979 and Table 

lb).  For the shortest periods in the IRAS sample (,-, 400 days) it is possible, by adopting the 

smallest allowed masses (,-- 1.134o), that these stars are as old as the globular clusters. For the 

longer period variables present the derived ages are significantly less than that of the globular 

cluster system however metal rich they may be. 
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Table l a  Initial Mass Estimates. 

Author Period L(Z:O) Miniti~l(MO) Period L(£®) 

Iben & Renzini 400 6500 1.1 600 9000 

Habing 400 6500 2.4 600 9000 

Wood & Bessel 400 7700 2.0 

~]FinitiM (.A/f Q) 
1.7 

3.0 

Table l b  Age Estimates. 

[Fe/H] Y M(Mo)  Age(Gyr) [Fe/tt] Y M(M®) Age(Gyr) 

0.4 0.25 1.0 23 0.8 0.25 1.0 27 

0.4 0.20 1.4 5 0.8 0.20 1.4 8.6 

0.4 0.20 2.2 1 0.8 0.20 2.2 1.7 

5. C O N C L U S I O N S  

The majority of sources which delineate the "bulge" in the IRAS data are variable, with 

periods of at least 400 days, corresponding to an initial mass of between 1.1 A,4® and 2.7 AJ O 

and a maximum age of < 15 Gyr for a 2.5Z O star. Longer period variables also exist in the 

bulge, showing that star formation continued there for at least several Gyr after the formation of 

the globular cluster system and the metal Foot spheroid. The surface density of IRAS sources is 

much more concentrated towards the Galactic centre than would be expected if they were a core 

to the spheroidal component. The bulge as seen by IRAS is quite unlike the extended spheroidal 

component of the Milky Way. 

R E F E R E N C E S  

Engels, D., Kreysa, E., Schultz, G. V. & Sherwood, W. A., 1983. Astr. Astrophys., 124, 123. 

Feast, M. W., 1984. Mon. Not. R. astr. Sot., 211, 51p. 

Glass, I. S., 1986. Mon. Not. R. astr. Sot., 221,879. 

liabing, H. J., 1987. in ~The Galaxy', p. 173, eds Gilmore, G. & Carswell, R. F., D. Reidel. 

Harmon, R. T. & Gilmore, G., 1988. preprint. 

Herman, J., Burger, J. FI. & Penninx, W. H., 1986. Astr. Astrophys. J., 167, 247. 

Iben, I. & Renzinl, A., 1983. Ann. Rev. Astr. Astrophys., 21,271. 

Mengel, J. G., Sweigart, A. V., Demarque, P. & Gross, P., 1979. Astrophys. J. Suppl., 40,733. 

Wood, P. R. & Bessel, M. S., 1983. Astrophys. J., 265,748. 

VmadenBerg, D. A. & Laskarides, P. G., 1987. Astrophys. J. Suppl., 64, 103. 



A P R O C E D U R E  F O R  D I S T I N G U I S H I N G  T H E R M A L  A N D  S Y N C H R O T R O N  

C O M P O N E N T S  O F  T H E  R A D I O  C O N T I N U U M  E M I S S I O N  

O F  T H E  G A L A C T I C  D I S C  

A. Broadbent and J.L. Osborne 

Department of Physics, University of Durham, South Road, Durham DH1 3LE, U.K. 

C.G.T. Haslam 

Max-Planck-Institute for Radioastronomy, Auf dem Hfigel 69, D-5300 Bonn 1, F.R.G. 

ABSTRACT 

We point out the detailed correlation between the IRAS 60 #m band emission from the inner 

part of the Galactic disc and most of the features of the l l c m  and 6cm radio continuum surveys 

made with the same angular resolution. As well as indicating that the 60 #m emission from this 

region comes in a large part  from dust associated with the extended low density HI! regions, this 

provides a way of separating the thermal and synchrotron components of the radio emission. 

1. I N T R O D U C T I O N  

In a recent paper (Haslam and Osborne, 1987, 'paper I ') we have remarked upon the detailed 

correlation between the maps of the 11 cm radio continuum emission within 1.5 ° of the galactic 

plane (Reich et a/.,1986) and the IRAS 60 #m band emission. This correlation implies that a large 

part of the 60/~m emission from this part of the Galaxy comes from dust associated with ionlsed 

gas. This was illustrated in paper I by a grey-scale representation of the radio and infrared 

intensities in part  of the first quadrant of galactic longitude. Figure 1 shows that there is an 

equally good correlation between the 60/~m and 6 em radio emission of Haynes et aL (1978) in 

the fourth quadrant. 

2. I N F R A R E D  E M I S S I O N  F R O M  T H E  G A L A C T I C  P L A N E  

Such a conclusion had been drawn earlier from balloon flight infrared surveys but an equally strong 

claim could be made for correlation of the infrared emission with 12CO column density, where 

the emission would be from dust permeating giant molecular clouds and being heated by 0 and 

B stars. It is our contention that,  at least in the 60/~m band, with improved angular resolution 

(,,,4.5' for the 60/~m, 6 cm and 11 cm surveys) it is now clear that the primary correlation is with 

the radio continuum. This is shown in Figure 2. The undersampling of the CO survey (beamsize 

45": sampling interval 3') does not account for the much less detailed agreement between profiles 

(a) and (c) than between (a) and (b). A quantitative comparison is given in Figure 3 for a 6 ° 

region of longitude. If the points due to the supernova remnant W44 are omitted from the plot 

the correlation coefficient becomes ,,-95%. The conclusion that a large part of the 60/zm emission 
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6era radio contiuum emission (lower map) of the galactic plane between longitudes 305 ° and 359 °. Each map covers a 

range of 18 ° of galactic longi tude  and 3 ° of galactic l a t i tude  from -1.5 ° to +1.5 °. 

is associated with ionised gas gives support to the model of Cox et al. (1986) in which it arises 

mainly from dust asociated with extended low density HII regions. 

The zodiacal light contribution has been removed from the 60 #m data of Figures 1, 2 and 

3, using the simplest model in which the zodiacal light intensity varies only with ecliptic latitude. 

This is sufficiently accurate in this region of the galactic plane. From the 60 #m intensities of 

Figures 1 and 3 the estimated contribution of HI associated dust has been removed under the 

assumption that the empirical relationship between the 60 #m intensity and the HI column density 

determined for [b[> 20 ° (vlz. 0.14 MJy sr -1/1020 cm -2) holds at lower latitudes. If this were true 

the HI contribution would be of the order of 10% of the totM intensity. If the radial gradient in 

the Galaxy of the interstellar radiation field and the metallicity is allowed for the low latitude HI 

contribution towards the inner Galaxy will be higher but the observed radio-infrared correlation 

indicates that it should not be dominant. 
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remnants .  

3. S E P A R A T I O N  OF T H E R M A L  F R O M  N O N - T H E R M A L  E M I S S I O N  

An obvious difference between the profiles (a) and (b) is that the supernova remnants stand out 

as radio but not infrared sources. For example the ratio of 60 ~m to 11 cm flux from the Crab 

Nebula is 0.3 compared with ratios > 500 for individual HII regions. This gives a simple method 

of picking out supernova remnants close to the galactic plane. A search has been made of the 

6 cm survey and a list of candidate remnants has been prepared. On a larger scale after the 

zodiacal light and HI associated components have been subtracted the 60 Izm emission acts as a 

tracer of the thermal radio emission. We consider the points on the well-defined lower envelope 

to the plot in Figure 3 to correspond to directions where the non-thermal emission is negligible. 

The linear relationship between the thermal radio and 60 #m emission can then be used to 

identify the thermal component in directions where both are present. As the spectral index of the 

thermal component is fixed by the frequency dependence of the free-free absorption cross-section 

the thermal component at othe frequencies can be calculated. Figure 4 shows the galactic plane 

profile of the 408 MHz continuum emission of Haslam et al. (1982) and its division into thermal 
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F i g u r e  4. Galactic plane profile showing separation of radio emission into thermal and synchrotron components. Top 

line: observed total 408 MHz emission. Middle line: synchrotron component. Bottom line: thermal component. 

and non-thermal components  as outl ined here. This  allows a s tudy of the Galactic magnetic field 

in the galactic plane. 
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ABSTRACT 

The infrared cirrus are the filamentary emission seen at high galactic latitude in the IRAS 

data. This emission is associated with galactic interstellar clouds and was expected. 

The average brightness at 100 p.m is in rather good agreement with predictions based on 

classical interstellar dust models. Nevertheless the emission at shorter wavelengths is far in excess 

of the predictions of these models, and requires the presence of very small particles such as 

polycyclic aromatic molecules which are heated for short periods by single photons. 

The structure and brightness of these cirrus clouds are such that they will be a limitation to 

the sensitivity of future space observatories in the far infrared. 

1. INTRODUCTION 

The high latitude infrared emission seen with IRAS has one component which exhibits a 

cloudy and filamentary structure and is commonly known as the infrared cirrus (Low et al 1984). 

There are several interesting questions to be studied in connection with this emission: 

-we would like to separate the respective contributions of the various components 

of the diffuse high latitude emission (zodiacal, galactic, extragalactic); 

-current models of interstellar dust and estimates of the interstellar radiation field 

(ISRF) can be best tested by observing the infrared emission of optically thin high latitude clouds; 

- we can use the infrared emission as a probe of the structure of these clouds; 

-an estimate of the fundamental limitations due to the cirrus for future infrared 

observations of weak extra galactic sources from space. 

2. LOCAL CIRRUS 

There have been many sudies of individual cirrus clouds since the first paper by Low et al 

(1984) which discussed this component of the IRAS data. Detailed comparison between 100 I.tm 

brightness, HI column density, extinction maps have shown that the infrared cirrus are made of the 
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infrared emission by dust in high latitude interstellar clouds. Weiland et al (1986) have extended the 

comparison to high latitude CO emission showing an improved correlation when both atomic and 

molecular hydrogen are taken into account. They have demonstrated that some of these clouds are 

within 100 pc from the sun as expected for interstellar clouds making the HI disk. The 100l.tm 

brightness is proportional to the hydrogen column density up to Av=l.5 (de Vries and Le Poole 

1985) then it slowly saturates (Boulanger and P6rault 1987a and b). An extensive correlation with 

HI is also presented by Deul and Burton (1987) at this conference. The emissivity normalized to 

one magnitude of visual extinction : 

k lR ,H (100gm)  = Iv /A v 

observed in various individual clouds is shown in Table 1 for various studies of individual 

clouds. 

Table 1 

100 I, tm emissivity reference 

MJY/sr per magnitude 

7 to 30 Low et al (1984) 

8 to 10 de Vries and Le Poole (1985) 

8 to 23 Weiland et al (1986) 

8.4 T e r e b e y  and Fich 

28 B o u l a n g e r  et al 

(1986)  

(1985)  

The variations are not within the error bars and show intrinsic variations of the interstellar 

radiation field'(ISRF) from cloud to cloud. 

Low et al (1984) gave also the color ratio 60 I.trn/100 I, tm which was shown by Draine and 

Anderson (1985) to be too high when compared to the prediction of the classical dust models 

(Mathis et al 1983, Draine and Lee 1984). They argued nevertheless that keeping the same 

chemical composition but extending the grain size distribution down to 3 Angstroms could explain 

the observations. Puget et al (1985) made a model for the interstellar dust infrared emission 

including a component of polycyclic aromatic molecules identified by Leger and Puget (1984) as 

the possible carriers of the unidentified infrared bands. This model could account for the 

observations of reflection nebulae by Sellgren (1984); when applied to intersellar matter in the 

diffuse ISRF this model predicted that about 10% of the energy should be radiated in the 12 gm 

IRAS band. The cirrus emission in the 12 gm and 25 I.tm IRAS bands has been found with a level 

of that order by Boulanger et al (1985). 

The conclusions to be drawn from these various studies of individual infrared cirrus can be 

summarized as follows: 

1-The infrared cirrus are associated with interstellar clouds (mostly HI ) 

2-Locally as long as the optical depth does not exced 2, the infrared brightness is 
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proportional to the column density measured by extinction or 21 cm emission although the 

proportionality factor varies from region to region by factors up to 4. 

3-The spectrum of the infrared emission does not agree with the prediction of 

classical grain models: there is too much emission at 60 t.tm. Some of the brightest infrared cirrus 

have been shown to radiate also at 25gin and 12gin at a level which is orders of magnitude above 

the prediction of the classical grain models. 

These qualitative features being well established, one is interested in quantitative and 

statistical questions: 

1-Study the average properties of the cirrus emission over the whole sky outside 

of the main molecular clouds and the brightest part of the galactic disc. 

2-find how much of the 100 grn brightness at the coldest areas at high latitude is 

due to interstellar emission 

3-discuss dust models and the ISRF and see how they account for the intensity 

and spectrum of the emission 

4-find out the properties of the infrared cirrus in other parts of the galaxy to use 

them as a pribe of the galactic structure 

5-study the spatial structure of the emission and find out to what extent the 

infrared cirrus will be a limitation to future space infrared observations. 

The best systematic study of this emission has been performed over the entire sky above 

latitude 10 ° by Boulanger and Ptrault (1987a and 1987b) and is presented in these proceedings. We 

just recall here their main conclusions. After subtracting the zodiacal emission, the galactic emission 

can be identified by its cosecant dependance; this component is clearly visible at 100p.m and 60 ~tm 

at all latitudes; at shorter wavelengths (12 gm and 25 I.tm) it is seen only at b<30 ° because the 

procedure used to remove the zodiacal component has also removed most of the extended galactic 

emission at b>30 °. The average brightness of the galactic emission at the poles as deduced from the 

cosecant dependance is given for each of the four wavelengths in table 2 together with the 

corresponding HI 21 cm emission. The total column density estimated from extinction and 

reddening data on extragalactic sources estimated by de Vaucouleurs and Buta (1983) corresponds 

to an average extinction at the pole Av=0.15 and is also given in Table 2. 

Table 2 

100 I.tm 2.6 MJy/sr 

60 ~tm 0.55 MJy/sr 

25 Ixm 0.1-0.17 MJy/sr 

12 grn 0.12 MJy/sr 

HI 21cm 167 K.Km/s 

NH from 3 1020 cm "2 

extinction 
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This galactic emission together with the zodiacal component does not account for all the 

emission seen by IRAS at 100 p.m. A residual which amounts to 2 MJy/sr is either due to 

uncertainties in the zero level of the IRAS data or to an isotropic (extragalactic?) background. An 

earlier analysis by Rowan-Robinson (1986) reached the same conclusion but overestimated this 

residual to be 5.7 MJy/sr. The galactic emission includes the emission of all components of the 

interstellar gas which contains dust. Boulanger and P6rattlt (1987a and b) investigate the respective 

contributions of the various components of interstellar gas by looking at the correlation of the 

deviations from the cosecant law in the distribution of the infrared brightness (at 100~tm and 60 

p.m) with similar deviations in the neutral hydrogen column density as measured by the 21 cm 

emission. The correlation is good ; the slope of the best fit are 

1.65 10 .2 (MJy/sr)/(K.Km/s) for 100 I.tm and 

3.3 10 -3 (MJy/sr)/(K.Krrds) for 60 p.m. 

These values, which are about equal to those derived from the cosecant fits, imply that all the 

galactic infrared emission at high latitude is associated with HI gas seen in 21 cm emission. 

Molecular hydrogen is expected to give a negligible contribution but ionised gas seen through 

pulsar dispersion measures (Harding and Harding 1982) should contribute about 20 % of the 

flux.One possible explanation discussed by Boulanger and P6rault (1987a) is that neutral and 

ionised hydrogen are well correlated spatially, the alternative explanation being that the ionised gas 

is dust free. 

The infrared luminosity of HI gas normalised per hydrogen atom is then 

ErR,H=6.3 10 "31 W/H atom 
This value might be overestimated by a foctor up to 20% if most of the ionised gas is 

associated with HI clouds in form of ionised envelopes. 

In an analysis of the large scale galactic emission, P6rault et al (1987) find that about two 

thirds of the infrared emission comes from a diffuse component when only one third is due to 

infrared sources defined as bright spots seen in the vicinity of young stars. In these regions the 

dust is heated by the radiation field associated with the young stars which is much larger than the 

average interstellar radiation field (ISRF) which heats the dust in the diffuse component; the 

emissivity and the spectrum of the diffuse infrared emission are the same as those of the cirrus and 

in fact the high latitude cirrus really makes the bulk of the infrared emission in the solar vicinity. 

The luminosity of this HI diffuse component in the solar neibourhood is thus 9.5 L0/pc2 for 4.8 

M0/PC 2 of atomic hydrogen. (to this should be added the radiation of molecular clouds and infrared 

sources associated with young stars to get the total infrared emission in the solar neigbourhood: 

--14 L0/PC2). 

3. CIRRUS IN THE INNER GALAXY 

The diffuse component identified by P6rault et al (1987) in the inner galaxy is divided in two 

of comparable luminosity: one associated with molecular clouds and identified by its narrow 
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latitude distribution, the second being associated with HI and thus being the equivalent of the local 

cirrus for the inner galaxy as discussed in the previous section. 

The cirrus emission above the molecular ring ( 4-6 Kpc from the galactic center) can be 

directly observed by looking at the highest altitude HI clouds (---500 pc above the mid plane, 

Lockman 1984). Figure 1 shows the longitude profile at latitude b=+/-3 ° for both infrared and HI 

column density. A conspicuous excess appears in the four bands for 1<30 ° when there is no 

equivalent excess in HI column density. Pdrault et al (1987) attribute this excess to HI clouds 

above the molecular ring which are heated by the stronger ISRF due to the active star formation 

going on in the molecular ring. We deduce a value for the total infrared emissivity per hydrogen 

atom for this region: 

LIR,H=4. 10 -3o W/H atom 

8 I ' "  ~ ' ' I 1 '  Y ~ ' J l  ' ' I ' ' ' ~1 8 t ,  l p z ,  , + , , r I ' / I  ' ' ~ ~ . '  '1 

II 

4 ~ 

2 ~ 2 

0 : I t I i .... I .... I .... J o I .... I ° .... ; .... -~0 .... I 
50 0 - 5 0  

Galactic longitude (degrees) - Allsky (May85) 200 Gelactle long~tude (degrees) Allsky (May85) 

' i . . . .  I1 '  I I ~ I I H I  ' ' i ' ' ' 

i 
II 

20 ~.. 

50 0 - 5 0  50 0 - 5 0  
GelacLlc longitude (degrees) - Allsky (May85) Galactic longitude (degrees)' - Alisky (Nay85) 

F i g u r e  1 :  Longitude profiles for infrared (full lines) and HI 21 cm 

emission (dotted lines) averaged for latitudes +3 ° and -3 ° . Note the excess 

in the infrared emission for longitudes between +30 ° and -30 ° due to high 
altitude cirrus clouds above the molecular ring. 
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This value is about 6 times larger than the local one and is in good agreement with the value 

obtained for the 4-6Kpc ring in the unfolding of the radial distribution of the infrared production 

rate; although not different in principle, this determination is more staightforward and gives the best 

determinations of the emissivity and spectrum of the cirrus component in the molecular ring (the 

ISRF is almost constant with altitude as shown by Mattila 1980) 

4. DUST MODELS 

The absorption cross section as a function of wavelength for the diffuse interstellar medium 

is known empirically rather well in the visible the near infrared and near ultra violet. It is somewhat 

more uncertain in the far UV. We use the compilation of Draine and Lee (1984) for extinction ; the 

albedo in the ultra violet adoped agrees with the values deduced from various measurements by 

Lillie and Witt (1976), Joubert et al (1983). It should be noted that the albedo is not known 

empirically as well as the extinction; the values adopted here are somewhat smaller than those given 

by the dust model used by Mathis et al (1983) in the near UV. 

The second ingredient needed to model the diffuse infrared emission is the ISRF. A thorough 

discussion of the relevant data is given by Mathis et al (1983); in the near infrared better 

measurements at high galactic latitude became available from rocket data (Matsumoto et al 1987) 

but do not lead to any significant revision of the ISRF. In the far infrared the IRAS data allow a 

better determination of the ISRF than the previous estimates (Mathis et al 1983, Puget 1985). This 

part of the spectrum plays a negligible part for the heating in the diffuse medium; the most uncertain 

part remains the far UV where various estimates differ by up to a factor of two. The values adopted 

here are obtained with a model where the ISRF is decomposed in several contributions from 

various stellar populations (P6rault et al 1987); they fit the existing data and are very close to those 

of Mathis et al (1983). Sabs,tt is the absorption cross section for the diffuse interstellar medium 

normalized per hydrogen atom. The total energy absorbed per hydrogen atom is given by: 

LIR,H = I U v - (~abs,H(v) d v  = 5 .7  1 0 -31 W/H  

We notice that this value is larger than the estimate of Mathis et al (1983) :4.2 10 -31 W]I--I, the 

reason being the smaller albedo adopted here. The value obtained here is close to the observed 

value when no correction is done for the ionised gas which might be associated to all HI clouds; if 

this correction is done the smaller value given by Mathis et al (1983) is in better agreement with the 

observed value. 

The good agreement obtained (within the uncertainties discussed above) is an a posteriori 

check that the values adopted for the ISRF in the far UV are good within 30 % excluding the 

highest estimate of Witt and Johnson 1973. 

The emission at long wavelengths n.In(100 grn) is about one half of the total and close to 

earlier estimates. The average brightness at 100 p.m at the galactic poles predicted by Stecker, 

Puget and Fazio (1977) : 3 MJy/sr is very close to the observed value given in Table 1:2.6 

MJy/sr. This illustrates that the discovery of the infrared cirrus at high latitude radiating at 100gm 
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was not a surprise contrary to what has been written in some of the papers on the subject. It reflects 

the rather good empirical knowledge that we have had for more than 10 years of the ISRF and the 

absorption properties of interstellar dust which allowed a good estimate of the total energy to be 

reradiated in the infrared. The details of the dust models built to account for the extinction and 

absorption are almost irrelevant to the prediction of the 100 ~tm flux as long as the bulk of the 

energy is radiated by interstellar grains having a typical radius of 0.1 I.tm. There is much more to 

learn on the dust properties from the spectrum than from the integrated emission which is already 

well constrained by other observations as we have shown above. 

As already discussed in the section on the local cirrus, the emission in the mid infrared 

requires a component of very small grains to be included in the interstellar dust model. Leger and 

Puget 1984 argued that one cannot use the optical properties of bulk graphite for particles as small 

as 3 Angstroms for which the infrared emissivity is dominated by lattice vibration modes and not 

by continuum associated with conduction electrons. The polycyclic aromatic molecules are so far 

the best candidate to account for the cirrus emission seen in the 12 I.tm band of IRAS (Puget et al 

1985). More refined discussions for the physics of the emission have been proposed recently: 

Allamandola, Tielens and Barker 1987 Leger and d'Hendecourt 1987; a thermal model for the 

interstellar emission including both large particles and PAH's but taking into account correctly multi 

photon processes is presented by Desert (1987) at this conference. 

Leger and d'Hendecourt (1987) have mesured the absorption cross-section of mixture of 

PAH's in the ultra-violet. Integrating the quantity 

LpAH,C = j" U v . (~PAH,c(V) dv = 2.4 10 -27 W/C  

it is then easy to evaluate the fraction of interstellar carbon which is locked in PAH's particles 

to account for the energy radiated both in the 12 I.tm band of IRAS and at shorter wavelengths 

using the spectrum of reflection nebulae observed by Sellgren (1986) for the extrapolation at 

shorter wavelengths. This fraction is 15%. Another 17% is needed to account for out of 

equilibrium emission at 25 ~m and at 60 tzm which is evaluated by Ryter et al (1987) to be about 

two thirds of the total for the average cirrus. This emission is probably associated with particles 

small enough to fluctuate in temperature but larger than the PAil's which radiates in the bands. The 

total amount of carbon locked in very small particles is thus 32% of all interstellar carbon. 

5.STRUCTURE OF CIRRUS 

The first statistical analysis of the stucture of cirrus clouds has been carded out by Gautier 

and Boulanger (1987) and presented at this conference. After taking out the detector noise from the 

power spectrum of the spatial distribution done along the scans in several high latitude clouds they 

find that the resulting power spectrum can be fitted by power laws around 2.5 at 100 pan. Their 

analysis gives flatter power spectra at shorter wavelengths. 

A preliminary analysis of the consequences of such fluctuations for future space borne 
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infrared observations shows that for photometry with small cryogenically cooled telescopes like 

ISO or SIRTF in the range 100 gm to 1 mm the sensitivity is limited to sources brighter than about 

0.1 Jy in regions showing cirrus emission. For large uncooled space borne submillimeter antennas 

like the FIRST project of ESA or the LDR project of NASA, the better angular resolution makes the 

limitation to sensitivity due to the cirrus structure negligible when compared to the photon noise. It 

is likely that such uncooled telescopes will out perform the small cryogenically cooled ones for 

photometry at wavelengths larger than 1001.tin over most of the sky. 
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I n f r a r e d  Emiss ion  f rom the  Solar  N e i g h b o r h o o d  
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M. P~rault 
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A B S T R A C T  

The main results of an extensive study of the infrared emission from the nearby interstellar 

medium are presented. These results axe used to discuss the origin of the infrared emission from 

the solar neigbourhood. We show that altough most of the emission comes from interstellar 

matter not associated with current star formation, about half of the heating of grains is provided 

by ultraviolet photons radiated by stars younger than few 10 s yrs. 

1. I N T R O D U C T I O N  

Within a few kpe from the sun the different components of the interstellar medium - neutral 

atomic gas, molecular clouds, and HII regions - can be observed and studied separately. For each 

of these components we can identify the heating source of the dust, and understand the origin 

of the infrared emission because we know the interstellar radiation field and the distribution 

of stars. In that sense the solar neighborhood is a unique study-ease allowing us to get a 

microscopic understanding of the infrared emission from the interstellar medium, which will be 

the fundamental basis of a more general understanding of the infrared emission of galaxies. 

An extensive study of the infrared emission from the solar neighborhood has been presented 

by Boulanger and P~rault (1988) (herinafter BP). Here, we summarize the main results of this 

study. These results are subsequently used to discuss the origin of the infrared emission on the 

scale of a few kpc around the sun, and a few 100 pc around the star-forming region of Orion. 

2. I N F R A R E D  E M I S S I O I N  F R O M  T H E  N E A R B Y  ISM 

Galactic latitude profiles of the irifrared and H I emission are presented ill figure 1. The 

profiles were built by averaging the pixels of all-sky maps within 50 latitude bins with a width 

A(1/Isin(b)t ) of 0.1; data in the direction of the Mageltanic Clouds, the main nearby molecular 

clouds and OB associations, and few bright point sources were discarded when computing the 

profiles. The absence of emission above 30 ° in the 12 and 25#m profiles results directly from the 

assumption made in the subtraction of the zodiacal light (see BP). The latitude profiles of figure 1 

prove the existence of Galactic emission outside the Galactic plane at all IRAS wavelengths. 

Using the IRAS catalog and the deep survey of Hacking and Houck (1987), BP have shown that 

photospheres and circumstellar dust-shells account for about 10% and 2.5% of the t2 and 25#m 
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discarded when computing the infrared and H I 
profiles. 



124 

emission seen at [b[ > 10% Therefore, at all wavelengths the emission measured by the latitude 

profiles originates from the interstellar medium. A spectrum of this emission is presented in 

figure 2. Since large grains heated by the local ISRF have an equilibrium temperature much too 

low to account for any significant emission at 12 and 25#m this result demonstrates that grains, 

small enough to be transiently heated to temperatures of several hundred degrees when they 

absorb a single photon, are a pervasive component of interstellar dust. 
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Fig. 2. Infrared spectrum of emission at 10 ° _< lbl < 30% This spectrum is derived from the 
slopes of the lat i tude profiles presented in figure 1. The normalisation per hydrogen atom was 
done by dividing the infared slopes by the slope of the H I profile. 

Away from heating sources, and molecular clouds the far-infrared emission of the nearby 

ISM is well correlated with the column density of H I gas (figure 3). On scales larger than few 

hundred parsecs the ratio between infrared emission and gas column density varies significantly 

from one region to another. The variations in the infrared emission per H atom are probably 

related to changes in the intensity of the ISRF. Most of the infrared emission measured away 

from OB associations comes from dust associated with H I gas; the average infrared luminosity to 

mass of gas ratio is 1.6 L®/M@ for this component of the interstellar medium. The high latitude 

molecular clouds surveyed by Magnani et al. (1985) contribute for a negligible fraction of the 

emission seen at [b[ _> 20 °. The diffuse ionized gas observed outside discrete H II region (Reynolds 

1984) which accounts for about 20% of the local density of atomic gas could contribute for part 

of the infrared emission. However, the direct correlation between 100#rn and H I emission at 
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high latitude leads to the same infrared emissivity per hydrogen atom than the one derived from 

the cosecant laws of figure 1. A possible explanation of this result is that the distribution of the 

diffuse ionized gas is correlated with the distribution of the H I gas. 
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Fig. 3. Pixel-by-pixel comparison between 100#rn and H I emission in the northern and 
southern polar caps. To avoid contamination by stray-radiation we used for this compariosn the 
H I survey made with the horn-reflector of the Bell Laboratories (Stark et al. 1987). Each cross 
represents a 1.5°xl.5 * pixel 

Embedded stars have a negligible contribution to the infrared emission of molecular clouds 

not associated with HII regions. Those clouds which account for most of the molecular mass in the 

Galaxy are mainly heated by the interstellar radiation field (ISRF). In the solar neighborhood, the 

infrared luminosity per mass of gas of molecular clouds not associated with H II regions is of the 

order of 0.8 Lo/Mo, half of the value derived for the atomic gas. The difference between atomic 

and molecular gas is due to the optical depth of molecular clouds to UV and optical photons from 

the ISRF. Figure 4 presents a pixel-by-pixel comparison of the lO0#m and CO emission of the 

Orion A and Chamaeleon II molecular clouds chosen as example of clouds of high and low star 

formation activity (Boulanger et al. 1988). For clouds like Chamaeleon II that are largely devoid 

of star formation, the infrared emission which is dominated by the external heating correlates 
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with the CO emission. In more active clouds, like Orion A, the infrared and CO emission are 

correlated only outside star-forming regions. At the bottom of the 100#m-CO diagram, a lower 

envelope shows this correlation. Points representing lines of sight in the direction of star-forming 

regions appear scattered above the line of correlation; the radiation absorbed from embedded 

stars is for these points comparable to or much greater than the emission associated with the 

external heating. The correlation between CO and 100#m emission seen outside star forming 

regions indicate that for clouds not associated with H II regions the far-infrared and CO emission 

are equally good tracers of the molecular gas. 
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Fig. 4. Pixel-by-pixel comparison between 100#m brightness and CO integrated emission for the 
Orion A and Chamaeleon II clouds. The pixel size is 8'x8'. 

The good correlation between infrared emission and gas column density implies that IRAS 

data can be used to study the distribution of molecular and atomic gas away from the Galactic 

plane, and to measure the extinction at high Galactic latitude. For relative measurements over 

angular scales smaller than typically 10 ° the sensitivity limit at 100#m corresponds to emission 

from a column density of gas of few 10]gHcrn -2 or A v  of 0.01 mag; uncertainties on absolute 

measurements of A v  are of the order of 0.05 mag. The 100#m maps of the northern and southern 

polar caps presented in figure 5 give an overview of the extinction at high Galactic latitude. 
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3. ORIGIN OF THE EMISSION 

3.1 Solar Neighborhood 

To interpret the infrared emission of galaxies in terms of star formation properties, one must 

answer two related questions: 

(1) What  are the relative contributions of stars of different type and age to the heating of 

dust? 

(2) What  are the respective contributions of molecular clouds, atomic gas and HII regions to 

the infrared emission? 

Attempts to answer these questions from observations of the Galactic plane are hampered by 

confusion because the infrared emission arises in different components of the interstellar medium 

integrated along the line of sight, and by extinction which obscures the distribution of star  light 

across the Galaxy. In the solar neighborhood, the question of the origin of the infrared emission 

can be addressed more directly, because the different components of the interstellar medium are 

observed separately, and also because the distribution of stars is known. 

The IRAS, H I and CO surveys enabled BP to estimate the overall emission from the different 

components of the interstellar medium. The infrared luminosity per unit surface is 14.5 L®/pc 2. 
Dust associated with atomic and ionized gas away from star-forming regions accounts for 70% of 

this emission; HII regions and molecular clouds contribute for about 20% and 10%, respectively 

(see BP). These numbers show that  80% of the infrared emission from the solar neighborhood 

comes from dust heated by the ISRF. Using the extinction curve, albedos and the radiation field 

tabulated by Mathis et al. (1983), we computed that  ultraviolet (0.0912#rn < ), ~ 0.346#m), 

optical (0.346#m _~ A _~ 0.8~rn), and near-infrared photons ()~ > 0.8#m) account for 50%, 

30%, and 20%, respectively, of the heating of dust by the ISR.F. Ultraviolet photons of the ISRF 

originate mainly from B stars (Viallefond 1987); therefore, we find that although most of the 

emission of the solar neighborhood is coming from interstellar mat ter  not associated with star 

formation, about half of the heating of interstellar grains comes from stars younger than few 

lOSyrs. The other half comes from the older stars which are responsible for the optical and near- 

infrared emission of the Galaxy. This result probably applies to most galaxies with a low ratio 

between 1001zrn and optical emission like the solar neighborhood where vI~(lOO#rn)/vIu(O.44#m) 
is 0.3. For other galaxies we expect the fraction of the infrared emission coming from young stars 

to increase with the ratio between infrared and optical emission. 

3.2 Star Forming Regions 
To investigate how the luminosity of OB associations is spread over the ISM, and to what 

extent the luminosity of young stars is converted into infrared radiation, we studied in detail the 

infrared emission of the Orion region. 

Data gathered by BP lead to the following picture of the Orion region. The OB association 

with a luminosity of 5 10~L® is the main source of radiation over a sphere of 300 pc diameter 

containing 2.4 105M® of molecular gas and 1.6 10SM® of atomic hydrogen. With  a total  infrared 

luminosity of 1 108L® molecular clouds and associated HII regions are the dominant sources of 



129 

the emission; with a luminosity of 4 105L® the H I gas accounts for only 30emission. Therefore 

in the 300 pc sphere surrounding the OB association the origin of the infrared emission is the 

opposite of what we found for the whole solar neighborhood. 

The total infrared emission of the Orion region, about 1.4 106Lo, represents only 30% of 

the luminosity of the OB association; thus, we find that a large fraction of the radiation of the 

association gets spread over an extended volume of the interstellar medium; a study of six OB 

associations in the outer Galaxy ted Leisawitz(1987) to a similar conclusion. Close to the Galactic 

plane, the average density of the interstellar medium (atomic + molecular gas) is of the order 

of 0.6 H e m  -3  (Lockman 1984, Dame et al 1987). For this density, in the plane the opacity 

in the ultraviolet is 2.2 mag/kpc; however, as the ISM is highly inhomogenuous the effective 

opacity is certainly lower. Thus, we estimate that photons can spread as far as lkpc from the OB 

association. As the size of this distance is larger than the scale height of the disk a large fraction 

of the radiation of the OB association leaves the Galaxy. On one hand, by emphasizing the fact 

that the radiation of an association of young stars spreads over a wide volume of the Galaxy, the 

study of Orion strengthens the idea that throughout the interstellar medium a large fraction of 

the heating of interstellar dust is coming from young stars. On the other hand, the fact that a 

significant fraction of the luminosity of OB associations leaves the Galaxy questions the use of 

infrared observations to measure the overall luminosity of star forming regions in the Galaxy, and 

the luminosity of young stars in external galaxies. 
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ABSTRACT. A composite interstellar dust model is built in order to 

understand the infrared colors of various astronomical objects 

including the low-density interstellar medium (HI, H2, and HII) in 

cirrus, reflection nebulae, and HII regions. Taking into account the 

various constraints on the different dust components, in particular 

coming from IRAS data, we show that a bimodal rather than continuous 

size distribution between small and big grains is the most favorable 

solution. 

i. INTRODUCTION 

The wealth of data coming from the Infrared Astronomical Satellite 

has implied what we think is a profound revision of the composition of 

dust in the interstellar medium. Since the discovery of small grains 

emitting between 2 and 13 Mmin in reflection nebulae (Sellgren 1984), 

identified as PAHs (Leger and Puget 1984), the IRAS data has shown 

their presence even at wavelengths as long as 60 or 80 ~m. The two 

basic characteristics of the infrared emission of small grains (radius 

less than about i0 nm) are due to their low heat capacities and 

therefore their temperature fluctuations (see e.g. Desert, Boulanger 

and Shore 1986) : i) the emission wavelengths are smaller than for big 

grains, emitting at their equilibrium temperature, at the same 

distance to the illuminating object, 2) the shape of the emitted 

spectrum does not depend on the distance to the illuminating star. 

Owing to the IRAS data, these two characteristics can be recognized in 
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many different places in The Galaxy and in external galaxies. In the 

following, we describe a composite dust model and try to confront it 

to some obervations. More details can be found in Desert and 

Boulanger (1987). 

2. A DUST MODEL 

Table 1 summarizes the adopted optical properties of the different 

components of grains and Table 2 gives their size distributions and 

mass abundances relative to hydrogen. 

Table 1 

Grain type UV and Visible Infrared optical properties 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

PAHs a NC/I Leger and d'Hendecourt (1986) 

Amorphous Carb. a m/X Draine (1981) 

'Bump' grains Graphite-like bump " (Hecht's(1986) model) 

Graphite Draine and Lee (1984) 

Silicate " 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Table 2 

Grain type Mass/M H amin(nm ) amax(nm ) Density 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

PAHs 4.0 10 -4 0.4 1.5 2.3 10 -7 g cm -2 

Amorphous Carb. 7.3 10 -4 4.0 4.5 1.0 g cm -3 

'Bump' grains 4.7 10 -4 2.0 5.0 2.3 g cm -3 

Graphite 2.5 10 -3 20 250 2.3 g cm -3 

Silicate 6.0 10 -3 I00 250 3.4 g cm -3 

The size distribution is taken as a power-law with an exponent 3.5 as 

in the model by Mathis, Rumpl and Nordsieck (1977). The exact 

exponent is not very important for small grains due to their small 

size ranges. Table 2 has been deduced by trying to explain 

simultaneously the absorption curve in the UV and visible spectrum and 

the infrared emission of cirrus clouds : namely the cosecant law 

deduced by Boulanger and Perault (1987, see also this conference). 
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3. RESULTS AND DISCUSSION 

Figures i, 2, 3, and 4 show the different infrared colors of the dust 

illuminated by the solar neighborhood interstellar radiation field 

(Mathis, Mezger and Panagia 1983) multiplied by a factor X (the 

crosses correspond to X = 0.3, 0.5, I, 1.5, 2, 3, 5, 10, 30, 50, 100, 

300, 103 , 3 103). The dashed curves show the colors of big grains 

only (graphite and silicate). The continuous curves (complete model) 

show a plateau for the colors due to the presence of small grains : 

Iu(12~m)/I~(100~m ) z 0.04, Iv(25~m)/Iu(lOO~m ) ~ 0.06 for X between 1 

and 50 and I~(60~m)/Iu(100~m) ~ 0.21 for X between 0.3 and 2. The 

cosecant law is fitted with X = 1.5. Figure 3 shows the far-infrared 

color variations with the radiation field energy density. The open 

circles represent cirrus clouds at 12, I0 (cosecant law), and 5 kpc 

and the full circles are IRAS observations of p Oph region analysed by 

Ryter et al. (1987). The agreement is relatively satisfactory over 

more than 4 orders of magnitude of the energy density. 

In a minimalist sense, the model could be reduced to two types of 

grains : the small grains with a PAH like structure from about 20 to 

6 104 carbon atoms and the big grains which could be silicate cores 

with various hydrocarbon mantles (between 20 to 250 nm). However, the 

color-color diagrams should not be affected too much by the different 

underlying hypotheses of the proposed model. 
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A B S T R A C T  

We present current results on the infrared emission from visual reflection nebulae. A detailed 

study of the Pleiades reflection nebulosity shows that the 12 and 25 #m emission from this nebula 

is primarily due to nonequilibrlum emission from very small particles, while the 60 and I00 gm 

emission is primarily due to thermal emission from dust in equilibrium with the stellar radiation 

field. We discuss briefly a comparison of the Pleiades emission to that of infrared cirrus clouds 

and discuss in more detail  preliminary results of a survey of the IRAS emission from reflection 

nebulae illuminated by stars with temperatures between 3,000 K and 21,000 K. The goal of this 

survey is a determination of the excitation of the small particles believed to be responsible for 

the 12 #m emission of these reflection nebulae. 

1. ~ T R O D U C T I O N  

Visual reflection nebulae provide an ideal environment for studying the excitation of the small 

particles believed to be responsible for the diffuse t2 ~tm emission seen in reflection nebulae, 

infrared cirrus clouds, and other galaxies. The discovery of anomalous extended near-infrared 

emission in visual reflection nebulae (Sellgren, Werner, and Dinerstein 1983) originally led to a 

model in which the near-infrared continuum emission (1-5 #m) was attr ibuted to nonequihbrium 

thermal emission by very small grains (radius 10 ./Q transiently heated to high temperatures by 
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single UV photons (Sellgren 1984). This model, coupled with observations of the 3.3 #m unidenti- 

fied emission feature in these reflection nebulae, in turn led to an identification (L~ger and Puget 

1984; Allamandola, Tielens, and Barker 1985) of the emission features at 3.3, 6.2, 7.7, 8.6, and 

11.3/zm with fundamental vibrational transitions in a specific class of large molecules (radius 5-10 

/~) known as polycyclic aromatic hydrocarbons (PAtts). Spectrophotometry of these reflection 

nebulae from I to 13/zm (Seltgren et ai. 1985) showed that the emission from reflection nebulae 

in the IRAS 12/~m band is probably dominated by nonequilibrium emission, with contributions 

both from the features and from the associated continuum. Subsequent observations of the in- 

frared cirrus (Boulanger, Baud, and van Albada 1985; Weiland et ai. 1986), of the diffuse infrared 

radiation from our Galaxy (Boulanger and Perault 1987), and of normal spiral galaxies (ttelou 

1986), have found that nonequilibrium 12 ~zm emission is widespread in the interstellar medium 

of our own and other galaxies and accounts for a large fraction (20-40%) of the total  infrared 

emission from dust. Visual reflection nebulae offer a unique opportunity to study this important  

component of the interstellar medium because they provide an environment where the response 

of the small particles to differing radiation fields can be studied by choosing illuminating stars 

of different effective temperatures. The outstanding sensitivity of IRAS to low surface brightness 

emission makes its data  base the ideai tool for surveying a large number of reflection nebulae 

illuminated by stars of varying temperature in order to characterize the excitation of the 12/zm 

emission. 

2. I R A S  O B S E R V A T I O N S  O F  T H E  P L E I A D E S  

As the first step in this survey, we studied in detail the IRAS emission from the Pleiades (Castelaz, 

Sellgren, and Werner 1987). This is a nearby group of four reflection nebulae, illuminated by B 

stars, whose infrared emission is very bright and very extended. We derived 12/25 /zm and 

60/100/zm color temperatures as a function of distance from one star, 23 Tau, which are shown 

in Figure 1. These temperature profiles show that  the 12/25/zm color temperature is independent 

of distance from the star, while the 60/100 /zm color temperature decreases with distance from 

the star. This demonstrates that  the 12 and 25/zm emission is nonequilibrium emission, while 

the 60 and 100 ttm emission is due to equilibrium thermal emission from dust. 

3. C O M P A R I S O N  O F  T H E  P L E I A D E S  E M I S S I O N  

W I T H  T H E  I N F R A R E D  C I R R U S  

Our next step in understanding the emission from small particles has been to quantitatively 

compare the infrared emission from the Pleiades with that from the infrared cirrus (Werner et 

al. 1987). Our approach has been to adopt the two-component grain model used by Weiland et 

al. (1986) to model the infrared emission from high-latitude cirrus clouds and to apply the same 

grain model to the Pleiades to determine whether it can fit the emission from both reflection 

nebulae and high-latitude clouds. Our specific grain model combines a Mathis, Rumpl, and 

Nordsieck (1977) grain size distribution, with its small grain size cutoff extended to 3 ~., and an 

enhanced small-grain component that has a power-law size distribution with a power-law index 

o f - 5  and whose sizes extend from 3 to 10 .~.. The larger grains include both silicate and graphite 
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southwest through the Merope nebula. (b) Color temperatures derived from the 60 and 100 #m 

data along the same path. (c) and (d) The 12, 60, 25, and 100 #m flux densities along the same 

paths. These flux densities are the observed values rather than the color-corrected flux densities 

(from Castelaz, Sellgren, and Werner 1987). 

grains, while the enhanced small-grain component consists of graphite grains. These grains are 

heated by the radiation field appropriate to the high-latitude clouds (the interstellar radiation 

field) and to the Pleiades (the diluted stellar energy distribution), including both equilibrium and 

nonequilibrium heating. The only free parameter  is the relative amounts of large and small grains 

needed to fit the 12-100/zm energy distribution observed. We fund that  the relative amounts of 

large and small grains required are the same in the cirrus clouds and in the Pleiades, within a 

factor of two. This indicates that the grains in reflection nebulae are similar to those in more 

diffuse regions, such as the cirrus clouds. This gives us confidence that  the results we hope to 

achieve on the excitation of 12/zm emission in reflection nebulae will apply to the interstellar 

medium elsewhere in our galaxy. 
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4. S U R V E Y  O F  12 # m  E M I S S I O N  I N  R E F L E C T I O N  N E B U L A E  

We are currently working on a survey of reflection nebulae to determine the excitation of the 12 

#m emission. The results of this survey will be presented in greater depth by Sellgren et al. (1987). 

We have selected 45 reflection nebulae from the van den Bergh (1966) catalog of visual reflection 

nebulae. The illuminating stars of these nebulae range in temperature between 3,000 K and 33,000 

K. We used the IPAC facility to coadd images in all four IRAS bands for all of these nebulae. 

These images were used to measure the total  nebular flux at each wavelength for each nebula. 

This approach gave us the highest sensitivity for detecting the very faint nebulae illuminated by 

late-type stars. We also selected a nebular position offset from the illuminating star, typically 

31 away in declination, and then obtained nebular surface brightnesses in a 3' by 3' box at all 

four IRAS wavelengths. Our motivation for this second measurement, which is less sensitive 

than the total flux approach, is to avoid correcting for the direct radiation from the central star, 

which dominates the total flux (star plus nebula) at 12 and 25 #m for nebulae illuminated by 

K and M stars. This offset nebular measurement additionally has the advantage of providing 

surface brightnesses at a specific distance from the star, so that observed dust temperatures can 

be easily compared to model calculations. Positions north and south of the star were averaged 

after discarding positions contaminated by other stars in the field. Analysis of our entire data 

sample using this nebular offset technique is not yet complete; to date we have data  for 12 nebulae, 

whose illuminating stars range in temperature from 5,000 K to 21,000 K. We caution that further 

analysis of our entire sample may modify some of the tentative conclusions we present below. 

We have used the offset nebular surface brightnesses to determine the relative amounts of 

infrared luminosity that  emerge in the II~AS 12 /zm band and IRAS 100 /zm band. We find 

that the ratio of t,F~(12 /~m)/r, Fv(100 tim) has values between 0.1 and 0.9, with most values 

around 0.4. In the sample to date, this ratio does not seem to depend on the temperature of the 

illuminating star for temperatures between 5,000 K and 21,000 K. The constancy of this ratio, 

which should reflect the relative amounts of nonequilibrium emission from small particles and 

equilibrium thermal emission from large grains, is puzzling in view of current models invoking 

UV excitation of the small particle emission. 

One possible explanation of the constancy of the 12 /zm to 100 #m luminosity ratio with 

temperature of the exciting star  is that both the 12 and 100 /~m emission come from nonequl- 

librium processes. We therefore examined whether the dust temperature derived from the 60 

and 100/zm surface brightnesses was consistent with equilibrium dust temperatures predicted for 

ordinary dust grains heated by the stellar radiation field. Our technique was to calculate the 

ratio of the average absorption cross section at the peak of the stellar energy distribution, Q.,  

to the absorption cross section at 100 /zm, Q100. The ratio Q./Qloo, derived from a standard 

energy balance equation for equilibrium radiative grain heating, depends only on observed quan- 

tities such as the 60/100/zm dust temperature, the observed stellar flux, and the angular offset 

between the star  and the observed nebular position. We find that the derived values of Q./Qloo 
are in very good agreement with those expected if the 60 and 100 /zm emission from reflection 

nebulae is due to equilibrium thermal emission. In particular, Q./Qloo for B stars agrees with 

the values found by other more detailed studies where the spatial distribution of the 60/100 #m 
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dust temperature shows clearly that the far-infrared emission is due to thermal emission from 

dust in equilibrium with the B-star radiation field (Whitcomb et al. 1981; Harvey, Thronson, and 

Gatley 1980; Castelaz, Sellgren, and Werner 1987; Fig. 1). The values of Q./Qloo derived for 

cooler stars in our sample clearly follow the expected trend with stellar temperature, in that  Q. 

decreases for cooler stars as their stellar energy distributions peak at longer wavelengths. This 

indicates that the 60 and 100 ~tm emission for all of the reflection nebulae measured, independent 

of stellar temperature,  is primarily due to equilibrium thermal emission. 

Our results for the 12/100/~m luminosity ratio, which we have shown represents the relative 

amounts of nonequilibrium emission from small particles and equilibrium thermal emission from 

large grains, have several consequences. The constancy of this ratio over a range of exciting star 

temperatures implies that the excitation of the small particles must be possible over a wide range 

of wavelengths, not merely confined to UV wavelengths as originally thought. This suggests that 

the absorption of the small-particles at UV and visual wavelengths must be broadband in nature, 

rather than due to a single strong absorption feature such as the 2200/~ absorption feature. Also, 

because small-particle emission at 12/~m accounts for a large fraction of the total stellar radiation 

reradiated at infrared wavelengths, the small particles must therefore account for a similarly large 

fraction of the UV and visual absorption. This also suggests that the small particle absorption 

must be over a broad range of wavelengths, since there are no single absorption features or group 

of features in the observed interstellar extinction curve to which such a large fraction of the 

total absorption can be easily attributed. Our observations therefore may lead not only to a 

revised understanding of the excitation mechanism for the small particle emission, but also to 

further constraints on the composition of the small particles based on their inferred absorption 

characteristics. Finally, the important role the small particles play in the total energetics of 

interstellar dust indicates that the small particles are critical contributors not only to the infrared 

emission of the interstellar medium, but also to the UV and visual interstellar extinction curve. 
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Abstract 

Extended infrared emission detected near many young stars can be used to divine 

the luminosity, apparent color temperature, and thermal emitting mass of the sur- 

counding regions. The dominant dust heating mechanism appears to be ultraviolet 

radiation, either from stellar wind shocks or direct stellar radiation from hotter 

stars. The infrared luminosities from these extended emitting regions are often an 

appreciable fraction of that of the central star. 

I. Extended Infrared Emission 

Extended infrared emission is often detectable around young stars (Clark et al. 

1986, Zhang et al. 1987), and can reveal morphology of dust color temperature, mass 

~f warm dust, and stellar wind luminosity if shock heated (Clark et al. 1986). 

~olecular spectral lines offer diagnostics which can confirm the presence of winds 

• nd shocks (Snell et ai. 1980, Clark and Turner 1987). 

L1551 veils a young pre-main-sequence star (IRS-5) with accompanying extended 

infrared emission from dust surrounding a bi-polar flow (Clark and LaurelJs 1986). 

the dust in this case is heated by shock produced ultraviolet radiation (Edwards et 

al. 1986, Clark et al. 1986). The luminosity of the central star is -38 L~ while 

the extended infrared bolcmetrlc luminosity is L > 19-28 L~.The dust apparent color 

temperature is 21-24 K (emissivity ~A -I to-2). The mechanical luminosity in the 

flow must be even higher, and these enormous wind luminosities strongly suggest 

that the wind derives it's energy from the process of star formation itself, i.e. 

from the gravitational energy of the cloud, and not by stellar radiation pressure. 

CED 110 exhibits extended infrared emission detected by the IRAS Chopped Photo- 

metric Channel (a high spatial resolution instrument on board IRAS) Clark et al. 

1987). The visible central star lies well above the main sequence, and is one of 

the younger visible objects in the Chameleon Cloud. We estimate an L(bol) = 21 L e 

for the star (.337 to 100 wm). The extremities of the double peaked extended 50 ~m 



emission exhibit apparent 

color temperature peaks 

of 34 K. The surrounding 

ambient density is 10 

times that of L1551, -3 

103 cm-3 (Toriseva and 

Mattila 1985). The OH 

data also reveal anomal- 

ously strong OH lines and 

high velocity wings at 

CED 110, which speak for 

a stellar wind (Clark & 

Turner 1987), presumably 

also responsible for the 

bipolar infrared emis- 

sion. The extended 

infrared luminosity is 

2.2 L~,-IO % of that of 

the star. The dense sur- 

rounding cloud results in 

a short ultraviolet path 

length from the working 

surface of the conjec- 

tured shock. 

A wedge shaped region 

of infrared emission lies 

adjacent to the bipolar 

flow source IRAS 

05553+1631 (Figure I). CO 

data taken with the Uni- 

versity of Cologne 3 m 

telescope show broad CO 

along the edges of the 

infrared emission, sug- 

gesting a limb brightened 

mostly hollow structure, 

and strong narrow ambient 

CO next to each infrared 

Figure I. a- 100 um emis- 

sion , b- CO wings, c-CO 

T(peak), d- sketch 
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peak, on the side of the peak facing away from the star. The peak infrared color 

temperature is high, -40 K, and broad OH and CO emission lines (-50 km/s) are 

detected, suggesting shock heating. These data are interpreted as a large wind 

cavity, with attendant local heating by shock produced ultraviolet at both indi- 

cated locations of substantial ambient material. 

Infrared emission near the young open cluster NGC 2169 apparently exhibits the 

final step in the destruction of the parent molecular cloud (Clark et al. 1987). 

NGC 2169 is younger than the Pleiades in consequence of the presence of main 

sequence BI stars. The infrared luminosity of this object is large, -10,000 L~, 

nearly half that of the cluster. Such an enormous fractional luminosity suggests 

that a significant fraction of the dust heating may derive from the diffuse galac- 

tic radiation field, as was also found for extended emission in Serpens (Zhang et 

al. 1987). The distance of the cloud is established by extinction in foreground 

stars, and stars within the cloud which produce extended dust heating. 

Broad OH emission lines indicate shocks in NGC 2169. The average of the stellar 

velocities is comparable to that of the gas, indicating intimate association. 

Direct radiative heating is probably the dcminant dust heating mechanism in NGC 

2169 for two reasons: (I) the infrared luminosity is orders of magnitude greater 

than that of measured winds from comparable stars, and (2) the dust temperature is 

observed to peak on stars of early B type. 

2. Results 

Table I enumerates the results for extended infrared emission from the three 

recognized bipolar flows to date: CED 110, L1551, and IRAS 05553+1631, and for the 

apparent radiatively heated extended emission from the open cluster NGC 2169. 

Table I 

Source spectral L.,bol LIR Vheating VOH 1<Tdust> Eto t 104 yrs 

class L~ L o km/s km/s K ergs 

CED 110 G2 21 2.2 56 >20* 32 2 1045 

L1551 F-G 38 19 32 >30# 23 1 1046 

05553+1631 B37 >900 "450 43 -32 26 9 1046 

NGC 2169 BI -25,000 "10,000 -- 41 27 (rad. heating) 

* maximum extent not determined by observations. 

# broad component may be greater. 

l average dust temperature assuming a dust emissivity of ~-I. 
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A signature of radiative heating of dust by local stars or the galactic diffuse 

radiation field is strong emission in all four IRAS bands, 12, 25, 60, and 100 ~m, 

with similar morphology. This apparition is displayed by "normal" diffuse clouds 

with no internal heating sources. In contrast, the three bipolar flows recognized 

to date are only clearly detected in 60 and 100 ~m emission, perhaps with accompa- 

nying very weak 12 ~m emission. 

The mechanical luminosities in these flows must be even higher. Clark et al. 

(1986) made a simple shock heating model which indicated that the L1551 mechanical 

luminosities were 2-7 times the infrared luminosities. Such enormous mechanical 

luminosities presumably could not be produced by the central star (Table I). A 

plausible energy source is the small scale gravitational energy of the cloud from 

regions as small as I au. 

3. Summary 

Very luminous extended infrared emission is sometimes detected near stars. Sup- 

porting spectroscopic observations are required to understand the physical nature 

of this emission. Shock produced ultraviolet is the inferred heating mechanism for 

three stars, while direct radiative heating is implicated for a young cluster. Per- 

haps the change occurs when the star ceasas to be shrouded by dust, and the local 

stellar UV exceeds that of the wind. A diagnostic indicator is the morphology of 

color temperature. If hottest at the star, the mechanism is presumably direct 

radiative heating, and if hottest away from the star, shock heating prevails. 

Extended infrared emission provides a new probe of physical processes near stars. 

REFERENCES 

Clark, F.O. Laureijs, R.J. 1986 A.&A, Letters 154, L26. 

Clark, F.O., et al. 1986a "Space-Bourne Sub-Millimetre Astronomy Mission" ESA 

SP-260, 173 

Clark, F.O., et al. 1986b A.&A. Letters 168, LI. 

Clark and Turner 1987 A.&A. 176, 114. 

Clark, F.O., Laureijs, R.J., Zhang, C.Y., Chlewicki, G., and Wesselius, P.R. 1987 

Mass outflows from Stars, 2nd Torino Workshop (in press). 

Edwards, et al. 1986 Ap.J. Letters 307, L65. 

Snell, R.L., Loren, R. Plambeck, R. 1980 Ap.J. Letters 239, L17. 

Toriseva and Mattila 1985 A&A 153, 207. 

Zhang, C.Y., et al. 1987 A.& A. "IRAS Study of the Serpens Molecular Cloud: I. Large 

Scale (submitted) 



BEYOND THE ASYMPTOTIC GIANT BRANCH 

Sun Kwok and Kevin Volk 

Department of Physics, University of Calgary 

Calgary, Alberta, Canada T2N 1N4 

ABSTRACT 

The evolution of the IR spectra of asymptotic giant branch (AGB) stars 

has been obtained by time-dependent radiative transfer models. These 

models are compared with IRAS photometric and spectroscopic observa- 

tions. Extrapolation of the models to beyond the AGB lead to predic- 

tions of the spectra of proto-planetary nebulae. Candidates of proto- 

planetary nebulae have been successfully found from these predictions. 

i. INTRODUCTION 

We now know that asymptotic giant branch (AGB) stars suffer from 

increasing loss of mass as they evolve. Conventional spectral clas- 

sification schemes work to about spectral type of MI0, beyond which the 

stellar photosphere is completely obscured by circumstellar dust 

created by the mass loss process. It would therefore be desirable to 

find a circumstellar feature which can be used to replace the photo- 

spheric lines as a diagnostic of the state of evolution of the underly- 

ing star. The IRAS Low Resolution Spectrometer (LRS) has observed over 

two thousand stars with the silicate dust feature with the strength of 

the feature ranging from emission to absorption (Yolk and Kwok 1987). 

This suggests a range of optical thickness in the circumstellar 

envelope from 7(9.7 ~m) = 0.i to i00, corresponding to a change of mass 

loss rate of approximately three orders of magnitude. Most of the 

stars with the silicate feature in emission have been found to be Mira 

Variables whereas those with the feature in absorption are often OH/IR 

stars with no optical counterparts. Plotting of the emission and 

absorption sources in a [25~/12~]-[60~-25~] colour-colour diagram shows 

that the emission and absorption sources are located in different parts 

of the diagram but lie on a continuous band which can be interpreted as 

an evolutionary sequence (Kwok, Hrivnak and Boreiko 1987). In this 

paper, we report our efforts in modelling the evolution of AGB stars by 

calculating circumstellar spectra and compare the results with IRAS 

photometric and spectroscopic observations. 
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2. THE MODEL 

Since stars evolve through the AGB in less than 10 7 years, a time- 

dependent model is required. Fortunately, the core and envelope of an 

AGB star are virtually decoupled, and as a result, mass loss and 

nuclear burning can be treated separately. The Paczynski core mass - 

luminosity relationship suggests that the luminosity of AGB stars 

increases exponentially with time. If one assumes a mass loss formula 

M(L,,M,,R,,..), where L,, R, and M, are respectively the luminosity, 

radius, and current mass of the star, then the circumstellar spectrum 

can be calculated by a continuum dust radiative transfer code. The AGB 

evolution is carried through until the hydrogen envelope is completely 
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Fig, i, The evolutionary tracks on the colour-eolour diagram for AGB stars with 

initial masses 1.5 and 8 M O. Numbers in legend are LRS classes. 
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removed by mass loss. We first derive the dust opacity function from 

the LRS spectrum of optically thin sources. The density profile p(r,t) 

in the circumstellar envelope is related to the mass loss formula by 

M(t-r/V)=4=r2Vp(r,t), where V is the dust velocity. A number of mass 

loss formulae were tried but few were able to reproduce the extreme 

strengths of the silicate feature as observed by LRS. An example of a 

mass loss formula with which reasonable agreements were obtained is 

M = 1.8 10 -12 (M,(0)/8Me) L,R,M, "I Me yr "I 

where M,(0) is the main-sequence mass of the star. The model emergent 

spectra are also convolved with the IRAS instrumental profile to obtain 

simulated photometric measurements at the four IRAS bands. The evolu- 

tionary tracks on the colour-colour diagram for M,(0)=I.5 and 8 M e 

stars are shown in Figure i. 

3. PROTO-PLANETARY NEBULAE 

The above models can be extrapolated to beyond the AGB where mass loss 

has stopped. It is found that the spectrum takes on a peculiar shape 

with a sharp decline in flux at wavelengths shortward of the silicate 

feature. This is due to the cooling of the dust as it disperses and 

the resulting shift of the peak of the dust continuum to longer 

wavelengths. A search of the LRS catalogue for objects with such 

spectral behaviour results in a number of candidates, including 

IRC+I0420, VI027 Cygni, 18095+2704 and 10215-5916. 18095+2704 was 

observed by Hrivnak, Kwok and Volk (1988) at the Canada-France-Hawaii 

Telescope and was identified with a star of V=10.6 magnitude. Spectro- 

scopic observations at the Dominion Astrophysical Observatory suggest 

that it has the spectral type of F2II/Ib, similar to a number of high 

galactic latitude F supergiants (e.g. 89 Her) which have been suggested 

as possible proto-planetary nebulae (Parthasarathy and Pottasch 1986). 

The association of the cool IRAS source with a bright visible object 

can be explained by the light of the central star emerging from the 

dispersing circumstellar envelope. 

While the evolution from the AGB to planetary nebulae cannot be 

followed in the visible because Of circumstellar extinction, the colour 

temperature of the star appears to obey a monotonically decreasing 

sequence from >600K for Mira Variables to <50K for planetary nebulae. 

It is interesting to note that while the colour temperature is contin- 

uously decreasing, the physical reason responsible is different on and 

beyond the AGB. On the AGB, the decreasing colour temperature 
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TABLE I 
EVOLUTION FROM AGB TO PLANETARY NEBULAE 

evolutionary example optical period colour silicate OH 
phase image tempera- dust 

(days) ture (K) 

AGB Mira bright 300-600 >600K emission yes 
Variables 

LAGB OH/IR no optical 600-2000 250-600K absorption strong 
stars counterpart 

post-AGB 19454+2920 no non- 150-250 ? weak 
variable 

proto-PN 18095+2704 yes non- 150-250 emission weak 
variable 

young PN Vy2-2 bright non- 100-200 emission single 
Hb 12 variable peak 

PN many bright non- <i00 no no 
variable 

is the result of increasing optical thickness of the circumstellar 

envelope, whereas beyond the AGB it is due to geometric dilution as the 

dust shell disperses into the interstellar medium. A proposed scenario 

for the evolution from AGB to planetary nebulae is summarized in Table 

i. 

4. CONCLUSIONS 

IRAS spectroscopic and photometric observations have provided important 

data for the understanding of the evolution from AGB to planetary 

nebulae, a transition phase in stellar evolution which cannot be 

effectively studied in the visible. The infrared sequence proposed 

here can be tested by the identification and observations of proto- 

planetary nebulae. 
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"fin] the survey...one source...was found which could not be identified... We feel that the 
object is in the nebula and has a gravitationally associated cool shell..lt is well known that the 
Orion Nebula is a very young association and that the probability of finding a star in the process 
of forming should be relatively high. Thus an attractive interpretation of the observations is that 
the infrared object is a protostar." 

E. E. Becklin and G. Neugebauer (1967) 

"The discovery of the infrared nebula in Orion means that the early stages of star and 
star cluster formation can be observed in the far infrared...fundamental problems concerning the 
earliest stages of stellar evolution can now be answered by direct observation." 

D. E. Kleinmann and F. J. Low (1967) 

A B S T R A C T  

A brief review is made of how IRAS has advanced our understanding of star formation. The 
IRAS survey has revealed the presence of embedded infrared sources within small, dense cores 
of molecular gas. Some of these objects may be protostars of roughly solar mass deriving a 
substantial fraction of their energy from infalling material. Circumstellar disks appear to surround 
many young stars, both in the embedded phase and, later, as T Tauri stars. IRAS also cataloged 
regions of high mass star formation across the galaxy. These data may lead to an understanding 
of what triggers the formation of such stars. Finally, while high mass star formation obviously 
contributes strongly to the infrared emission from galaxies, observations within the Galaxy show 
that a substantial fraction of infrared emission comes from dust heated by the ambient radiation 
field and not directly b y  young stars. 

1. I N T R O D U C T I O N  

It was almost exactly two decades ago that  the Becklin- Neugebauer object (BN) and the Kleinmann- 
Low Nebula (KL) were discovered by pioneering infrared surveys of the central part  of the Orion 
Nebula (Becklin and Neugebauer 1967; Kleinmann and Low 1967). Thus began a steady course of 
surveys and follow up observations that  demonstrated that  the formation of stars is best studied 
in the infrared; IRAS represents the culmination of that  effort. 

IRAS has contributed to our understanding of star formation in three ways: first, by providing 
large scale surveys of regions of nearby star formation and locating true low mass protostars, i.e., 
stars of roughly stellar mass in the earliest possible stages of evolution; second, by mapping star 
formation complexes throughout the Galaxy in a way that  reveals the interaction between giant 
molecular clouds and their environment; and third, by detecting more than 20,000 galaxies for 
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which a major source of infrared emission is the formation of high mass stars under a large variety 
of conditions. 

In this review I will concentrate on IRAS results within the Galaxy; other articles in this 
volume deal with extra- galactic aspects of star formation. Covering all IRAS results on star 
formation is impossible in a short review like this; interested readers are referred to other papers 
in this volume and to recent reviews in the Annual Review of Astronomy and Astrophysics (Soifer, 
Neugebauer and Houck 1987; Beichman 1987). 

2. LOW M A S S  S T A R  F O R M A T I O N  

IRAS provided the areal coverage and sensitivity at long wavelengths to locate the youngest, most 
deeply embedded objects in nearby star forming regions. For example, IRAS had a sensitivity 
to embedded sources with luminosities as low as 0.1Lo in the Taurus and Ophiuchus molecular 
clouds. Since the evolutionary tracks for protostellar objects more massive than a few tenths of a 
Mo achieve this luminosity in jus t  a few thousand years, the IRAS survey is likely to be complete 
in star forming regions closer than 150 pc. 

The combination of IRAS results, millimeter and ground based infrared observations and 
theoretical advances has led to the conclusions that: 1) small, quiescent clumps of dense molecular 
gas are favored sites for the formation of solar type stars; 2) many of the infrared sources embedded 
within molecular clouds are probably true protostars, defined here as objects still deriving a 
significant amount of luminosity from the accretion of nebular material; 3) disks of roughly solar 
system size surround many young stars, including optically visible T Tauri stars; and 4) an 
evolutionary scenario starting with the collapse of a rotating molecular cloud can explain many of 
the observations, including the infrared energy distributions and the existence of bi-polar outflows. 

2.1 Sources  Assoc ia t ed  wi th  Dense  Cores 

Beichman et al. (1986) examined the IRAS data for 95 small, dense condensations of molecular 
gas found within larger cloud complexes, notably Taurus and Ophiuchus. More than half of 
these clumps of gas, called "cores" (Table 1; Myers and Benson 1983), harbor IRAS sources of 
predominantly two types: optically invisible sources with energy distributions rising steeply to 
long wavelengths and found close to the densest parts of the cores; or optically visible objects 
with warmer energy distributions that resemble previously classified T Tauri stars. Other authors, 
including Clark (1987), have found a similar propensity for IRAS sources of these types to be 
located within or in close proximity to small, dense cores. Clemens and Barvainis (1987) cataloged 
248 small molecular clouds identified on the Palomar Observatory Sky Survey (POSS) plates. 
Over 300 IRAS sources were found in close proximity to more than half of the clouds in their 
catalog. 

Table I. Properties of The Dense Cores 

Gas Temperature 10-15 
Density 10 4 - 10 5 
Radius 0.03-0.3 
Mass 1-50 
Av 0.2-0.4 
Free fall time 105 

" '  K "  
c m - 3  

pc 
Mo 

km s -I 
yr 

An important property of the cores themselves is that the CO and /VH3 line widths are 
typically thermal in breadth, implying that little or no supersonic turbulence is present. The 
unsupported cores have free-fall times of approximately l0 s yr, close to the ages inferred for the 
infrared sources found within them. Thus it appears that a gas cloud with temperature, density 
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and mass similar to those of Table 1 will collapse into a star in little more than a free fall time, 
unless, perhaps, supported by a strong magnetic field. 

2.2 E m b e d d e d  Sources  as P r o t o s t a r s  

What are the properties of the embedded sources found within the nearby cores? The combination 
of ground based and IRAS data has helped lead to an understanding of these objects. Table 2 
lists some of the properties of these objects. In the table, the color temperature depends on the 
wavelengths used to derive the temperature, a result normal for a centrally heated dust cloud. Ra 
is the characteristic radius at which emitting dust is found; the mass and age of the underlying 
protostar are inferred from evolutionary models, and Av is an estimate of the optical extinction 
to the source (Myers et al. 1987a). Temperatures as high as 3000-5000 K are derived from 
near infrared observations and imply that underlying most of the IRAS sources are objects with 
photospheric temperatures. 

Table  2. P rope r t i e s  of The  E m b e d d e d  Sources 

Color Temperature 30-5000 
Luminosity 0.5 - 50 
Rd 50-5000 
Stellar Mass 0.25-1.5 
Age 105 
Av 10-30 

K 
Lo 
AU 
Mo 
yr 

mag 

The spectral energy distribution from 1 to 100 ~m demonstrates, however, that these em- 
bedded objects are not simply normal stars enshrouded within a molecular cloud. Figure 1 gives 
a typical energy spectrum for the embedded objects from the near infrared out to 100 ~m. A 
detailed analysis of the emission (Myers et al. 1987) demonstrates that the observed radiation 
arises from three components: a hot, central star whose appearance is modified by extinction, a 
disk of material approximately 50 AU in diameter and dust in the molecular cloud core heated 
by the central star (Table 3). 

To understand why the three component model is required by the observations, consider first 
a model wherein a normal star lies embedded within a molecular cloud with a density law that 
peaks toward the center of the cloud. The appearance of the source in the visual and near infrared 
will be that of a hot blackbody as modified by the effects of extinction. At longer wavelengths 
the appearance of the source will be determined by the temperature and density distribution of 
the dust grains heated by the central star. Thus, the infrared observations can constrain the 
temperature of star as well as the distribution of the dust surrounding it. 

Table  3. C o m p o n e n t s  of R a d i a t i o n  f rom E m b e d d e d  Sources 

Wavelength Radiation 
range (#m) Source 
0.7- 3 Star+Dust Abs. 
3- 30 Star + Disk 
30-300 Core 

Temperature 
(K) 

3000-5000 
100-1000 
10- I00 

The shaded area in Figure I shows that a two component model fails to account for the 
strength of the mid-infrared emission, 3-30 ~m. Approximately 25% of the bolometric luminosity 
of the embedded sources is emitted at these wavelengths, but to emit over this band, dust must 
have temperatures between 100-1000 K and must, therefore, lie within 1-100 AU of a star of 
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Figure  1. The typical energy of one of the embedded sources associated with a small, dense core 
of gas. The data are from Myers et al. 1987. The dashed curves represent the two component 
model described in the text (a star attenuated by dust that heats its surroundings). The shaded 
area shows the deficit between the observed emission and the prediction of the two component 
model, approximately 25% of the total. The solid line represents a fit to the data of the model 
given by Adams, Lada and Shu (1987). 

roughly stellar luminosity. However, the presence of significant amounts of material that close 
to the star is inconsistent with the optical depth of dust expected from a spherically symmetric 
distribution of dust in the surrounding core. If the inner boundary of the core extends to within 
a few AU of the central star, then the Av inferred from integrating the dust density law from 
the outer to inner edges of the cloud, for any reasonable power law dependence, is hundreds of 
magnitudes and would render the star invisible in the near-infrared. Alternatively, if the star is 
to be detectable in the near infrared, there should not be strong mid-infrared emission, if the dust 
distribution is spherically symmetric. This 3-30 ~m excess is a general problem for the embedded 
sources (Beichman et al. 1986; Myers et al. 1987a). 

A solution to the problem invokes the presence of a disk of material with a radius of approxi- 
mately 50 AU, located within a hole of approximately the same size in the prevailing distribution 
of dust within the core (Myers et al. 1987a). An disk inclined to the line of sight can have dust 
close enough to the star to emit appreciably at 3-30 ~m, yet will not occult the star in the near 
infrared. It is of interest that Adams and Shu (1986) have demonstrated on very general grounds 
that a passive disk that merely absorbs stellar radiation will absorb and re-emit 25% of the stellar 
luminosity. This fraction is of the same order as that seen in the 3-30 9m band for the embedded 
sources. 

Although the above arguments are qualitative, they are borne out by more sophisticated 
calculations. A detailed physical theory by Adams and Shu (1986; see also Adams, Lada and 
Shu, 1987a; and Shu, Adams and Lizano, 1987, and references therein) specifies the rotational 
and infaU velocities of the cloud and predicts in a natural manner the formation of a disk around 
a central star. Their models result in an excellent fit to the 1-100 ~m spectral energy distributions 
of a variety of embedded sources and T Tauri stars (Figure 1). 
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An example of a source where the disk may, in fact, lie in the line of sight is the remarkable 
source found in Ophiuchus (Walker et al. 1986); suggestive, but inconclusive, evidence of infall in 
the spectral lines of some molecules implies that this source may be one of the youngest known 
protostars. 

2.3 Disks A r o u n d  T Taur i  S ta r s  

IRAS detected approximately 50-75% of the T Tanri stars known to abound in the Taurus- 
Auriga complex (Rucinski 1985; Emerson, Cohen and Beichman 1987; Harris, Clegg and Hughes 
1987). Energy emitted Iongward of 12 um is not a major contributor to a T Tauri star's lu- 
minosity; only 10-20% of the bolometric luminosity comes out in IRAS wavelengths. However, 
the colors of known T Tanri stars are quite well defined with 0.03< toglf~(25)/f~(12)l < 0 . 5 8 ,  - 

0.26< log[f~(60)/fu(25)] <0.41 and -0.61< log[]v(lOO)/f~(6o)] < 0.69 (Harris et al. 1987); these ratios 
are for flux densities that have not been corrected for the effects of the broad IRAS passbands. 
Harris et al. used these colors to find new candidate T Tauri stars in the Taurus region. The new 
objects follow closely the spatial distribution of the previously known stars. The overall proper- 
ties like luminosity and inferred mass of the T Tanri stars are similar to those of the embedded 
sources and a number of the above mentioned authors have asserted that the T Tauri stars are 
older siblings of the embedded stars that have already erupted from their chrysalids. 

Arguments like those presented above for the embedded sources imply that the infrared emis- 
sion from the T Tauri stars arises in three different components (star, disk and cool residual dust), 
albeit in different ratios than for the embedded stars. The photosphere and disk contribute ~ 
90% of the total luminosity; the bulk of the radiation seen by IRAS (~ > 25 urn) comes from a 
small residual dust envelope. (Rucinski 1985; Adams, Lada and Shu 1987a,b; Emerson, Cohen 
and Beichman 1987; Adams and Shu, this conference). 

One of the most important questions to be resolved by future observational and theoretical 
work is whether the disks seen around the embedded sources and the T Tauri stars are passive, 
i.e. heated by radiation from a central star, or active, i.e. heated by accretion or other processes 
in the disk itself. A first attempt at understanding this can be made by dissecting the spectral 
energy distributions of T Tauri stars. A number of authors have used visible and near infrared 
observations to constrain the photospheric component, which can then be subtracted out to leave 
an excess that is attributable to the disk (Rydgren and Zak 19871 Emerson, Cohen and Beichman 
1987). The spectrum of the 1 to ~ 12 um excess over the photosphere can be directly related to 
the temperature gradient in the disk. Spectral power laws, ,~ F~ c~ ~-°.75to~ -1 are seen which are 
significantly ~hallower than the .~-133 expected for either a passive disk or a classical Keplerian 
accretion disk (Adams et al. 1986; Lynden-Bell and Pringle 1974). Adams, Shu and Lada (1987b) 
have asserted that T Tauri stars with relatively flat infrared energy distributions must have disks 
that are actively heated, perhaps by non-viscous effects such as local gravitational heating. 

In this discussion of disks it is important to note that high spatial resolution infrared imaging 
and millimeter interferometry have resolved disk-like structures around a number of young T Tauri 
stars (Beckwith et al. 1984; Grasdalen et al. 1984; Sargent and Beckwith 1987). Observations 
like these offer the prospect of characterizing directly the mass and other physical properties of 
the disks. 

Another vital question for future work concerns the relation between these disks, the formation 
of planets and the disks seen around main sequence stars such as Vega and ~ Pictoris. It should 
not be forgotten that these nearby protostars are representative of what the primitive solar nebula 
was like some four billion years ago. 

2.4 Outflows a n d  t t I t  Objects  

The discovery of energetic, bi-polar outflows of molecular material from young stellar objects 

revealed an important new aspect of how stars form (Snell, Loren and Plambeck 1980) . CO 
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observations of IRAS sources have added important new clues to the role of outflows in shaping 
the evolution of young stars. Myers et al. (1987b) have shown that outflows are often associated 
with IRAS sources found in the dense cores described above. Between 25~0-50% of IRAS cores 
show outflows, although some are very weak, 10 -8 Mo yr -1. The observations suggest that 
sources with outflows are in a different evolutionary state than those without flows (Figure 2). 
For example, IRAS sources with outflows are 3 times more luminous than those without (on 
average 7 Lo vs. 2.4 Lo), although selection effects may play a role in producing this difference 
(Myers et al.). IRAS data also show that the exciting stars of Herbig-Haro objects, i.e. those 
embedded sources showing optical evidence for outflowing material, are more luminous than those 
objects without HH objects (Cohen and Schwartz 1986). 

~I 
LUMINO SITY OF 

EMBEDDED SOURCES 

OUTFLOW 

UTFLOW 

~ OUTFLOW 

STARS 

LbollL o) 

Figure 2. Histograms show that the bolometric luminosities of IRAS sources associated with 
bipolar outflows observed in CO (Myers et al. 1987b) or associated with optical outflows and/or 
Herbig-Itaro objects are higher than those without activity of this kind. (Myers et al. 1987b; 
Cohen and Schwartz 1987). 

An important result deduced by Myers et al. (1987b) is that the outflows probably carry 
enough momentum and kinetic energy to disperse a small core. Thus, outflows are probably the 
main agent of cloud dispersal, at least for small clouds. Evidence for this process comes from the 
observations of the Barnard 5 cloud (Beichman et al. 1984), where the source IRS 4 has cleared 
out a cavity in the surrounding cloud (Goldsmith, Langer and Wilson 1986). A molecular cloud 
which shows a remarkable collection of these phenomena is the cloud NGC 1333 which has 9 
IRAS sources, 7 outflows and 15 HH objects. (Jennings et al. 1987; Knee et al. 1987}. 

The ubiquity of outflows is an important problem. Do all sources pass through an outflow 
stage? Are sources with outflows younger or older than those without? An important first step 
in answering these questions comes from the comparison of complete IRAS and CO surveys of 
the Mon OB1 molecular cloud by Margulis and Lada (1986). These authors found IRAS sources 
associated with 6 of the 9 CO outflows in the cloud. The limiting luminosity of the IRAS 
data, approximately 5 Lo, is consistent with the remainder of the outflows having slightly fainter 
infrared counterparts. More surprising, however, is the result that 24 of 30 IRAS sources did not  
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show outf lows,  implying that outflow phase lasts only 20% of a star's lifetime as bright infrared 
source, or occurs for only 20% of all infrared bright stars. Margulis and Lada suggest that the 
objects without flows are very young protostars. While this explanation is possible, so too is the 
opposite; the objects without flows might be older than the outflow sources, possibly T Tauri 
stars that have evolved beyond the outflow phase, but which are still trapped within the large 
Mon OB1 cloud. 

Finally, there remain uncertainties about the physics of outflows. Is the outflow a collimated 
stellar wind driven by the central star or is the outflow a hydrodynamic consequence of the infall 
process (Pudritz 1985)? In the former case, the start of outflow might mark the onset of a specific 
physical process within the star, such as deuterium burning (Shu 1985). In the latter case, infall 
and outflow may occur simultaneously. The kinetic energy in the outflow from L1551, as inferred 
from the infrared luminosity of dust in the lobes (Edwards et al. 1986; Clark and Laurejis 1985; 
Clark et al. 1986), is such a large fraction of the luminosity of the central star, from 18- 50%, 
that it is likely that the outflow is driven by some other agency than the central star itself. 

3. H I G H  M A S S  S T A R  F O R M A T I O N  

IRAS scanned the entire Galaxy and these data, when combined with CO and HI surveys, give 
important new insights into how high mass star form. Conclusions based on the IRAS data include 
the possibility that star formation may not be triggered by internal events such as sequential star 
formation and the fact some, but not  all, of the infrared emission from a galaxy comes from star 
formation. 

3.1 Sites of High  Mass  S ta r  F o r m a t i o n  

Persson and Campbell (1987) found some 400 isolated, unconfused objects in the IRAS Point 
Source Catalog with colors similar to those of known high-mass, young stellar objects such as 
S140 and $255 (Wynn-Williams 1982). These authors examined a subset of 113 sources in the 
Southern Galactic plane using near infrared photometry, spectroscopy and optical imaging. Many 
of these sources appear to be younger than compact HII regions and to be associated with optical 
jets or nebulosity. Braz and Epchtein (1987) used a combination of near infrared photometry 
and OH/H20 maser emission to identify new young stars. Terebey and Fich (1987) examined 
a region in the outer Galaxy. The evolutionary status of these various sources can, perhaps, be 
determined by the comparison of their spectral energy distribution with models such as those of 
Crawford and Rowan- Robinson (1986). 

An important reason for the study of these objects is to elucidate the role of stellar winds 
and bi-polar outflows in the disruption of the clouds around these luminous, > 10 a Le, objects. 
The Serpens molecuIar cloud is an example of a region where newly formed B stars appear to 
have created cavities around themselves through the action of a stellar wind (Zhang, Laurejis and 
Clark 1987). 

3.2 Triggers of S t a r  F o r m a t i o n  

A number of authors have investigated the star formation rate in giant molecular clouds 
(measured by the infrared luminosity, LxR) as function of cloud mass (MH,, measured by CO 
emission and the virial theorem). Unfortunately, while the consequences of these studies are 
important, the results to date are ambiguous. If we let L~R/M~, be proportional to M ~ ,  then 
we can compare the results from these different groups. Scoville and Good derive N< 0, Solomon 
et al. and Rengarajan (1984) get N ~ 0 and Thronson and Mozurkewich get N=0.8 (Figure 3). 
The choice of samples and the measurement techniques appear to play a much greater role than 
is desirable, so that determinations of the slope of the relation seem suspect. At best it appears 
that the star formation rate is not strongly dependent on cloud mass, i.e. N~ 0. 
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Figure  3. A plot of the luminosity to mass ratio, L/M in solar units, versus cloud mass as 
determined by three different groups. The uncertainties in the results of Solomon al. (1987) and 
Thronson and Mozurkewich (1987) were determined by averaging the data for individual clouds 
within logarithmic mass bins of width 0.2. 

Scoville and Good (1987) as well as Solomon et al. (1987) argue that if the star formation rate 

is either constant or decreasing with increasing cloud mass (values of N_< 0), then it is unlikely 
that nonlinear mechanisms, such as sequential or supernova induced star formation, which make 
the star formation rate a function of number of recently formed stars, are operating. Elmegreen 
(private communication) has countered this argument by noting that in most Galactic molecular 
cloud complexes there is only one OB cluster forming at a time so that the L/M ratio averaged 
over the entire cloud will appear to be constant. Only when the mean time between the formation 
of clusters is smaller than the lifetime of a cluster (t > 106 yr) will the non-linear effects cited by 

Scoville and Good and Solomon eta/. become important. 

3.3 I n f r a r e d  as Tracer  of S t a r  F o r m a t i o n  

Boulanger and Peranlt (1987) investigated the infrared emission from the solar neighborhood 
and found that the origin of the infrared varies drastically with position in the Galaxy. By 
examining the Galactic latitude dependence of the 60 and 100 ~m intensity, these authors were 
able to show that in the solar neighborhood the infrared emission is dominated by emission from 
dust associated with diffuse HI gas and heated by the diffuse interstellar radiation field (ISRF); 
the amount of energy coming from molecular clouds or HI] regions is small. On the other hand, 
emission from HII regions and from molecular clouds heated by the ISI~F or by OB stars dominates 

the production of infrared energy in a region like Orion (Table 4). 

However, despite the importance of star formation in Orion, it can still be misleading to use 
the infrared as direct tracer of c u r r e n t  star formation rate in all but most extreme galaxies 
because of two competing effects: first, the interstellar medium is transparent on scale of OB 
association, a few hundred pc, since r(UV) ~ 2 . 2  mag kpc -1. As a result, ionizing radiation from 
an OB association can leave the confines of the association; and second, dust can be heated by 

both OB stars and by the diffuse ISRF. 
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Table  4. I n f r a r e d  F r o m  Different  Galact ic  C o m p o n e n t s  

Infrared Fraction of Total IR 
Emissivity 1 Solar 

Component (Lo/Mo) Neighborhood 2 
Cold H2/Diffuse HI 0.8-1.6 80% 
HII regions 5-25 20% 
Avg. Galactic Plane 2.5 

Orion 3 
3O% 
70% 

Notes: 
1Adapted from Boulanger and Perault. 
2Total of 14.5 Lo pc -2. 
3Total 106Lo in 300 pc diameter. 

Boulanger and Perault found that in Orion only about 1/3 of total luminosity of the OB 
association is trapped and radiated in the infrared by dust; the rest of the energy either diffuses 
throughout the plane or escapes from the Galaxy altogether. Leisawitz (1987) found a similar 
result for outer galaxy HII regions. In dense regions, like the molecular ring, however, the stellar 
luminosity is trapped and star formation accounts for more than 50~0 of total infrared output 
(Solomon et at. 1987). 

The fact that dust near star forming regions is only partially heated by young stars can be 
illustrated by examining the Orion region. Integrating over the central l°of Orion shows that 90% 
of infrared emission comes from young OB stars, while integrating over a 20°region implies that 
only 60% of the luminosity can be is attributed to star formation. The remainder of the heating 
comes from the diffuse ISRF. As Helou (1936) has pointed out, this effect means that IRAS data 
alone are not a good measure of the star formation rate in external galaxies. Emission from dust 
by the ISRF, i.e. cirrus emission, plays an important role in all but the most dusty, luminous 
galaxies. 

Models of the infrared emission from the entire Galaxy confirm the importance of infrared 
from non-star forming regions (Cox and Mezger 1987; Cox, this conference). These authors found 
that HII regions and hot core molecular clouds account for only about 30% of total infrared output 
of the Galaxy; most of remainder comes from dust associated with HI heated by the ISRF, i.e. 
cirrus. 

4. C O N C L U S I O N S  

IRAS has added greatly to our understanding of how stars form. By examining\g~ousands of 
degrees instead of a few square arcmlnutes like the surveys that discovered BN-~r~KL,  square 

IRAS was able to give a complete and unbiased view of where and under what conditions stars 
form. The major conclusions to be drawn from the studies discussed above include: 

1) Low mass stars form out of small dense cores of molecular gas on time-scales of 105 yr. 
Some of these objects appear to be accreting material from the surrounding gas clouds. 

2) The spectral energy distribution of the embedded IRAS sources and ofT Tauri stars suggest 
that disks are an important structure throughout much of the pre-main sequence lifetime of stars 
(and beyond, cf. Vega and ~ Pic). 

3) Outflows and accretion may co-exist throughout the infancy of a star until the protostar 
breaks out from its cocoon of dust and gas by means of the outflow. 

4) The efficiency of star formation appears to be constant over a large range of cloud masses, 
but the extent to which this result can be used to rule out certain triggers of star formation 
remains ambiguous. 

5) Infrared emission within the Galaxy originates in dust found in two distinctly different 
realms, either in massive star forming regions or in quiescent HI gas. This combination of mecha- 
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nisms makes it difficult to determine global properties, such as the star formation rate, in external 
galaxies. 
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S U M M A R Y  

The Infrared Astronomical Satellite (IRAS) surveyed the sky at 12, 25, 60, and 100 # m  providing 

an invaluable, unbiassed far-infrared database for the study of regions of active star formation. 

We obtain the far-infrared luminosity functions of Taurus and Chamaeleon, within which the 

stellar populations appear to be at a similar evolutionary stage (within statistical errors). We 

then convert the far-infrared luminosity functions to equivalent bolometric luminosity functions, 

and find a shortfall in the number of intermediate and high mass objects when we compared to 

the initial luminosity function for field stars (Miller and Scalo 1979). 

1 I N T R O D U C T I O N  

Considerable progress has been made in the understanding of star formation over recent years (eg. 

Black and Matthews 1985, Peimbert and Jugaku 1986, Shu, Adams, and Lizano 1987), but much 

of this work has been severely biassed by selection effects. Past investigations have concentrated 

on known regions of interest, and it is unclear whether these regions are representative of the 

star formation process as a whole. This is a progress report of a program in which we aim 

to characterise the global (statistical) properties of many regions of low mass star formation 

on the basis of IRAS data, and then compare the IRAS derived properties of these regions 

with characteristics of the gas, and with theoretical expectations to better understand the star 

formation process. 

We concentrate on' the molecular cloud complexes in our galaxy which are only forming 

low mass stars since these regions are less complex than those with high mass star formation, 

and since current theory for these objects is comparatively simple and complete (Shu, Adams, 

and Lizano 1987). It has also been suggested (Herbig 1962, Mezger and Smith 1977) that star 

formation occurs by different processes for high and low mass stars, which may cause difficulties 

in the interpretation of the luminosity function in a region where both low and high mass stars 

are forming. 

2 M E T H O D  

We select dark cloud complexes with known distances and no high mass star formation. We chose 

Taurus and Chamaeleon as the first two regions to be investigated both because of their proximity 

(160pc (Cohen and Kuhi 1979), and 140pc and 200pc for Chamaeleon T1 and T2 (Whittet  et al. 

1987), respectively) and because they are well studied at other wavelengths (Elias 1978, Cohen 

and Kuhi 1979, Jones and Herbig 1979, Rydgren 1980), allowing us to check the validity of our 
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approach by establishing whether conclusions drawn from far-infrared data are consistent with 

those obtained at other wavelengths. 

T A B L E  I. 
IRAS colour definitions of the various population types given by Emerson (1986). 

OBJECT TYPE 1 ["25-12] 2 [-'60-25] [100-80] 

1 Stars  -0 .7  TO -0 .2  -0 .9  TO -0 .4  -0 .2  TO -0 .6  

2 Bulge Stars  -0 .2  TO +0.3 -0 .8  TO -0 .2  - 

3 P l ane t a ry  Nebulae +0.8 TO +1.2 0.0 TO +0.4 -0 .4  TO 0.0 

4 T Tauri Stars 0.0 TO +0.5 -0.2 TO +0.4 0.0 TO +0.4 

5 Cores +0.4 TO +1.0 +0.4 TO +1.3 +0.1 TO +0.7 

6 Galaxies 0.0 TO +0.4 +0.6 TO +1.2 +0.I TO +0.5 

1 Molecular cloud hot spots, Till regions, reflection nebulae and star formation regions all occupy 

an area similar to that of molecular cloud cores (5) and galaxies (6). 

/~OglO [ S ,  {12 / l 

Within the RA and Dec boundaries of the regions will lie fore- and background objects. We 

only consider IRAS sources with flux detections in three adjacent bands to enable us to classify 

objects by their IRAS colours alone (see Table 1, from Emerson 1986), and hence differentiate 

between true members of the star formation region (types 4,5 and 6 of Table 1) and field objects. 

Figs. l a  and lb  show IRAS colour-colour plots of all the sources in Taurus (a) and Chamaeleon 

(b) which have flux detections at 12, 25, and 60#m. 
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Fig.la Fig.lb 
IRAS colour-colour plots of sources in Taurus (a) and Chamaeleon (b) with flux detections at 1~, 

~5, and 60 pm. The boxes correspond to the object types given in Table i. 

3 T H E  F A R - I N F R A R E D  L U M I N O S I T Y  F U N C T I O N  

Having thus selected a sample that is part of the star formation region, we calculate the total 

in-band flux in Wm -2 by multiplying the IRAS catalogue flux densities by appropriate band- 

widths in Hz and adding together the fluxes in each band (not including upper limits). We then 
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extrapolated the fluxes out to infinity by first calculating a colour temperature from the ratio of 

the flux detections at the two longest detected wavelengths, and then using a blackbody of that 

temperature scaled to the detection at the longest wavelength. The total flux (catalogue data 

plus extrapolation) was then used to find far-infrared luminosities (LFxR in L®). 
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The far-infrared luminosity functions of Taurus (a) and Chamaeleon (b). 

Figs. 2a and 2b show the far-infrared luminosity functions of Taurus and Chamaeleon, the 

profiles of the functions are similar, as are the maximum far-infrared luminosities which we observe 

(L . . . .  see Table 2). 

Assuming that the luminosity function is a simple power law of the form: 

N and N is the number of sources in the sample we can ¢ ( L ) = B L  -~ ,whereB-  ~_~]L . . . .  
l - - t  L m l  n 

use the maximum likelihood method to estimate the parameters B and 7, the results are given 

in Table 2. The power law exponents are similar and the ratio of the B's is consistent with that 

expected from the ratio of cloud volumes (indicating similar source densities). 

T A B L E  2. 

CLOUD L~a~ (L®) N B 7 

Taurus 28 80 R 09 +0"71 1.18 ::h 0.06 
~ ' ~ - - 0 . 7 8  

Chamaeleon 26 29 q o,)+0.36 1.13 + 0.1 
v , ~ - - 0 . 4 5  

4 T H E  B O L O M E T R I C  L U M I N O S I T Y  F U N C T I O N  

It is of interest to see how our instantaneous luminosity functions compare with the initial lu- 

minosity function (ILF) of Miller and Scalo (1979), so we estimated the bolometric luminosity 

functions of the regions. We do not know the entire spectral energy distribution of many of these 

young stellar objects, so we are unable to calculate their bolometric luminosities directly. 

Within each star-forming region, we therefore divided the sources into three groups: T Taurl- 

type sources (including Herbig and Rao's (1972) Orion population objects), cores of molecular 
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clouds, and "others" which were A- and B-type stars (probably ZAMS) which had considerable 

far-infrared-excesses, causing them to appear on the colour-colour plots in the "galaxies" area. 

Myers et al. (1987) calculate bolometrlc luminosities from observational data for a sample of 

T Tauri stars and young stellar objects associated with molecular cloud cores (Belchman et al. 

1986): using their data we calculate the average value of ~ = 0.77 ± 0.01, for "cores", and 
Lbat 

L~y~ = 0.47 4- 0.03 for T Tauri stars (range: 0.13, 0.51, respectively). For "others", A0V stars 
L I ,  o t  

with associated reflection nebulosity, ~ has a value of about 0.14 (HD97300), and 0.002 for 
Lbo~ 

B7-8 stars (standard My vs. L~,ol). The error quoted is the standard deviation of the mean: the 

large range in T Taurl star values is due to the presence of objects with the IRAS colours of T 

Tauri stars (Harris, Clegg, and Hughes 1987) which are optically invisible and so radiate most of 

their energy in the infrared and beyond. We then use our FIR luminosities and these factors to 

estimate the bolometric luminosities for all our objects. 
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The calculated bolometric luminosity functions shown with the field ,tar ILF scaled to produce 
the observed number of ~ources between -0.25 and 0.75 in (a) for Tauruz. The ILF in (b) for 
Ghamaeleon is sealed to the bins between -0.75 and 0.25. (c). The ILF for p Ophiuchva (from 
Lada and Wilking 1984) is showu for comparison. 

5 C O N C L U S I O N S  

While we stress that the method employed to convert the far-infrared luminosity functions to 

bolometric luminosity functions is an approximation, several important results should be noted. In 

Fig.3a, scaling the ILF of Miller and Sealo (1979) to produce the observed number of IRAS sources 

in Taurus with loglo luminosity between -0.25 and 0.75 shows a discrepancy between the ILF 

and the number of sources observed at intermediate to high luminosities. In Cha~aadeon, scaling 

the ILF predicts the presence of about two objects in the range 1.25 _< Logxo(L6odL®) <_ 1.75, 

but here we see four objects, the A0V star HD97300, the very luminous T Tauri-type source 

12496-7650, HD97048 and a "core", the latter two objects have less than half the luminosities 

of the former. Due to the small number of objects in our sample, it is difficult to say whether 
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these results axe significant, however, Fig.3b shows a distinct discrepancy between the ILF and 

the observed number of objects with intermediate luminosities. Lada and Wilking (1984) note 

the apparent lack of staxs in p Oph with luminosities corresponding to the mass range 2-4M® 

(see Fig.3c), citing this as possible direct evidence for bimodal star formation (although they 

note statistical uncertainties prevent positive conclusions being drawn). Scalo (1986) shows that 

statistics alone predict that gaps might appear in previously continuous mass distributions as one 

moves to higher masses. 

The IRAS properties of the young stellar objects in Taurus and Chaxnaeleon indicate that 

the two regions axe at a similar evolutionary stage (within statistical uncertainties), forming low 

mass stars within quiescent clouds. Both regions exhibit a lack of intermediate- to high-luminosity 

objects when compared with the ILF, and to the p Oph population (Lada and Willdng 1984). 

Our conclusions agree with our preconceptions about these two well studied regions, and provide 

support for the hypothesis that p Ophiuchus is an intermediate stage between regions of low and 

high mass star formation, and give us confidence that this method can be used to chaxacterise 

other star formation regions and investigate their origins. 
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I N F R A R E D  S P E C T R A  OF Y O U N G  S T E L L A R  O B J E C T S  
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Astronomy Department, University of California, Berkeley, CA 94720, USA 

A B S T R A C T  

We present models of the spectral energy distributions for an evolutionary sequence of young 

stellar objects, from protostars to pre-main-sequence stars. The protostellar theory, characterized 

by a central star and disk embedded within an infalling envelope of dust and gas, can explain the 

observed infrared spectra of embedded IRAS sources associated with molecular cloud cores. Next, 

we find that T Tauri stars with near- and mid-infrared excesses can be understood as young stars 

surrounded by nebular disks. The disks in T Tauri systems are found in two varieties: passive disks 

which have no intrinsic luminosity and merely intercept and re-radiate stellar photons, and active 

disks which have appreciable intrinsic luminosity. In addition, there is another class of objects in 

which a residual dust shell still surrounds the star and disk. 

1. I N T R O D U C T I O N :  A N  O V E R V I E W  OF S T A R  F O R M A T I O N  

We begin by reviewing the basic picture of star formation that has emerged in recent years 

(see also Beichman, this volume). The genesis of stars takes place in molecular cloud cores, small 

centrally condensed regions within molecular clouds. When a cloud core collapses, it forms a 

central hydrostatic object surrounded by an infalling envelope of gas and dust; i.e., the object 

enters the protostellar stage of evolution. As the protostar evolves, the central object continuously 

gains mass at a constant rate. Eventually, a stellar wind develops and breaks through the infalling 

envelope at the rotational poles of the system. The object then enters the next stage of evolution, 

the bipolar outflow stage. As the outflow widens and reverses the infall, the newly formed star and 

disk become separated from the parent molecular cloud and the star becomes optically visible. In 

the earliest stages, the star and disk may be accompanied by a residual dust shell. However, this 

shell gradually disperses and the star/disk system is left behind. The disks in these systems may be 

either passive disks, which have no intrinsic luminosity but intercept and re-radiate stellar photons, 

or active disks, which have appreciable intrinsic luminosity. Here we show that the observed spectra 

of embedded [RAS sources and T Tauri stars with infrared excesses can be understood in terms of 

the theoretical evolutionary sequence outlined above. In particular, the embedded IRAS sources 

associated with molecular cloud cores correspond to protostars, whereas T Tauri stars with infrared 

excesses are examples of stars with circumstellar disks. 

2. P R O T O S T A R S  

In this section we discuss the emergent spectra of protostars, objects still gaining mass through 

infatl. We limit our discussion to low-mass protostars (i.e., M _< 2Mo), where the radiation field is 

not strong enough to affect the infalling envelope and the dynamical collapse is decoupled from the 

radiation. Hence, we can determine the basic structure of protostars from the dynamical collapse 

alone (see below); these results can then be used as a basis for performing the radiative transfer 

calculation required in order to determine the emergent spectra of these objects. 

Since protostars form within molecular cloud cores (see Myers et al. 1987), the observed core 

properties represent the initial conditions for protostellar collapse. In nearby molecular cloud 
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complexes (which are forming stars of low mass), these cores are observed to be nearly isothermal, 

with temperatures in the range 10 - 35 K (e.g., Myers 1985) and corresponding sound speeds 

a = 0.20 - 0.35 km/s. In addition, the cloud cores are observed to be rotating slowly with angular 

velocities 12 = 10 -14 - 1 0  - 1 3  rad/s (e.g., Myers, Goodman, and Benson 1987). At spatial scales 

much smaller than the radius of rotational support, R = a/12 ~ 0.1 - 1.0 pc, isothermal cloud 

cores are expected to have density profiles of the form p = (a2/2~rG)r -2 (see Shu 1977; Terebey, 

Shu, and Cassen 1984, hereafter TSC). 

In the idealized case, an isothermal cloud core will collapse from inside-out (Shu 1977); i.e., the 

interior of the core will collapse first, and the successive outer layers will follow. Thus, the collapse 

naturally produces a core/envelope structure, with a central hydrostatic object (i.e., the forming 

star) surrounded by an infalling envelope of dust and gas. This inside-out collapse progresses as 

an expansion wave propagates outward at the sound speed. The head of the wave defines the 

boundary of the collapse region at rn" = at, where t is the time since the beginning of the collapse. 

Outside this radius, the cloud is static; inside this radius, the flow quickly approaches free-fall 

velocities. The flow remains nearly spherical outside a centrifugal radius, R c  = GSM3122/16a s, 

the position where the infalling material with the highest specific angular momentum wilt encounter 

a centrifugal barrier (see TSC). Inside this radius, the flow becomes highly non-spherical as particles 

spiral inward on nearly ballistic trajectories. In the region immediately surrounding the star, the 

temperature will be too high for dust grains to exist and an opacity-free zone will result (see 

Stahler, Shu, and Taam 1980). 

Notice that there is no mass scale in the collapse scenario outlined above. Instead, the collapse 

flow feeds material onto the central star and disk at a well defined mass infall rate 1~I = 0.975aS/G 

(Shu 1977 and TSC). The absence of a mass scale suggests the possibility that the origin of stellar 

masses is determined by stellar processes rather than by the interstellar medium (see Lads 1985 

and Shu, Adams, and Lizano 1987a for recent reviews). 

In order to calculate the spectra of protostellar objects, we first adopt the quasi-static approxi- 

mation; i.e., we assume that the physical structure of the object (density distribution, etc.) is that 

given by the collapse scenario outlined above at a particular instant in time. We then perform 

the radiative transfer calculation using this quasi-static structure. The radiation field is divided 

into three separate components: the star, the disk, and the dust envelope. The stellar compo- 

nent is taken to be a blackbody with a (single) temperature T.. The disk radiates like a series of 

blackbodies with a power-law temperature distribution TD ~ w - q ,  where q is usually taken to be 

3/4 in accord with the theory of Keplerian accretion disks (Lynden-Betl and Pringle 1974). The 

disk radius is defined by the centrifugal barrier (see above). The effects of mutual heating and 

shadowing of the disk and star by each other are self-consistently taken into account (see Adams 

and Shu 1986; hereafter AS). Since both the stellar and disk components are attenuated by the 

total extinction of the infalling dust envelope, most of the luminosity of the system is absorbed 

and re-radiated at far-infrared wavelengths. 

In order to calculate the third component, the diffuse radiation field of the dust envelope, we must 

specify the opacity and the density profile and then self-consistently determine the temperature 

distribution in the envelope (see AS, Adams and Shu 1985). Here, interstellar dust grains (a 

mixture of graphite, silicate, and ices) provide the dominant contribution to the opacity. At 

infrared wavelengths, the scattering cross section of these grains is much smaller than that of 
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absorption; hence, the effects of scattering are neglected in this t reatment .  In addition, we adopt 

the technique of an "equivalent spherical envelope" by taking the spherical average of the non- 

spherical density dis t r ibut ion produced by the rotat ing infall solution (see AS and TSC).  This 

approach allows us to include the main effects of rotat ion - a less centrally concentrated infalling 

envelope which leads to a lower column density, a lower luminosity for a given infall rate  due to 

the storage of energy in the form of rotat ion,  and the product ion of a circumstellar  disk - while 

retaining a spherical radiat ive transfer calculation. 

In our formulation,  the luminosity of the system has six separate contributions.  We first include 

the shock luminosity, the energy liberated as the perpendicular  component  of the infall velocity is 

dissipated at the shock fronts on the stellar and disk surfaces. Also, in both the star  and the disk 

there is a mixing luminosity which arises from the further dissipation of energy as the infalling 

interstellar material  becomes adjusted to stellar and disk conditions. The  above components  of the 

luminosity can be calculated directly (and analytically) from the rotat ing infall solution (see AS, 

and Shu, Adams, and Lizano 1987b). In addition, we take into account the further dissipation of 

energy in the disk arising from accretion; this luminosity is parameter ized in terms of the fraction 

rid of the material  that  initially falls onto the disk tha t  is accreted onto the star.  Similarly, we 

allow for the dissipation of rotat ional  energy in the s tar  itself. 

We find that  the theoretical  spectral energy distr ibut ions calculated from this protostel lar  model 

are in good agreement  wi th  the observed spectra  of embedded I R A S  sources (see Fig. la ;  Adams, 

Lada, and Shu 1987a, hereafter  ALSa). The  inferred mass infa[1 rates for these objects are generally 

consistent with the measured gas temperatures  of ~35 K in Ophiuchus and ~10  K in Taurus.  
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Figure 1. Theoretical and observed spectral energy distributions of protostellar candidates. (a) Infall 

source WL 16. Data taken from Wilking and Lada (1983), Lada and Wilking (1984), Young, Lada, and 
Wilking (1986), and from IRAS; theoretical model assumes a ---- 0.35 km/s, M ---- 0.SMe, fl -- 5 x 10 -13 rad/s, 
and (rio,riD) -- (0.5, 1.0). (b) Bipolar outflow source IRS5 L1551. Data taken from Cohen and Schwartz 
(1983), Cohen et al. (1984), Davidson and Jaffe (1984), and from IRAS; solid curve shows theoretical model 
with a -- 0.35 km/s, M = 1.0Mo, f~ = 1 x 10 - i s  tad/s,  and (rl., r/D) ---- (1.0, 0.5). 



1 6 7  

In order to fit the  observed spectra,  we must adopt  cloud rotat ion rates in the range 10 -14 - 10 -13 

rad/s ,  values which are consistent with the currently available observations. For these sources, the 

total  visual extinction of the dust envelope is fairly large, A v  = 40 - 200, so tha t  most of the 

luminosity of the system is reprocessed by the infalling envelope. The spectral energy distributions 

generally have maxima at wavelengths of 60 - 100#m and have absorption features at 10 #m (from 

silicates) and at 3.1 /zm (from water ice). As expected for extended atmospheres,  the resulting 

protostellar spectra are always much broader than that  of a blackbody. The  spectra  of sources 

in the next stage of evolution, the bipolar outflow stage, can also be explained by protostellar 

infall models (see Fig. lb);  this result suggests that  both  infall and outflow are taking place 

simultaneously in such objects. 

3. T T A U R I  S T A R S  W I T H  D I S K S  

When the infall is eventually turned off, the remaining star  and disk will become optically 

visible. In this stage, the disk can be either active or passive. We first discuss the spectra of 

passive disks. All of the luminosity is intrinsic to the star,  which is taken to be m blackbody at a 

temperature  T. given by the stellar spectral classification. The  disk is assumed to be spatially thin 

and optically thick. In the limit that  the disk radius is large compared to the stellar radius, the 

disk will intercept and re-radiate 25% of the stellar luminosity. The  resulting surface temperature  

profile will approach the form TD ~ w -3/4 at large radii (see AS); thus, the disk will radiate like 

a classical Keplerian accretion disk with an effective luminosity of L . / 4  and will add an infrared 

excess to the spectral  energy distr ibution of the system. These passive disk models have no free 

parameters and produce the correct infrared excess for some observed T Tauri  stars (see Fig. 2a). 
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Figure 2. Theoretical and observed spectral energy distributions of T Tauri stars with circumstellar disks. 
(a) SR 9, a passive disk system. Data taken from Chini (1981) and from Lada and Wilking (1984); the solid 
curve shows a theoretical star/disk model with L = 3.0Lo, Av = 1.0, and To = 4000 K, whereas the dashed 
curve shows the spectrum of a reddened blackbody. (b) T Tauri, an active disk system. Solid curve shows 
the spectrum in the optically thick (MD --* oo) limit, whereas the dotted curves show spectra for finite disk 
masses of 1.0, 0.1, and 0.01 M O. The theoretical model assumes Lo = 5.0Lo, LD = 12.0L®, Av = 1.44, 
R D = 120 AU, and 7', = 5100 K. Observational data taken from Cohen and Schwartz (1976), Rydgren, 
Strom, and Strom (1976), and from 1RAS; the open symbols represent upper limits/marginal detections 
from Weintraub, Masson, and Zuckerman (1987) and Walker, Adams, and Lada (1987). 
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Next we consider another class of star/disk systems, those with active disks which have appre- 

ciable intrinsic luminosity in addition to the energy intercepted from the star. The star is taken 

to have a luminosity L, and the spectrum of a blackbody, with the surface temperature T, de- 

termined by the spectral classification. However, these systems often have spectra that are much 

flatter than that of a classical Keplerian accretion disk; hence, the disk temperature distributions 

must be flatter than TD ~ w-z/4 (ALSa). In addition to the luminosity (L,/4) intercepted from 

the star, the disk must have an intrinsic luminosity LD; this intrinsic energy source produces a 

radial temperature gradient of the form TD ~ w -q, where q is determined from the slope of the 

spectrum. Again, we assume that the disk is spatially thin (with scale height H << w) and flat, 

and has an isothermal vertical structure (see Adams, Lada, and Shu 1987b; hereafter ALSb). 

We allow for the disk to be partially optically thin by introducing a surface density profile of the 

form ~ ~ w -p. Since the resulting spectra are insensitive to the value of p, we adopt p = 7/4, the 

result for a disk built up from the rotating infall solution of the protostellar theory (Cassen and 

Moosman 1981). Specifying the coefficient of the surface density profile is equivalent to specifying 

the mass of the disk MD, which is left as a free parameter of the theory. In the limit that the disk 

becomes optically thick at all wavelengths (i.e., MD ~ oo), the outer boundary of the disk defines 

a minimum disk temperature and hence a "turnover" wavelength in the spectrum. By fitting this 

turnover in the spectrum, we obtain a lower limit to the disk radius (see ALSb). By using models 

of this type, we can fit the observed spectral energy distributions of virtually all T Tauri stars with 

infrared excesses, from passive disks (in the limit LD --* 0) to the extreme case of flat spectrum 

objects (see Fig. 2b and ALSb). 

Since the stars in these systems do not produce all of the observed luminosity, stars with active 

disks have been placed incorrectly in the H-R diagram (e.g., Cohen and Kuhi 1979). By reposi- 

tioning these stars in the H-R diagram, we can obtain new estimates for the masses and ages of the 

stars; however, these new estimates are also uncertain because the theoretical evolutionary tracks 

have been calculated without taking into account the presence of a disk. 

Through fitting the observed spectral energy distributions, we find that the disks associated 

with the flat spectrum sources must have unorthodox radial gradients of temperature and contain 

intrinsic luminosity in addition to the energy intercepted and reprocessed from the central star; i.e., 

the disks must be active. The minimum values for the radii of these disks (see above and ALSb) are 

approximately 100 AU. Maximum values for the disk masses can be obtained if measurements of the 

dust continuum emission are available at low frequencies, where the disks are likely to be optically 

thin. These mass estimates, which depend on the dust opacity at submillimeter wavelengths, are 

somewhat tentative and lie in the range 0.1 - 1.0 M o. I t  is significant that the estimated disk 

properties (i.e., disk sizes, masses, and hence disk angular momenta) are in agreement with the 

disk properties predicted by the protostellar theory (see §2 and ALSa). 

For a given star/disk system, we can use the derived disk temperature profile and stellar mass 

estimate (which determines the rotation curve of the disk) to calculate the maximum disk mass 

that is stable against self-gravity (ALSb). We find that the spectral limits and estimates of the 

disk masses derived for three systems (T Tau, DG Tau, and HL Tau) are close to the theoretical 

values that would make the self-gravity of the disks dynamically important; thus, gravitational 

instabilities may provide one possible source for the apparent disk activity. 

There is another class of young stellar objects which probably represents an intermediate stage 
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between the protostellar and the s tar /disk phases of evolution. These objects have two peaks in 

their emergent spectral energy distributions and can be explained as cases in which optically thin 

dust shells still surround the stars and disks (ALSa), perhaps because of residual infa]h Again, the 

disks in these systems can be either passive (e.g., see ALSa) or active (e.g., see ALSb). 

4. C O N C L U S I O N S  

We have shown that  the observed spectra of embedded IRAS sources associated with molecular 

cloud cores are in good agreement with the theoretical spectra of objects in the protostellar collapse 

phase. The spectra of the protostellar theory fit both the pure infall and (well-collimated) bipolar 

outflow phases of evolution; hence, infall is probably still taking place in the latter. In addition, we 

find that  the spectral energy distributions of T Tauri stars with infrared excesses can be explained 

as young stars surrounded by circumstellar disks. Some sources can be understood in terms 

of passive disks that  reprocess stellar radiation but  have no intrinsic luminosity; other systems 

require appreciable intrinsic disk luminosity. For the extreme cases in the latter category, we 

obtain estimates for the disk masses (0.1 - 1.0 Mo)  and disk radii (~ 100 AU) through spectral 

modelling. 

The picture of protostellar evolution espoused above is incomplete, especially our current un- 

derstanding of disk physics. In the rotating protostellar collapse, most of the infalling material 

initially falls onto the disk rather than the star. However, a significant fraction of this disk mate- 

rial must eventually accrete onto the star. Otherwise, the masses of the forming stars would be 

unrealistically small, the luminosity produced by the system would be much smaller than that of 

observed sources, and the disk would become unstable (in principle, this instability could drive the 

accretion). Thus, there must be some disk accretion mechanism at work, but the detailed manner 

in which it manifests itself is not yet known. A similar situation holds for disks surrounding T Tauri 

stars: we find that  such disks must have considerable intrinsic luminosity and unorthodox (i.e., 

shallow) radial gradients of temperature. At the present time, a detailed and complete theoretical 

explanation for this result is lacking. Various mechanisms have been invoked, including flaring 

disks (Kenyon and Hartmann 1987), radiative transfer effects, non-Keplerian rotation curves in 

the disk, and wave phenomena (ALSb), but  the question remains open. Thus, the problem of 

understanding disk physics at a fundamental level should be the main focus of future work. 
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A B S T R A C T  

The IRAS survey has demonstrated the existence of a previously unrecognized class of ultralumi- 

nous objects. These ultraluminous infrared galaxies represent the dominant population of extra- 

galactic emitters at luminosities where the only other objects known are quasars. Observations 

suggest that these objects are all found in merging galaxies, and appear to be dust enshrouded 

quasars. We suggest that these IR loud quasars represent the formation stage of quasars, with 

the latter stages in the evolution of such systems being found in the UV excess quasars. 

1.0 O B S E R V A T I O N S  OF  U L T R A L U M I N O U S  I N F R A R E D  G A L A X I E S  

Analysis of the galaxies detected in the IRAS survey has shown that for bolometric luminosi- 

ties L > 3x1011 L®, infrared bright galaxies are the dominant population in the local universe. 

Soifer, et al. (1986) have found that for L > 3x10 n L®, the space density of the infrared lumi- 

nous galaxies equals the space density of Seyfert galaxies, while for luminosities above 1012 L®, 

ultraluminous infrared galaxies exceed quasars in space density by a factor of 5. 

We have studied in detail (Sanders, e$ al. 1987) 10 ultraluminous infrared galaxies found 

in the IRAS Bright Galaxy Sample. We define an ultraluminous infrared galaxy to be a galaxy 

having an 8-1000 #m luminosity that is equal to the bolometric luminosity of a quasar, i.e. L 

1012 L®. These 10 objects are most amenable for detailed studies, being the closest examples 

known of the ultraluminous infrared galaxies. The distances of the objects range from 77 Mpc 

for Arp 220 to 325 Mpc for IRAS 14348-1447. The most luminous object in the sample is the 

well known Seyfert galaxy Mrk 231. 

Perhaps the most striking observational feature of these ultraluminous objects is that they 

are A L L  found in apparently interacting systems. Optical imaging of these galaxies shows that 

only one of them, IRAS 05189-2524, has a predominantly stellar appearance. All the others 

are clearly extended, and so are unquestionably galaxies. Furthermore deep CCD images show 

evidence of large scale "peculiar" structures, i.e. tidal tails, or rings in all of the systems. Four 

of these object show double nuclei. 

As infrared selected objects, it is natural that these systems should have the peak of their 

energy distributions in the infrared. However, it is the magnitude of this "infrared loud" property 

that is rather surprising. The average ratio of uLu(80 I~m) /vL , , (O.44 / zm)  for the ultraluminous 
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systems is ~ 40, as compared with ,-, 2 for the Bright Galaxy sample as a whole. 

Optical spectroscopy shows that the nuclei of all these objects have strong emission lines. 

The most fully studied of these systems, Mrk 231, has long been classified as a Seyfert 1 galaxy 

based on the very broad permitted lines. IRAS 05189-2524 and UCG 5101 also show line widths 

of > 2000 Km s -1 (FWZI) and as such are classified as Seyfert 1.5 and 1.8 systems respectively. 

Six of the 7 remaining objects from this sample show Ha linewidths in the range 1000 - 2000 Km 

s -1 and line ratios characteristic of Seyfert 2 or LINER systems. 

The near infrared colors of these systems are not at all typical of the colors of normal galaxies. 

The J-H and H-K colors of these systems have a large dispersion, 0.5 mag in J-H and 1 mag in 

H-K, with the "centroid" of J-H ,,~ 0.9 mag, H-K ,~ 0.7 mag. For comparison normal spiral 

galaxies have J-H ~ 0.74-0.1 mag, H-K ,,, 0.254-0.1 mag, while quasars have J-H ,-* 0.94-0.2 mag, 

H-K ~ 1.04-0.2 mag. 

All of these ultratuminous systems are gas rich, and most of this gas is in molecular form. Of 

the 9 systems we have been able to observe to date in the 2.6mm line of CO, all are detected, with 

an average inferred H2 mass of 2.6x10 I° M®, or 10 times that of the Milky Way. The infrared 

luminosity per unit mass of gas is also much higher in these systems than in molecular clouds 

or "starburst" galaxies. The average Lir/M(H2) for these systems is 60, with a range of 27 to 

135. In comparison, the dense HII region cores of Giant Molecular Clouds in our galaxy show a 

Lir/M(H2) ratio of ,v 20, which is also found in "starburst" galaxies such as M82 and NGC 253. 

Observations suggest that the infrared emission and molecular gas is concentrated to the 

nuclei of these systems. In Mrk 231 high resolution observations (Matthews, et al. 1987) have 

localized the 10/zm emission to within ,v 400 pc of the nucleus. In Arp 220 the 20 #m emission 

has been localized to r < 400 pc (Becklin & Wynn-Williams, 1987), while 10 l° M O of molecular 

gas has been observed to be contained within r < 700 pc of the nucleus (Scoville, e~ al. 1986). 

2.0 A M O D E L  O F  U L T R A L U M I N O U S  I N F R A R E D  G A L A X I E S  

The observations described above suggest that the dominant power source in these systems is a 

central "quasar" so heavily enshrouded in dust that it is not readily seen through observations 

in the visible, but is primarily identified through the enormous bolometric luminosity that is 

emerging in the infrared. The fact that all of these systems are found in interacting/merging 

galaxies suggests that interactions are related in a fundamental way to the formation of the 

ultraluminous infrared galaxies. We suggest that what is occurring is the formation of quasars as 

a result of the collisions of gas rich galaxies. 

In this model, the collision of two gas rich galaxies triggers the funneling of the available 

gas to the nucleus of the merger system. Presumably, this stage is accompanied by a vigorous 

period of star formation in the galaxies. The accumulation of ~101° M® of molecular gas into the 

environment of a pre-existing (e.g. Fillipenko and Sargent 1985) or contemperaneously forming 

massive black hole would seem to be the ideal environment for the formation of a quasar. The 
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physical processes involved in this merging of such gas rich systems axe outlined in the work of 

Norman (this volume). 

Initially, we would expect such a quasar to be totally enshrouded in gas and dust and would 

appear like Arp 220; i.e. the central source is nearly invisible except for its bolometric luminosity. 

In this regime the surrounding galaxy is plainly visible, indeed it is really all that is seen optically. 

As the quasar disrupts the enshrouding gas cloud through radiation pressure and outflows, the 

central source begins to become visible at shorter wavelengths. Mrk 231 might represent this 

stage where the surrounding galaxy is still quite visible but the central source is prominent. 

Ultimately, the central source sufficiently disrupts the enshrouding gas cloud to become visible as 

a "classical" UV excess quasar. At this stage the surrounding galaxy is very difficult to detect, 

because of the large luminosity of the central quasar. As the quasar evolves through the stages 

from dust enshrouded to completely visible, the luminosity of the underlying object emerges at 

substantially different wavelengths. The energy distribution at these various stages axe illustrated 

in figure 1. 

This scenario for quasar formation provides a natural qualitative explanation for the evolution 

of quasars. Once galaxies form, the average rate of formation of quasars should be proportional 

to the space density of gas rich galaxies, which increases with redshift. Furthermore, the required 

merging of galaxies creates a natural cutoff in the observed redshifts of quasars, i.e. at a sufficient 

time after the galaxy formation epoch to allow such interactions to occur. 

3.0 C O N C L U S I O N S  

One of the most surprising results to emerge from the IRAS survey has been the existence of a 

substantial population of ultraluminous galaxies. We believe that these systems have shown the 

natural link between normal galaxies and quasars, with the merging of normal, gas rich galaxies 

creating the majority of quasars. 
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figure 1. The evolution of the energy distribution during the stages of quasar 
evolution from "infrared loud" (top) to "UV loud" (bottom) systems. The 
earliest, most dust enshrouded stage is represented by Arp 220, the middle, 
still "infrared loud," stage by Mrk 231, and the late "UV loud" stage by the 
radio quiet quasar Ton 1542 and the radio loud quasar 3C273. 
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ABSTRACT 

The physical mechanisms responsible for producing starbursts are outlined including interactions, 

mergers, bars, and sinking gas-rlch satellites. The question of why a burst occurs is analysed as 

well as the problem of the disparate timescales of the interaction, burst and dynamical times. 

It is shown that there are three principal phases of starbursts associated with dynamical 

processes. Most starbursts will remain in the first normal starburst phase but given sufficiently 

large central gas masses the second very luminous stage related to a central bar instability can 

be achieved. In some cases a final ultra luminous phase occurs associated with the self-gravity 

of a massive central gas cloud. Here an active nucleus can form associated with a dense stellar 

cluster formed in the burst. 

This final fascinating phase has been treated in detail including the growth of a central black 

hole, the formation of broad emission line clouds from red-giant envelopes photoionized from the 

outside by the central continuum source, collisions between red giants, the evolution of the stellar 

population in the central star cluster, and the cosmological implications for the number density 

and luminosity evolution of quasars, active galactic nuclei and starbursts. 

The context and relevance of starburst galaxies with respect to these important astrophysical 

phenomena is shown. We can learn much from concentrating on the starburst physics relevant to 

galaxy formation and galaxian evolution along the Hubble sequence. The intergalactic medium 

can be significantly enriched by the prodigious metal enhanced outflows from starburst systems 

driven by OB winds and supernovae. It can also be heated and ionised by the energy and momen- 

tum input from the combined active galactic nuclei and starburst galaxies. Quasar absorption 

lines may well arise in these huge circumgalactlc flows. 

1. I N T R O D U C T I O N  

It has become clear that starburst galaxies are triggered into that mode by some external influence 

such as an interaction with a companion, or even a merger in the most extreme cases. Barred 

systems~ and other nonaxlsyrnmetrlcally distorted galaxies such as those with interacting satellites 

also show the starburst effect to various degrees. Burst tlmescales are usually estimated to be quite 
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short < 107 - 108 years as inferred from total gas consumption rates even with a truncated initial 

mass function. Interaction and merging time scales are an order of magnitude longer ~ 108 - 109 

yr. Standard estimates for significant gas flows in normal galaxies are yet again an additional 

order of magnitude longer ~ 1010 yr. The resolution of these obvious timescale discrepancies 

and the physics of interacting, barred, merging and other related systems are discussed in the 

following section. 

Three phases of the starburst phenomenon emerge naturally from the theoretical frame- 

work presented here. The observational basis centres on the measurements of extraordinary 

gas masses--typically 101°M® within 500 pc in the central region of starbursts using a number of 

independent techniques (Scoville 1087, Becklln 1987, Solomon 1987, Mezger 1987, Sofue 1087 and 

Carlstrom 1987)! The dynamical clue to all this is the increasing signficance of the self-gravity 

of the gas usually referred to in the current literature as the ratio of gas mass to dynamical 

mass. The first stage is the normal starburst mode where due to the physical driving mechanisms 

discussed in Section H gas flows inwards, builds up a large surface mass density and an enhanced 

star formation rate ensues. When sufficient mass concentration builds up in the centre--and the 

observation verify that this does happen, then the central gas mass tend to become unstable to the 

classic bar instability (Ostriker and Peebles 1973). Depending in detail on the spatial variation of 

the gas mass distribution, this will occur at a ratio of gas mass to dynamical mass of order 10 to 

30 percent. Rapid angular momentum transport is expected to ensue as well as a much enhanced 

star formation rate. After a thnescale of order < 10 ? years i.e. approximately ten dynamical 

times in the central regions a totally aelf-gra~tatin¢ central gas mass will result. This is the ultra 

l,,mlnous phase. Rapid collapse takes place in this third ultra luminous phase. The star formation 

rate is expected to rise drastically and as discussed this may lead to the formation of an active 

galactic nucleus. Note that very few galaxies will attain this state since such remarkable central 

gas masses are rare--although, to emphasize the point once again--in the ultra luminous cases 

such masses are observed. These various phases are studied in Section 3. 

This third phase of starburst evolution is most interesting. It seems that for the first time, 

realistic, observed, initial conditions have been found that are relevant to the formation of a 

massive central star cluster ~. 1010 M® and associated black hole. An analysis of this situation 

has been performed in collaboration with Nick ScoviUe. We take a massive coevally generated 

central star cluster and study the evolution of the star cluster, the production of red giants, 

the stellar mass loss, the growth of a central massive black hole, the formation of broad line 

clouds by photoionisation of giant envelopes from the outside by the central continuum source, 

the formation of logarithmic line profiles and many other aspects. The model relates the starburst 

and active galactic nucleus phenomenon in a quantitative way. A fundamental prediction is that 

stars should eventually be seen associated with active galactic nuclei. Identification of giants as 

broad line clouds is one way, the possible association of megamasers with this broad llne cloud 

system is another. The post-active phase is an important one to study observationally since, for 

example, A-type spectra may be seen in the very central region of, say, weak Seyferts that are in 

a low state of activity. These concepts are discussed in Section 3. 



179 

The starburst galaxies are centrally related to our ideas on the formation of galaxies and 

their subsequent: evolution. A quite respectable view (Toomre 1977) is that the formation of 

round systems such as elliptical galaxies and bulges is a secondary process that results from 

interactions between massive galaxies in the first instance and rather unequal mass galaxies in 

the second case. Usually this merging and interacting process is envisaged to occur early in the 

galaxy formation phase at a redshift of, say, a few and it probably involves the collision of gas-rich 

protodisks such as those observed recently by Wolfe et al. (1986). However, at the current epoch, 

luminous starburst galaxies are probably low level and late forming examples of this phenomenon 

of bulge building and elliptical galaxy production. Furthermore we can bring many techniques 

to bear to determine the physical properties of the galaxies at the present epoch using them as 

laboratories for studying processes which mainly occur at much earlier epochs. The outflows 

observed from starbursts are of order 1-100 M® yr - t  extending to tens of kiloparsecs. Significant 

metal enrichment is occurring as well as energy and momentum input into the circumgalactic 

and intergalactic media. Hot, enriched halos around freshly minted ellipticals can be formed 

and the intracluster and intergalactic media can be very substantially enriched. The universe at 

redshift one to five is becoming a most interesting and observationally accessible place. Quasar 

absorption lines are one particularly fascinating field and the origin of metal rich absorption line 

system have already been suggested to be related to starbursting Magellanic systems and dwarf 

galaxies (York et al. 1986, ]:keuchi and Norman 1987). These starburst outflows seem, however, 

to be even more plausible candidated with their large filling factors and their filamentary, metal- 

rich knots--  particularly if they are much more numerous at earlier times. These matters are 

discussed in §5. A summary and conclusions are given in Section 6. 

2. P H Y S I C A L  M E C H A N I S M S  F O R  G A S  I N F L O W  

Here we shall study three specific physical mechanisms for the transport of substantial amounts 

of gas into the central regions of galaxies. Firstly we shall study the disk capture of gas-rich dwarf 

galaxies. 

2.1 Disk capture of gas-rich d w a r f  galaxies 

Cold disks are extremely responsive to perturbations by even relatively low mass satellites. This 

in turn means that satellite orbits can be strongly affected by cold disks. A detailed study of the 

sinking satellite process has been made by Quinn and Goodman (1987) who find that a reasonable 

estimate of the satellite sinking time is 

r j , ~ 4 × 1 0 9 k 2 2 0 k m s _ l J  ~-'-'-M-~e ) \lOkpc] 

where Vclr¢ is the flat rotation curve velocity of the disk and Ms and ra are the mass and 

galactocentric distance of the satellite and l r r i  is the standard cut-off term. The effects are quite 

subtle, incorporating resonances and horseshoe orbits, as well as straight dynamical friction. 

Substantial disk damage can occur in the Late stages which can result in significant bulge heating 

in the central parts. There is certainly a lack of gas rich dwarfs available to be accreted by 

luminous, L.,  galaxies at the current epoch. There were undoubtedly more of these objects at 

redshifts greater than or of order unity but to account for the current starburst population it is 

probably necessary to manufacture them in an interaction process whereby bridges and tails are 
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formed that then break up into small, bound subunits that can then be accreted--the net result 

being a real mass transfer. Note that considerable amounts of gas must be involved here--at  least 

of order > 10 s M®! 

For the more powerful systems, direct mergers seen to be the only way. Galaxies are made 

of collisionless stars and multi phase interstellar media and can, in fact, undergo quite inelastic 

collisons if the relative velocity is less than ll0°~ of their internal velocity dispersion. In the sub- 

sequent violent relaxation process where potential fluctuations are of order unity, approximately 

half the relative motion is soaked up by internal energy, and each particle has roughly equal 

probability of being anywhere in the available phase space. Bound clouds will be thrown toward 

the center and suffer cloud-cloud collisons thereby increasing this binding energy. A density law 

p ~ r - a  where a varies between 2 and 3 is usually found (van Albada 1982, Carlberg, Lake and 

Norman 1986). A comparison of simulations and actual observation of mergers gives one great 

confidence that the merging process is occurring in very luminous and ultra luminous starburst 

galaxies (Joseph and Wright 1985). 

The general form for interaction with companions that drive wave and bars has been studied 

by (Norman 1985, 1987a, b, c, Combes 1987). Given a general non-axisymmetric distortion the 

time scale for gas to flow inwards is given by 

1 C ~l(r} ~ /Zeotal" ~ 

where flCr ) is the angular velocity curve, rn is the number of arms, Ewaw/Etot~ l is the ratio 

of wave to total energy and "7 is a parametrisation of the dissipation rate due to shocks, and 

cloud-cloud collisions. This wave induced drag exceed the viscous inflow purely due to collisions 

if Ewa~¢/Etot, > (1 ]v~ )Ch /mr )  when h and r are the scale height and radius of the disk. A 

simple formula that can be used as a rule of thumb is 

Total energy~ yr 
r~nf/ow(10 kpc) .~ 108 ~,Wave energy/ 

and thus for normal Sc's we have rinflo w ~ 10 I0 yr but for systems with wave amplitudes of 

order ~ 30% resulting from a very large distortion due to interactions etc. we have a time scale 

of ~ 3 × l0 s yr!! Note that, as discussed by Lubow (1987), even for a 10-15% gas to star ratio 

all the response is in the ga~---not the stars!! 

3. T H E  T H R E E  P H A S E S  OF S T A R B U R S T  G A L A X I E S  

Let us first look at the relevant timescales. For massive central starbursts the burst time scale is 

107 - l0 s yr. The time scale to accumulate gas in the central region from the work of Section 

2 i s  ~ 1 0 8  - 109 years which can for, strong interaction and perturbations, make the dynamical 

timescale associated with such interactions sufficiently short. Why then is there a burst? Is there 

a real threshold effect? Recent observations lead us to this being a very strong possibility. For 

the very luminous galaxies (Scoville eta/ .  1987, Scoville 1987, Becklin 1987, Mezger 1987), the 

smaller system II Zw 31 (Sage and Solomon 1987) and the well studied nearby system M82 (Sofue 

1987, Carlstrom 1987) values of gas mass inside, say 500 pc, are found to be of order 0.1-0.3 the 

total interior dynamical mass. This then leads us to the almost inevitable conclusion that a bar 
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instability will form in the gas. Robust criteria to use here are the Ostriker-Peebles condition 

T / W  ~ 0.14 (Ostriker and Peebles 1973; see also Efstathiou et al. 1982) where T is the rotational 

kinetic energy and W is the total potential energy. Upon bar formation, rapid angular momentum 

transfer will occur due to, for example, the interaction of the strongly non-axisymmetric bar with 

the background potential and the time scale for further contraction is roughly estimated to be 

(Weinberg and Tremaine 1983) 

rdecay ~ 1 -- lO(Mhalo/Mbar) tdy ,~ ~ 3 X 106 - 107 yr! 

Thus, these obzcrved  central gas masses are inherently bar unstable when Mgo~/M~ynarnlcat > 
10 - 3 0 % .  

After of order N 107 year the gas will then have concentrated by a factor of, say, three to 

ten, and then a significant factor of the original gas mass will become to ta l ly  self gravitating 

(depending on the specific spatial distribution of the stars and gas). This central gas mass will 

then decouple from the galactic potential and, as discussed in the next section may well lead to 

the formation of an active galactic nucleus associated with the central starburst. 

In each of these three stages a substantial change in the luminosity generated per unit gas 

mass is expected as shown in Fig. 1. Also shown is the ratio of gas mass to dynamical mass. 
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4. U L T R A L U M I N O U S  S T A R B U R S T S  A N D  A C T I V E  G A L A C T I C  N U C L E I  

The ultra luminous starburst phase is most fascinating particularly for its relation to active 

galactic nuclei. We have analyzed the fate of a massive central star cluster of ~ 109 - 10 I° M® 

within a galactocentric radius of 10 pc (Scoville and Norman 1987). We have assumed efficient 

star formation and analyzed the evolution of the star cluster for a range of initial mass functions 

and upper and lower mass cutoffs. Specific calculations involve the production of the red giants, 

the mass loss from the star, the fate of that lost mass, most of which goes to feed a black hole, 

the growth of a central massive black hole and the role of stellar collisions. Interesting effects 

result from the influence of the strong central continuum radiation source on the envelope of red 

giant-~ giving a strong ezLernally  induced mass loss. It is remarkable that the ionisation structure, 

density and size for these stellar envelope parameters is such that these externally ionised red 
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giants can account quite naturally for the broad emission line cloud. At later times of order 

107 - 108 yrs the covering factor of red giants is ~ 10% with a large number, of order, 108 - l0 T 

red giants. 4̀- black hole of mass 108 - 109 M® has grown by this stage and the circular velocity 

of the clouds is typically of order 5,000 km/s -1, at distances of order ~ 10 t6 era. The red giant 

envelopes do collide after ~ l0 s yr but are replenished rapidly on a timescale less than < 102 yr. 

Much early work is related to this (Zeldovich and Novikov 1964, Spitzer 1971, Begelman and Rees 

i973, Bailey 1980, Shull 1983, Mathews 1986) but here at last we have good initial conditions 

for the active galactic nuclei and black hole scenarios. This model can explain the centrality of 

the burst. It is a very real prediction that dense central stellar clusters should be seen associated 

with active nuclei. ,4. good place to look may be in the immediate post activity phase where a 

dense stellar cluster with an A-type spectral may be found. Low luminosity example of this may 

be observable in the cores of nearby galaxies such as M31, M32 and M81. 

5. S T A R B U R S T S ,  G A L A X Y  F O R M A T I O N  A N D  E V O L U T I O N ,  A N D  

Q U A S A R  A B S O R P T I O N  LINES 

There axe a number of significant, mainstream topics in astrophysics to which the starburst 

phenomenon is relevant. The relationship with active galactic nuclei has been made clear in the 

previous section. Let us now turn to the study of galaxy formation and evolution in this context. 

Recalling that starbursts seem to arise in collision or interaction of gas rich objects there are three 

points that seem quite relevant here. The universe at redshift of order z ~ 2 is covered with high 

column density ]VII ,~ 1020 cm -2 objects discovered by Wolfe et al. (1986). These authors deduce 

the covering factor to be fleoveria¢ N 20~ and the amount of mass involved to be of order the 

entire luminous mass of the Universe at the present epoch to within a factor of ~ 2. The favoured 

interpretation is that  they are gas-rich proto disk of about five times the size of ordinary disks. 

Assuming this interpretation is correct, these objects can and definitely will interact and their 

interactions may account for the phenomena of fuzz around quasars and some of the distorted 

emission line images seen recently at high redshift (Djorjovskil eta/. 1987, Chambers eta/. 1987). 

The connection to starbursts is clear, namely, these objects when interacting are starbursts. 

The second point is that gas rich disks may in fact be the building blocks of galaxies. This 

is one view (another is that the more fundamental units are gas rich dwarfs; Silk and Norman 

1981) which we adopt here. In such a galaxy formation model, bulges of spirals and eUiptieais 

are formed from the interaction of these disks over a range of relative masses of the interacting 

components. Collisions of massive objects can and probably will result in elliptical galaxies. Here 

recall Arp 220 itself. This galaxy will become an elliptical. This elliptical formation process 

will most likely be far more common at high redshift and potentially even more violent. The 

association of galaxy formation, starbursts and the epoch of quasar formation and rapid quasar 

evolution is explainable in the context of such a model. Bulges are built in this model by rather 

less violent interaction with lower mass objects falling into the center and giving rapid bulge 

heating and relaxation there~ 3. typical example perhaps is M82. This galaxy is growing a bulge. 

The third point is more general. Evolution tends to go not smoothly  but in a series of 

eatoztrophes. It is these catastrophes that have far more effect than a much lower level, smoother 

and more continuous process. The starburst  phenomenon is such a process. 
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Studies of local epoch starbursts may give significant observational clues to the bulge building, 

elliptical galaxy making process that is a major component of the formation of galaxies and their 

evolution along the Hubble sequence. 

The quasar absorption lines associated with metal rich systems have long been thought to be 

associated with the extended halos of galaxies. A long-standing problem with this point of view 

has been the large extent of metal rich halo material required to surround galaxies at high redshift. 

A more recent problem (Danly, Blades and Norman 1987) is that most quasar absorption lines 

are not like halos of galaxies at the current epoch. Significant evolution must be invoked. Recent 

observations of huge extended flows around starburst systems may solve both these problems. 

The rate of irkiection of enriched mass is of order 102 M® yr -1. The structures are huge, of order 

~10-100 kpc and consist of low ionization filaments with small velocity widths or b-values for the 

clumps (Heckman et al. 1984). These are undoubtedly more common at high redshift and are 

natural candidates for the QSO absorption line systems. 

A most interesting test here would be to observe some quasars behind local starburst outflows 

and see if these absorption line systems would then satisfy the stringent tests described by Danly 

ct al. (1987). Of course this is a major project for the Hubble Space Telescope. 

6. S U M M A R Y  A N D  C O N C L U S I O N  

There are three phases of a starburst galaxy. 

L Normal Starburst Phase 

The timescale is ~ 108 - 109 yr. Interaction and merging gives mass transfer to the center, 

the central surface density rises and the star formation rate consequently increases. 

II. Very-Luminous Starburst Phase8 

The timescale is 108 - 107 yr. The crucial parameter here is the ratio of gas mass to dynamical 

mass Mg/Mdy ~ ~ 0.1 - 0.3. Detailed observations of rotation curves and ratios of gas mass to 

dynamical mass as a function of radius are crucial here. 

III. Ultra-Luminous Starburst Phase 

A massive black hole and central star cluster forms. The gas is serf-gravitating at the initiation 

of this phase. The crucial observation is to find the stars associated with this active nucleus. The 

broad llne clouds may be red giants irradiated from the outside inwards. A starburst cluster with 

say an A-type spectrum may be seen in the post active phase of such a nucleus. 

Detailed high resolution observations of local epoch sta/bursts can help us understand the 

physics of the gas dynamic processes involved in galaxy formation, including bulge formation and 

Hubble sequence evolution, driven by interactions. Elliptical galaxy formation driven by mergers 

is probably observable in, say, Arp 220 right now. Metal-rich quasar absorption lines could be 

produced by the prodigious outflows of metal-rich material ejected to large distances 10-100 kpc 

in the starburst-related, galaxy formation epoch at redshifts of order a few. 

It is a pleasure to thank Nick Scoville for much encouragement and a stimulating scientific 

collaboration. Others who have contributed to this work in a helpful and creative way include 

Eric Becklin and Bob Joseph, as well as many other participants at the meeting. 
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STAR FORMATION IN NORMAL GALAXIES 

Bruce G. Elmegreen 
IBM Thomas J. Watson Research Center 

P.O. Box 218, Yorktown Heights, N.Y. 10598 USA 

ABSTRACT 

The formation of giant cloud complexes in galaxies is discussed. Spiral galaxies without density waves have 

approximately the same star formation rates and CO abundances as the average for galaxies with waves. 

This implies that the primary effect of the wave is to organize the existing molecular clouds into a global 

spiral pattern. A secondary effect of the wave is to trigger the formation of more molecular clouds and stars, 

but this triggering may be limited to only the strongest waves, as in M51. Strong waves apparently trigger 

more cloud formation than weak waves because the gas in a strong wave has time to dissipate and collapse 

gravitationally before it leaves the spiral arms. Strong waves should also have molecular shock fronts (dust 

lanes), unlike weak waves. 

1. STAR FORMATION IN GIANT CLOUD COMPLEXES 

Most of the star formation in normal galaxies occurs in giant regions measuring several hundred parsecs on 

a side. In galaxies with density waves, these regions are usually in the spiral arms. In galaxies without den- 

sity waves, they are scattered throughout the disk (Kennicutt and Hodge 1980; Seiden and Gerola 1982; 

Rumstay and Kaufman 1983; see review in Elmegreen 1987a). 

Giant regions of star formation are usually found associated with equally large H1 and CO cloud com- 

plexes (Elmegreen and Elmegreen 1983). A galaxy the size of ours typically.contains 20 to 100 of these 

clouds, each of which contains between 10SMo and several times 107Mo of gas. In M33, M101, M81, M31, 

M106 and in the outer part of our Galaxy, the largest clouds are mostly atomic (Wright, Warner and Baldwin 

1972; Newton 1980; Allen, Goss and van Woerden 1973; Allen and Goss 1979; Viallefond, Allen and Goss 

1981; Viallefond, Goss and Allen 1982; Rots 1975; Emerson 1974; Unwin 1980a,b; Bajaja and Shane 

1982; van Albada 1980; Henderson, Jackson and Kerr 1982). In at least the inner regions of M51 (Lo et 

al. 1987) and IC342 (Lo et aL 1984), and in some parts of M83 (Allen, Atherton and Tilanus 1986), the 

largest clouds are mostly molecular. In the inner 5 kpc region of our Galaxy, the largest clouds are approx- 

imately half molecular (Elmegreen and Elmegreen 1987). The cloud masses and sizes are all very similar 

from galaxy to galaxy and within a galaxy, but the molecular fraction per cloud varies by a large factor 

( > 10). 
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The masses, separations and virialized velocity dispersions of the largest clouds in galaxies are consistent 

with their formation by mild gravitational instabilities in the galactic gas disks (Elmegreen 1979; Cowie 

1981 ; Viallefond, Goss and Allen 1982; Elmegreen and Elmegreen 1983; Jog and Solomon 1984; Balbus 

and Cowie 1985; Tomisaka 1987; Elmegreen 1987b, hereafter E87b; Balbus 1988). The instability in a 

magnetic, shearing galaxy grows at essentially the conventional Jeans growth rate, which is the same rate 

as for a non-magnetic, non-rotating gas disk. The rates are the same because the magnetic field resists the 

Coriolis force (E87b). Unlike the non-shearing instability, however, the available growth time is limited by 

shear, or by the flow time in the case of a spiral wave (Balbus and Cowie 1985). 

The shear time is the inverse of the Oort A constant. This time is usually too short in the bright optical 

parts of spiral galaxies to give large density enhancements from gravitational instabilities. The result instead 

is a continuous growth and decay of shearing spiral wavelets, as discussed by Goldreich and Lynden-BeU 

(1965) and Toomre (1981). The shear time can be much longer in other regions of galaxies, such as the 

inner parts where the rotation curve may become solid body, and in small, irregular galaxies, where the ro- 

tation curve is solid body throughout. In these regions of low shear, the gravitational instability should grow 

without impediment to produce large and dense cloud complexes. This may explain the origin of giant 

star-forming regions in the central parts of spiral galaxies and in irregular galaxies. The only requirement for 

such intense star formation is that there is enough'gas to make the Jeans length smaller than the size of the 

region. 
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Figure 1 - The rotation velocity, V, Oort shear parameter, A, and tidal acceleration per unit length, T, are 
plotted as a function of radius for the galaxy NGC 2998 (from Elmegreen 1987c). 
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A third region where shear can be very low is inside density Wave spiral arms, where the flow pattern 

makes the circular velocities somewhat solid body (E87b). This can be seen from the rotation curves of 

edge-on spiral galaxies. The circular velocity increases inside the arms, and then decrease between the arms, 

giving a flat rotation curve on average. This velocity pattern is illustrated by NGC 2997 (Rubin, Ford and 

Thonnard 1980), for which the radial dependence of the rotation velocity, V, Oort constant, A, and tidal 

acceleration per unit length, T, are plotted in Figure 1. The strong decreases in A and T in the spiral arms 

imply that the rotation curve is temporarily solid body there. 

It is possible that what limits the growth of gravitational instabilities in spiral arms is the arm flow- 

through time and not the shear time, because shear is generally low throughout the arm. This suggests that 

strong density waves, which have long flow-through times, can trigger denser cloud complexes than weak 

density waves (§3.1). 

High density complexes are also formed if the gas is very dissipative. Then the incident kinetic energy 

from shear will be removed by dissipation. Because the initial angular momentum from shear is also removed 

by magnetic fields (E87b), shear will have essentially no effect when the gas is highly dissipative. Giant 

cloud complexes may be able to form anywhere when dissipation is strong, including the disks of galaxies 

without density waves. If a density wave is present, then these clouds will form in the spiral arms because 

of the lower tidal disruptive force and the higher density and magnetic field strengths there. If a density 

wave is not present, they may form throughout the disk. 

The amount of dissipation that occurs in a spiral arm flow-through time may determine the density en- 

hancement of a perturbation that grows by a gravitational instability in the arm. If the gas dissipates sig- 

nificantly before it flows out of the arm, then dense molecular cores and intense star formation could result. 

If the gas cannot dissipate in the flow time, then the instability only collects pre-existing clouds together; 

there may be only a small density enhancement and little excess star formation. In both cases, giant beads 

of star formation would appear along the spiral arms. The primary difference between the two cases would 

be that the highly dissipative case gives a greater star formation rate per unit gas mass than the weakly 

dissipative case. Dissipative and non-dissipative instabilities may have some implications for triggered star 

formation in strong and weak density-wave arms, respectively, as discussed in §3.1. 

2. STAR FORMATION RATE AS A FUNCTION OF SPIRAL ARM MORPHOLOGY 

To within a factor of 2, galaxies have approximately the same star formation rates per unit area whether or 

not they contain a prominent spiral density wave (Eimegreen and Elmegreen 1986; McCall and Schmidt 

1986; see review in Elmegreen 1987a). They also have approximately the same average CO emission per 

unit area, and the same CO integrated linewidths from the disks (Stark, Elmegreen and Chance 1987). Ir- 
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regular galaxies with no global pattern from a density wave have prominent star formation too (Hunter and 

Gallagher 1986). These observations imply that density waves are not necessary for molecular cloud for- 

mation or star formation. The waves usually do not trigger a noticeable excess of star formation compared 

to what the galaxy would have produced without the wave. 

Strong density waves apparently produce more of an effect on the star formation rate or CO abundance 

than weak density waves, although the average rate for galaxies with strong or weak waves is the same as 

for galaxies without waves. M51, for example, has an unusually strong near-infrared spiral arm strength, 

reaching a 10 to 1 arm/interarm contrast in the outer regions (Elmegreen and Elmegreen 1984). Its CO 

surface brightness is twice as large as the average CO surface brightness for other grand-design spiral gal- 

axies of that Hubble type (Stark, Elmegreen and Chance 1987), and the local star formation rate is modu- 

lated at the 50% level by the spiral arras (Lord, Strom and Young 1987). M81 and M33 have weak 

near-infrared grand design spirals, with arm/interarm contrasts of at most ~3; their CO surface brightnesses 

are relatively low. Such weak-arm galaxies are expected to show less spiral arm modulation of the star for- 

mation rate. 

The primary influence of a density wave on the CO abundance and star formation rate in a galaxy ap- 

pears to be one of organization: the wave places most of the gas and star-forming regions in the spiral arms 

because of the flow pattern, and it enhances the formation of giant clouds and star-forming complexes by 

collecting together pre-existing clouds. A secondary effect of density waves, which has been measured only 

for the strongest waves so far, is the formation of new molecular clouds and a net excess of star formation. 

Perhaps more sensitive observations will reveal this triggering at a lower level in weak-arm galaxies. 

It follows that the primary mechanism of star formation in normal spiral galaxies is small-scale molecular 

cloud formation driven by local processes, as in the swept-up shells around OB associations (e.g., McCray 

and Kafatos 1987). Density waves then organize the resulting clouds and star formation sites into a global 

pattern, and mild gravitational instabilities and spiral-arm cloud coagulation collect some of the gas into gi- 

ant complexes (Tomisaka 1987; Roberts and Steward 1987). A possible 50% modulation on this mech- 

anism comes from density-wave triggering of new molecular clouds. 

3. LARGE-SCALE TRIGGERING MECHANISMS 

3.1. The Importance of Dissipation 

Star formation begins only after interstellar gas dissipates a large fraction of its kinetic and magnetic energy. 

The time available for this dissipation may be the shear time, or the spiral arm flow time, or any gas corn- 
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pression time scale. If the available t ime is less than  the dissipation time, then  high density clouds cannot  

form, and the compressed  region will return to its original low density when the compression ends. 

The  dissipation rate for cloud-cloud collisions in the interstellar medium is approximately half the colli- 

sion rate, 0.5n~ooc, for  cloud densi ty no, collision cross section o~, and velocity dispersion c. Because  

no = p / M o  for average densi ty p and cloud mass  M c = 4~rp~R3/3, with cloud density Pc and radius R o and 

because o~ = ~rR z and P = .['Pc for cloud filling factor f ,  it follows that 

0.5ncacc=O.Sfc/Rc. (1) 

The shear  rate is 

A = - 0 .5r~-r~  -0.5~2, (2) 

where  this latter result  is for a flat rotation curve. Evidently the dissipation of kinetic energy in a densi ty 

per turbat ion occurs before shear  destroys the perturbat ion if 

f c  > ~. (3) 
Rc 

In the solar neighborhood,  c~5 km s -1 , Rc~5pc and f ~ 0 . 0 4 ,  so regions with f~ < 0.04 km s -~ kpc -1 allow 

rapid dissipation. Locally, ~ ~ 0 . 0 2 5  km s -~ kpc -t, so this condition is barely satisfied. This implies that  the 

average interstellar med ium can form only loosely bound  cloud complexes,  if it can form them at all in the 

presence of shear. 

The  rate of shear  is smaller than  average in the center  of  a density wave spiral arm. If the a rm/ in t e r a rm  

contrast  ratio is o~', then  the  shear  rate in the a rm is (E87b)  

A -- (4)  
• ..~' + 1 

The arm f low-through rate is 

2(1 + o,¢)(~ - ~v) (5) 
w fl°w - . , d  

for pat tern speed fie. This rate is taken equal to 2~r divided by the a rm- to-a rm flow time, which is 

~ r / (~2-  fie) for a two arm spiral, and  divided by the  fraction of  the time spent  in the arm, which is 

• .~¢/(1 + ,.~¢). The ratio of  the shear  rate to the f low-through rate is therefore 

(6) 
w ~ ,  2(,.~ + 1)2(f~ - ~2 v) (,.~¢ + 1) 2 ' 
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where this latter equality is because [2 - [2p~[2/2 halfway out to the optical edge of a galaxy with a flat ro- 

tation curve. For  large ,.~¢, the flow rate becomes much larger than the shear rate, and the flow time becomes 

the limiting factor in determining the amplitude of  the perturbation growth. 

Now, suppose f in a spiral arm scales with density, and so with d as f~2,~gfo/(1 + ,-~¢) for azimuthaily 

averaged filling factor fo. Then the dissipation rate is larger than the arm flow-through rate if 

fo¢ 0.512(1 q- ~)2 
- -  > (7 )  Rc ,~¢2 

This inequality is more easily satisfied for large ~ than small ,.n(, but only by a factor of 4 at most. Low 

amplitude waves (,M" small) allow relatively little dissipation, so only mild and transient instabilities should 

result. High amplitude waves provoke a more substantial collapse of the gas, and possibly trigger an excess 

of star formation in the new molecular cores that form, but the overall effect is not very large. This may 

be why strong density waves, as in M51, seem to be associated with a slight (factor-of-two) excess in the 

global CO abundance,  and a similar excess in the arm/interarm contrast of the star formation rate. 

3.2. D u s t - L a n e  Trapping o f  Incident Molecular Clouds 

Another  difference between strong and weak-arm galaxies is that strong-arm galaxies can have such dense 

shocks (dust lanes) that incident molecular clouds cannot penetrate them. Weak density waves should have 

lower-density shocks, and molecular clouds should be able to go though them in a ballistic fashion. The 

quantitative difference between strong and weak shocks in this sense can be determined as follows (from 

Elmegreen 1988). 

The critical front compression factor for cloud trapping is on the order of 10. This follows from the 

thickness of the front L (measured parallel to the plane), the perpendicular thickness of the interstellar me- 

dium, H, the average column density through the galactic disk, OlsM, and the average column density through 

a giant molecular cloud, a~M c. If c~ is the compression factor of the interstellar medium in a front, then the 

column density through the front measured parallel to the plane is ~atsML/H.  This column density exceeds 

aou c if ~ > (OOMC/a~SM)(H/L)~a~MC/alSM, because L ~ H  for a dust lane. The column densities through giant 

molecular clouds in the Galaxy are all approximately 170Mopc  -2 (Solomon et al. 1987), so if 

o~SM~2OMo pc -z for a typical galaxy, then c¢ > 8.5 gives a dust lane with a transverse column density greater 

than the column density of a molecular cloud. Dense fronts (c¢ large) should therefore trap incident giant 

molecular clouds, and weak fronts should let them pass through. 

It follows that the first transition region that occurs in a cloudy gas that enters a weak density wave 

should be a collision front for diffuse clouds. The dust lane that forms from these diffuse clouds should be 
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on the inner edge of the spiral arm, where Roberts (1969) found the shock front in a continuous fluid. The 

molecular clouds flow through this dust lane and collect downstream, in a ridge near the center of the arm, 

as in the N-body simulations of ballistic cloud motions by Combes and Gerin (1985), Roberts and Steward 

(1987), and others. In the case of a weak wave, the molecular ridge should be somewhat loose and irregular, 

forming a broad spiral arm of molecular clouds and associated HII regions. This result gives the correlation 

between arm width and shock strength discussed by Roberts, Roberts and Shu (1975). 

Individual molecular clouds should go right through a weak diffuse cloud front without noticeably dis- 

rupting it. For a typical spiral density wave shock velocity v~20 km s -l, the time interval between molecular 

cloud impacts at each location in a dust lane is X J 2 0  km s -a = 108 years for molecular cloud mean free path 

h,~2000 pc. The hole that is created in a dust lane by a typical molecular cloud (R < 50 pc) is much smaller 

than the height of the dust lane, so the disruption per collision should be small. Moreover, continued 

accretion by the dust lane should fill in the hole before the next molecular cloud hits it. The time for a dust 

lane to be built up by diffuse cloud collisions is the column number density of diffuse clouds in the dust lane, 

multiplied by ~,~/v for diffuse cloud mean free path ~d. The column density of a dust lane corresponds to 

several magnitudes of extinction in a weak-arm galaxy, and the column density of a diffuse cloud corre- 

sponds to approximately 1/2 magnitude of extinction, so the column number density of diffuse clouds in a 

weak dust lane is 3 to 10. The diffuse cloud mean free path is ~100 pc, so if the perpendicular component 

of the density wave speed is 20 km s -~, then h J r ~ 5  x 106 years. It follows that the time for a diffuse cloud 

dust lane to be built up is 1.5 to 5 x 107 years. This is shorter than the molecular cloud collision time, so the 

holes created in dust lanes by molecular cloud impacts should continuously close up by accumulation of 

diffuse clouds. The transverse motion of high pressure gas in the dust lane will also help close the holes. 

Strong arm spiral galaxies should have only one cloud collision front and a very opaque dust lane, because 

the shock is so dense that both diffuse clouds and molecular clouds are forced to stop there. 

This expected difference between molecular and atomic dust lanes is in agreement with the available 

observations. Grand-design spiral galaxies such as M81 and M33 have relatively weak near-infrared arms 

and mostly atomic dust lanes (Rots 1975; Newton 1980). Other galaxies with atomic dust lanes are M31 

(Emerson 1974), and M106 (van Albada 1980), which also appear to have weak or faint arms. Strong-arm 

galaxies such as M51 and M83 (Talbot, Jensen and Dufour i979) have molecular dust lanes (Lo et al. 1987; 

Alien, Atherton and Tilanus 1986). 

Molecular dust lanes should also be distinguished on optical photographs of galaxies because they will 

show up in both the B and I bands as a result of their large opacity. Atomic dust lanes may be too low in 

opacity to show up on I band photographs, although they should look the same as molecular dust lanes on 

B band photographs. The molecular dust lane in M51, for example, is very prominent on an I band photo- 

graph (Elmegreen 1981). 
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T H E  A S S O C I A T I O N  B E T W E E N  S T E L L A R  B A R S  A N D  E N H A N C E D  

A C T I V I T Y  I N  T H E  C E N T R A L  K I L O P A R S E C  O F  S P I R A L  G A L A X I E S  

N. A. Devereux 

Institute for Astronomy, University of Hawaii 

Honolulu, Hawaii 96822 USA 

A B S T R A C T  

A total of 156 objects have now been observed in the course of a survey of 10/zm emission from 

the central 6" of spiral galaxies. The larger data  base substantiates the differences between barred 

and unbarred spirals first discussed at the 1986 IRAS conference. New 2.2 #m observations have 

permitted a determination of the central 2.2 ttm luminosity. Preliminary results are discussed 

in the context of the different bar-central 10 ttm luminosity association for early- and late-type 

spirals. 

1. I N T R O D U C T I O N  

The survey of 10 ttm emission from the central 6" of spiral galaxies is essentially complete. The 

sample and results are summarised in Devereux (1987a). The larger data base substantiates the 

1986 preliminary result that the histograms of central 10 #m luminosity for early-type (Sb and 

earlier) barred and unbarred spirals are significantly different. The sense of the difference is that 

the central 10 pm luminosity of 40% of the barred spirals exceeds the maximum ~10~L® observed 

for unbarred types. The combination of ground-based and IRAS data has further revealed that the 

excess 10 pm luminosity is confined to the central ,-,1 kpc diameter region. The larger data base 

has also strengthened the correlation between compactness at 10 pm and the IRAS S25t, ra/Sl~t,m 
ratio first discussed at the 1986 IRAS conference. The correlation is illustrated in Figure 1. 

2. D I S C U S S I O N  

2.1 Or ig in  o f  t h e  H i g h  C e n t r a l  10 p m  L u m i n o s i t y  

A 25 #m color excess, defined here as S25t~m/S12~ra > 2.5, is associated with both Seyfert and 

starburst nuclei (Lawrence et al. 1985). Indeed, many of the early-type spirals exhibiting a 25/~m 

color excess have been classified as such on the basis of optical spectra (see Figure 1). Therefore, 

the correlation illustrated in Figure 1 suggests a distinction between the IRAS S~st, m/S12~m color 

of 'nuclei' and 'disks'. As discussed in detail in Devereux (1987a), the 100,60 #m and 60,25 btm 

spectral indices, far-infrared luminosity, and space density of early-type spirals, segregated on the 

basis of either high compactness at 10 ttm or a 25 tim color excess, are different from all other 

early-type spirals and yet similar to known Seyfert and starburst galaxies. Therefore, on the basis 

of the observational data  examined to date, the origin of the high central 10 /im luminosity in 
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Figure  1. The correlation between the compactness at 10 #m and the IRAS S25t~m/S12um ratio 

for early-type spirals, Galaxies regarded as active because they exhibit bright optical emission 

lines are indicated. 

early-type barred spirMs is consistent with either Seyfert activity or star formation or a mixture 

of both. 

2.2 The  A d d i t i o n a l  P a r a m e t e r  

Only 40% of the early-type barred spirals in this sample, constituting ,-,10% of all known early- 

type barred spirals, exhibit excess central 10/~m emission. Therefore, the bar is necessary, but 

not sufllcient, for high central 10 /~m luminosity. Another, as yet undetermined, parameter, in 

addition to a stellar bar, is necessary for the bar-high central 10 #m luminosity phenomenon. 

Identifying this ~additional' parameter is clearly of great importance in establishing the specific 

role of the bar in enhancing activity in the central 1 kpc region of early-type spirals. 
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2.3 The  Different  B a r - C e n t r a l  10 ]~m L u m i n o s i t y  Associa t ion  

for Ear ly-  a nd  L a t e - T y p e  Splrals 

The difference in the histograms of central 10 #m luminosity between barred and unbarred spirals 

is most evident for Sb and earlier types (Devereux 1987a). The apparently differing role of the 

bar in early- and late-type spirals may reflect an anticipated difference in the central mass density 

due to the contribution from a bulge component in early-type spirals. Recent 2.2 #m observations 

(Devereux 1987b) in fact support this suggestion. The 2.2 #m luminosity of the central (500 pc 

diameter) region of early-type spirals is typically larger than in late-type spirals as illustrated in 

Figure 2. 
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Figure  2. The histograms of central (500 pc diameter) 2.2/zm luminosity for early-type (solid 

line) and late-type (dashed line) spirals. 

Adopting a mass-to-light ratio, M / L  ~ 0.7 at 2.2/zm, which is appropriate for the central 

region of spiral galaxies (Devereux et al. 1986), one finds that the 2.2 ~m luminosity corresponds 

to a stellar density averaged over the central 500 pc diameter region of typically _~ 30Mo/pc s 

for early-type spirals. Such high-mass densities are inferred for only a small percentage, ~30%~ 

of late-type spirals. The full consequence of the central mass density on the physical role of the 

bar, however, is not yet understood. The central mass density may not be the only parameter 

to be considered with regard to the different bar-central 10 /zm luminosity association observed 

for early- and late-type spirals. Elmegreen and Elmegreen (1985) have noted differences in the 

structure of bars between early- and late-type spirals that may also be relevant. 
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3. C O N C L U S I O N S  

The association between stellar bars and enhanced central 10 /~m luminosity is now a firmly 

established result for early-type (Sb and earIier) spirals. Our understanding of the specific role of 

the bar, although unclear at present, may benefit greatly from both theoretical and observational 

studies. In particular, we need detailed theoretical models of the response of gas to bar forcing 

that incorporates realistic structural parameters inferred from the most recent observations of 

Elmegreen and Elmegreen (1985) and Devereux (1987b). Further, new observations are needed 

to identify the 'additional parameter' that distinguishes the 'active' from the 'inactive' early-type 

barred spirals. 
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ABSTRACT 

Star formation in spiral galaxies has been studied by making use of 

21 cm observations, observations of H band (1.6 ~m), blue band 

magnitudes and far-infrared data from IRAS. It is found that the 

luminosities in the various bands are well correlated with the 

dynamic mass of the galaxies. From these, it is inferred that the 

star formation rate (SFR) and the IMF are about the same averaged over 

~107 and ~109 years, whereas SFR averaged over the life time of the 

galaxy is higher. Also more massive galaxies have had more star 

formation in the past. There is inconclusive evidence for a 

correlation between far-IR luminosity and MHI the mass of neutral 

hydrogen. 

I. INTRODUCTION 

Global properties of star formation in spiral galaxies can be inferred 

by studying the correlations amongst the various properties of 

galaxies like their masses, gas contents and luminosities in different 

bands. In the present study, we make use of information from 

catalogues of 21 cm observations, H magnitude observations and IRAS 

observations. The dynamic mass M G of the galaxy can be inferred from 

W20 , the 20% width of the 21 cm line and is used as an important 

parameter. The luminosities in the far-IR, blue and H bands are used 

as indicators of SFR over ~107 yrs, ~109 yrs and over the life time 

of the galaxy respectively. 

2. DATA 

For 21 cm observations we made use of the catalogues of Fisher and 

Tully (1981; FT) and Lewis, Helou and Salpeter (1985; LHS) and for H 

magnitudes the catalogue of Aaronson et al. (1982; AHM). For all 

galaxies that have W20 measurements and have optical diameter < 20', 

we searched for counterparts with definite flux densities in both 60 

and I00 ~m bands, in the IRAS Catalog (Lonsdale et al. 1985). 
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Distances were normalised to H ° = 100 km s -I Mpc -I. Relative distanc~ 

given in AHM were converted to absolute distances by taking the 

distance to Virgo Cluster as 10.7 Mpc. Values of MG, ~I, FIR, the 

40-120 ~m flux in W m -2, H and B magnitudes were taken from the 

respective Catalogues. 

3. ANALYSIS 

The results of the study of correlations amongst the different 

quantities are shown in Table 1 which also lists the parameters of 

least squares fits. In Figure 1 we show (a) B (abs), the absolute 
o 

B magnitude, (b) Ho(abs), the absolute H magnitude, (c) log (LIR/L 8) 

and (d) log (~I/M®) plotted against log (MG/M@). In general, there 

are good correlations between M G and luminosities in various bands, 

the relationship being of the form L = M~. For L B and L H the 

correlations are the well known optical and infrared Fisher-Tully 

relations between luminosities and W20 ' but with M G as a variable. 

For the far-IR band also, there is a good correlation between LIR and 

W20. The correlations between LIR and M G are very similar for the 

data of different Catalogues as well as for sub-groups of small 

diameter (<5') galaxies. Further, it is found that if we use the mass 

of warm dust grains instead of LIR given by M d ~ LIR//B(~,Tc)e(~) d~ 

where T is the dust temperature and e(~)=u , the correlation with 
c 

M G is tighter. It is known that there is a good correlation between 

LIR and MH2 ' the mass of molecular hydrogen (Rengarajan and Verma, 

1986). However, as seen from Table i, the evidence for correlation 

between LIR and ~I, is inconclusive. 

4. DISCUSSION AND CONCLUSIONS 

The luminosity in a given band results from contributions from stars 

of different masses and depends on the IMF of stars and fraction of 

bolometric luminosity radiated in the band. In the far-IR, the 

effective contribution is.from stars of mass > 20 ~ while for the blue 

band it is from 2-5 M@ stars. For H band, the contribution is 

dominantly from old giants (Aaronson, Huchra and Mould, 1979). The 

similar dependence of LIR and L B on M G implies that the SFR and IMF 

averaged over ~107 and ~109 years are the same. The higher power 

dependence of L H on M G implies increased SFR in the past as well as 

increased SFR for more massive galaxies. 

We show in Table 2, the logarithmic mean values of MG, LB/M G, 

LH/MG, LIR/M G and MHI/M G for different morphological types. Since 
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Table 1 

Fits for Log Y = A +~ Log X 

2 X Y Sample ~ r (A Log Y) 
rms 

M G L B FT 0.95 ± 0.03 0.92 0.26 

M G L H AHM 1.34 ± 0.04 0.95 0.20 

W20 LIR AHM 3.27 ± 0.19 0.65 0.36 

M G LIR AHM 0.98 ± 0.05 0.78 0.35 

M G LIR LHS 0.76 ± 0.07 0.68 0.45 

M G LIR FT 0.92 ± 0.04 0.75 0.40 

M G M d FT 1.12 ± 0.04 0.84 0.35 

H a FIR AHM -0.29 ± 0.02 -0.79 0.28 
(Mag) (W m -2) 

MG hi FT 0.78 ± 0.03 0.84 0.30 

MHI L H AHM 1.13 ± 0.07 0.72 0.44 

hi LIR FT 0.89 ± 0.06 0.65 0.46 

FIR HI FT 0.54 ± 0.06 0.43 0.44 
(W m -2) (Jy kms -I) 

a Magnitude used in place of Log X 

Table 2 

Mean Values vs Morphology (Units Arbitrary) 

Types 1,2,3 Types 4,5,6 Types 7,8,9,10 

MEAN RMS MEAN RMS MEAN RMS 

Log (MG/M ®) 10.98 0.47 0.42 10.01 0.59 

Log (LB/M G) -3.22 0.23 0.25 -3.04 0.44 

Log (LH/M G) -4.1 0.15 0.21 -4.54 0.20 

Log (LIR/M G) -1.56 0.35 0.32 -1.57 0.31 

"Log (MHI/M G) -0.88 0.27 0.25 -0 .45  0.20 

8 4  8 8  9 2  9 6  IO0 10"4 108 117 
Log ( M ~ / M  e) 

10.71 
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Figure i. The plots of (a) absolute blue magnitude, (b) absolute H 
magnitude, (c) the far-IR luminosity, (d) neutral hydrogen mass 
against the dynamic mass of spiral galaxies. Symbol for morphological 
types: 8 0,I; A 2,3; + 4,5; X 6,7; * 8,9; ~ i0,iI; ~ ambiguous 
subclasses. 

a B = air ~ i, the luminosity per unit mass is almost a constant for 

the B and far-IR bands, while with ~H > I, it decreases as 

morphological type increases (mean mass decreases). Similarly since 

aHZ < i, the fractional mass in gas increases. The increase of LH/M H 

and decrease of ~I/MG are reflections of larger star formation using 

up more of the available gas. Most of the correlations observed seem 

to be primarily dependent on M G. Although mass is a very important 

parameter governing star formation, the factors responsible for 

morphological appearance are yet to be understood. 
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ABSTRACT 

Radio maps, spectra and CCD images have been obtained for almost all the 158 objects in a 

complete sample of IRAS galaxies. The linear relation between radio and far-infrared luminosity is 

valid over the complete luminosity range (up to LIR = 1.8 x 1012 I_~, H o = 75 km s -1 Mpc-1). 

The majority of the 10 most luminous galaxies show evidence of tidal disruption and have companion 

galaxies at projected separations which range between 6 and 138 kpc. The second most luminous 

galaxy, IRAS 00275-2859, is a quasar with a spectrum reminiscent of a broad line absorption quasar 

and with a band of absorption running across the object: its infrared to radio luminosity ratio is 

identical to that of the typical IRAS galaxy. 

1. INTRODUCTION 

We have recently completed a program of optical identification of all sources in the IRAS Point 

Source Catalogue in the south galactic polar cap (b ~ 60") down to a limiting magnitude of B =21. 

The number of sources of various types in this large SGP sample, and in a smaller subset of this 

sample that was identified in an earlier study (Wolstencroft et al., 1986), are as follows: 

Area All Empty field 

SGP Sample (deg 2) sources Stars Galaxies objects 

Small 304 312 148 154 10 

Large 2600 2800 1480 1255 65 

Follow-up studies are nearing completion for the small sample and are just beginning for the large 

sample. The results for the small sample will be described in this paper. Of the 10 empty field 

objects 4 have been shown to be galaxies just outside the 95% confidence error ellipse (Wolstencroft 

et al., 1987) and thus the total number of galaxies in the small sample is 158. 
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The following observations have been obtained: spectra with typical resolutions of 5,/~. to provide 

redshifts and emission line strengths; CCD images in broad bands (B,P,) of the highest luminosity 

galaxies; and 20 cm radio continuum maps. 

2. THE INFRARED LUMINOSITY FUNCTION (SMALL SAMPLE) 

We have determined redshifts for 85% of the galaxies so far, with median and maximum values of z 

= 0.03 and 0.33. The far-infrared luminosity has been calculated from flux densities at 60 and 

100/~m using 

LIR 4r  r 2 (3 .25  F60 + 1.26 F100) 10-14vcm -2 
- -  = 

L® 3.827 x 1026w 

where r, the distance to the galaxy, is derived assuming H o = 75 km s - '  Mpc and qo = 0. The 

histogram of Lip ̀ peaks at 3 x 1010 L®, with the most luminous galaxy being IRAS 00441-2221 (LIR 

= 1.83 x 1012 LO). A provisional infrared luminosity function has been deduced for our 85% 

complete sample. At high luminosities (>3 x 1010Lo) qb(LiR ) o¢ LIR-2.4 in agreement with the slope 

found by Lawrence et al. (t986) for a comparable sample in the NGP. There is a change to a 

shallower slope at LIp ̀ ~ 1010L® but the value of this slope is uncertain because there are relatively 

few galaxies in our sample with LIR <3 x 109Lo. The number of ultraluminous galaxies (LIR 

>10121.,o) is also low, 4 out of 130 or 3.1% of the sample, so that ~(LIR ) is uncertain at the 

highest luminosities. For the large SGP sample, which contains 1255 galaxies, we predict that it wiU 

contain 33 ultraluminous galaxies which should enable us to derive a reliable luminosity function down 

to 1013Lo. It is worth noting that the fraction of ultraluminous galaxies depends sensitively on Ho: 

for H o = 75 (50) km s - '  it is 3.1 (8.5)%. 

21. RADIO PROPERTIES 

All 154 galaxies and 10 empty fields were mapped at 20cm with the B/C array of the VLA during 

1986. 131 (85%) of the galaxies were detected above lm2y with 120 being classified as compact and 

11 as extended based on visual inspection of the maps. 38 of the galaxies with optical diameters 

g20 arc sec were also mapped (at 20 era) with the A/B array (,,-4 arc sec FWHM beam): 78% 

show the same flux in the two arrays suggesting that the radio flux may be centrally concentrated in 

many of these galaxies. 

The radio luminosites, LRA D, for our sample cover a wide range from 5 x 1020 to 2 x 1024 w 

Hz -1. The correlation between LRA D and LIR holds extremely well over the entire range of 

luminosity and is consistent with LRA D ~ LIR 1.0.-0.1. This correlation agrees with the result found 

by Hummel et al. (1987) for a complete sample of 65 Sbc galaxies of relatively low luminosity (20.3 

< log LRA D (w Hz -1) <22.7) who obtain LRA D ~ LIR 1-1+-0,1 For half of the sample 
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Iog(LIR/LRAD) lies within 0.15 of the mean value, and this narrow dispersion is the same at all 

luminosities. The correlation between radio and far-infrared flux densities was first established by de 

Jong et al. (1985) and Helou et al. (1985) for somewhat heterogeneous samples: note however that 

the correlation between radio and far-infrared luminosities and flux-densities is not necessarily identical 

for a sample of objects with a wide range of distance. The fact that we find the correlation is still 

valid for galaxies with LIR >1012Lo is an important new result. It implies that the same mechanism 

is operating over the entire luminosity range and that galaxies with a strong nuclear non-thermal (and 

often variable) radio source are either absent or very minor constituents of this sample. One object 

in our sample, IRAS 00275-2859, is a quasar (see below) and has LIR/LRA D exactly equal to the 

mean value for the sample: it is presumably radio quiet. As many authors have discussed, the 

correlation may be tied to massive stars with short (M07yr) lifetimes, which at early epochs heat 

grains in their vicinity and later provide a reservoir of relativistic electrons via supernova remnants; 

if this is so then the narrowness of the observed dispersion suggests that many molecular clouds are 

contributing to the total emission and are triggered into star formation activity at random phases to 

produce a steady state global emission. To achieve the highest luminosities it may be necessary for 

the triggering of molecular clouds to be less random and more bunched in phase, perhaps by 

galaxy-galaxy interactions, increasing the chance that a galaxy may be observed with radio and 

infrared luminosities different from their time averaged steady state values, and thus increasing the 

dispersion in the LIR/LRA D ratio. It may be that the present sample is not large enough to show 

this effect, but VLA observations of the "-33 ultraluminous galaxies in the large sample might do so. 

A full description and interpretation of these results will be presented elsewhere (Unger et al., 1987). 

5. THE HIGH LUMINOSITY IRAS GALAXIES 

The properties of the 10 most luminous galaxies in our sample are listed below: 

IRAS 

Name LIR/Lo z B LIR/L B F60/FI00 Double? 

00441-2221 1.83 x 1012 0.314 17.3 11 0.41 O 

00275-2859 1.45 x 1012 0.279 18.3 23 0.85 - 

23515-2917 >1.18 x 1012 0.334 19.3 >42 >0.47 O,R 

00406-3127 1.07 x 1012 0.246 20.0 119 0.72 R 

01358-3300 8.20 x 1011 0.199 20.3 190 0.74 O 

01199-2307 8.12 x 1011 0.156 18.0 38 1.12 O,R 

00456-2904 7.41 x 1011 0.110 18.1 78 0.76 0 

23515-2421 4.93 x 1011 0.154 17.7 17 0.86 0 

00148-3153 4.87 x 1011 0.105 18.7 93 0.45 0 

00335-2732 4.56 x 1011 0.073 17.2 46 1.44 O 

Five of these galaxies are more luminous than Arp 220 which for H o = 75 km s -~ Mpc -1, qo = 0 

has LIR = 8.0 x 1011 L o. As indicated in the table, all except one of these objects has a close 
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companion (separation ~20 arc sec) which is an optical (O) companion in 8 cases, both optical and 

radio (R) in 2 cases (which coincide in position) and radio only in 1 case. The object which is not 

obviously a double is IRAS 00275-2859, a quasar. The majority of the optical doubles show evidence 

of tidal disruption in CCD images indicating they are physically close with projected separations in the 

range 6 to 138 Kpc (median value = 42 Kpc). Source counts above 1 mJy suggest that the radio 

source 17 are sec from 00406-3127 is unlikely to be a chance positional coincidence. If a recent 

interaction is the source of the high luminosity of these galaxies, the earliest possible time of closest 

approach of these companion galaxies for a median projected separation of 42 Kpc occurred 2.8 x 

108 yr ago. Although this is consistent with model calculations of the time between closest approach 

and maximum infrared luminosity of a few x 108yr (Byrd et al., 1986; 1987; Noguchi and 

Ishibashi, 1986), in the case of larger separations this argument is more difficult to defend. One 

possibility is that one of the companion galaxies is undergoing a merger which cannot be resolved at 

the distance of these galaxies. 

IRAS 00275-2859 is the only one of the 10 most luminous objects which is not obviously double. As 

reported earlier this is a quasar: it was discovered independently by Vader and Simon (1987) and by 

Wolstencroft et ai.(1987). CCD imaging in the R band during November 1986 with the University of 

Hawaii 2.2m telescope in conditions of sub arc see seeing show that the source is 8 are sec in 

diameter and elongated at a position angle of about 117", with a dark absorbing band running N-S, 

ie approximately along the minor axis; it is somewhat similar in appearance to Arp 220. Our 

spectrum with a resolution of about 3~ between 4750 and 6250A shows that the H/3 emission line is 

very broad (3500 km s - I  FWHM) with an absorption trough 180A wide on its blue side reminiscent 

of broad line absorption quasars. Narrow lines are also present but are not double at our spectral 

resolution. A full description of these results will be presented elsewhere (Wolstencroft et al., 1987). 

REFERENCES 

Byrd, G.G., Valtonen, M.J., Sundelius, B., and Valtaoja, L. 1986. Astron. Astrophys. 166, 75. 

Byrd, G.G., Sundelius, B., and Valtonen, M. 1987 Astron. Astrophys. 171, 16. 

Helou, G., Soifer, B.T. and Rowan-Robinson, M. 1985. Astrophys. J. 298, L7. 

Hummel, E., Davies, R.D., Wolstencroft, R.D., van der Hulst, J.M., and Pedlar, A. 1987. Astron. 

Astrophys. (submitted). 

Jong, T. de, Klein, U., Wielebinski, R., Wunderlich, E. 1985. Astron. Astrophys. 147, I-,6. 

Lawrence, A., Walker, D., Rowan-Robinson, M., Leech, K.J., and Penston, M.V. 1986. Mon. Not. 

R. astr. Soc. 219, 687. 

Noguchi, M., and Ishibashi, S. 1986. Mon. Not. R. astr. Soc. 219, 305. 

Unger, S.W. et al. 1987. In preparation. 

Vader, J.P., and Simon, M. 1987. Nature 327, 304. 

Wolsteneroft, R.D., Savage, A., Clowes, R.G., MacGillivray, H.T., Leggett, S.K. and Kalafi, M., 1986 

Mon. Not. R. astr. Soc. 223, 279. 

Wolstencroft, R.D. Unger, S.W., Pedlar, A., Heasley, J.N.,  Parker, Q.A., Menzies, J.W. Savage, A., 

MacGillivray, H.T., Leggett, S.K., and Clowes, R.G. 1987. Proceedings of the 22nd Rencontre de 

Moriond Workshop on Starbursts and Galaxy Evolution, Les Arcs, France, March 1987 fin press). 

Wolsteneroft, R.D. 1987. In preparation. 



OPTICAL AND FAR INFRARED PROPERTIES OF A 601.tm FLUX LIMITED SAMPLE OF IRAS 

GALAXIES 

J. Patricia Vader 

Department of Astronomy, Yale University 

Box 6666, New Haven, CT 06511, U.S.A. 

M. Simon 

Astronomy Program, Department of Earth and Space Sciences 

S.U.N.Y. at Stony Brook, Stony Brook, NY 11794-2100, U.S.A. 

ABSTRACT 

The optical luminosity function (OPLF) of a 60p.m flux-limited sample of IRAS galaxies is determined 

and compared to that of an optically selected sample. Of the 92 IRAS sources considered, 7 have no or 

more than one possible optical within the position error ellipse. The most luminous object is a quasar 

with an interacting host galaxy system. 

1. OPTICAL IDENTIFICATIONS AND LUMINOSITY FUNCTIONS 

The IRAS source content of 7 fields with a total area of 152.8 sq. deg. and covered by IIIa-J plates from 

a set used by Kirshner et al. (1979 KOS) to determine the OPLF of optically selected galaxies has been 

examined. Selection of IRAS galaxies with high and medium quality flux densities > 0.5 Jy at 60gin 

yields 92 objects, of which 50 are catalogued galaxies. For 7 of the unidentified objects the optical 

identification is dubious. The 4 IRAS sources whose position error ellipse contains no optical galaxy 

candidate on the KOS plates are shown in Fig. 1. The 3 IRAS sources with more than one optical 

candidate are shown in Fig. 2. 

J magnitudes were measured from the KOS plates. Redshifts are missing for 12 of the optically 

faintest objects (mJ _> 17.5), which have the largest infrared to optical luminosity ratios, so that our data 

are biased against the infrared most luminous objects (L60 > 1012 L0). The infrared luminosity 

function (Fig. 3a) derived for the 80 galaxies with redshifts (dots) shows indeed a deficiency of IR 

luminous objects relative to other determinations (Lawrence et al. (1986), solid line; Soifer et al. (1986), 

open circles). The shape of the OPLF (Fig. 3b) should not be affected by the redshift incompleteness. 

The OPLF of IRAS galaxies (dots) as compared to that of field galaxies (KOS, line) indicates that in the 

range -18 > MJ _> -22 IRAS galaxies represent about 15% of field galaxies. The turnover at Mj > -19, 

which becomes more pronounced when only objects with L60/LJ _> 1 (53 objects, open circles) are 

considered, suggests a deficiency of optically low-luminosity objects among IRAS galaxies. A full 

account of this work is given by Vader and Simon (1987a). 
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Fig. 1: IRAS sources with no fuzzy optical candidates inside the total (IRAS + optical) position error 

ellipse. Object A is the adopted optical counterpart of the IRAS source. Objects inside the ellipse are 

either of stellar appearance on the KOS plate, or spectroscopically conf'u'med stars, or at the plate limit. 

Quoted redshifts are galactocentric. (a) 08309+6433: A is a galaxy (11401 km/s), B is very faint, C 

looks stellar; (b) 08379+6753: A is a galaxy (11243 kmJs), B looks fuzzy and C and D stellar, E is near 

the plate limit; (c) 03075- 1139: A and B are galaxies (11677 and 11797 kin/s), the two objects near the 

center of the ellipse are stars; (d) 03075-0953: A, B, C, and D all look fuzzy (no spectra available). 



208 

Fig. 2: IRAS sources with more than one optical candidate. A is the adopted optical counterpart. (a) 

13416+2614: allidentified objects are near the plate limit (no spectra available); (b) 08175+6822: 

possibly a point-source piece of a complex field (SESI = 2 flag in the IRAS Point Source Catalog). No 

spectra available for A, B (both faint), and C(fuzzy). D is a galaxy (17356 km/s); (c) 02565+1114: A is 

a galaxy (25493 kin/s). Except for the two brightest, all nearby objects look fuzzy. 
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The highest luminosity point in the IRAS OPLF is contributed by the infrared-luminous (L60 = 

1.3 x 1012 L0) quasar IRAS 00275-2859 (Vader and Simon 1987b). It ranks among the strongest Fe II 

emitting active nuclei and belongs to an interacting system of two galaxies (Vader et al. 1987). VLA 

observations of July 1987 (A configuration) show that 00275-2869 is an unresolved radio source at both 

6 and 20 cm, with spectral index of -0.25. Wolstencroft et al. (1988) show that it obeys the tight 

correlation between the 20 cm and 60 gm luminosities of IRAS galaxies. The known properties of 

quasar 00275-2859 are consistent with those of one of the two basic classes of active nuclei. Given the 

distinct spec~oscopic characteristics of the host galaxies associated with these 2 classes (Boroson et al. 

1985), a red spectrum without emission lines and dominated by a stellar continuum would be predicted 

for the host system of 00275-2859. On the other hand, if its far-infrared radiation is emitted by the host 

galaxy, an emission-line spectrum typical of that of most IRAS galaxies is expected. Spectroscopy of 

the host system of 00275-2859 is needed to resolve this issue and to help establish whether the source 

of the far-infrared emission is the active nucleus or star formation. 
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A B S T R A C T  

We have used a large sample of nearly 2000 UGC galaxies with known redshifts and IRAS 60 and 
100 ~m detections to identify some fundamental correlations between the far infrared (FIR) and 
optical properties of normal galaxies and to assess the principal dust heating mechanisms that  
allow a galaxy to be detected by IRAS. We conclude (1) that  the 60/100 ~m flux density ratio is 
a useful discriminant of the heating source, (2) that  for most normal galaxies the FIR emission 
is powered by the general diffuse interstellar radiation field (ISRF), and (3) that  the overall 
intensity of the ISRF and the size of the galaxy are the most important parameters driving the 
FIR luminosity. Thus, the FIR luminosity of a typical spiral is not a good measure of the recent 
massive star formation rate, but is rather a natural  consequence of a constant star formation rate 
over several Gyr in an optically thin disk of gas and dust. 

1. I N T R O D U C T I O N  

The distance-independent F IR/B flux ratio of galaxies exhibits an extremely large dynamic 
range, which introduces a level of ambiguity, depending on sample selection, in properly iden- 
tifying the power sources. Although the luminous, high IR/B luminosity galaxies are the most 
spectacular, by far the majority of galaxies have much more modest FIR properties. We have 
studied a large optically selected sample - IRAS-detected UGC galaxies - in order to investigate 
the IR power sources of the more populous 'normal '  galaxies. The UGC is well matched to the 
IRAS Point Source Catalog, the two having similar median redshifts (Bothun, Lonsdale and Rice 
1987). Full details of this work, which is a follow up to the two temperature model  of Lonsdale 
and Helou (1987; LH), are presented by Bothun, Lonsdale and Rice (1987). 

2. R E S U L T S  A N D  D I S C U S S I O N  

We have separated out all galaxies in the sample with a priori evidence for a starburst  or 
active nucleus and compared their distributions of IR/B and 60/100 ratio to those of the rest of 
the sample. We find a much clearer distinction between the two sub- samples in the 60/100 ratio 
than in IR/B, which indicates that  60/100 is the more useful parameter for determining the FIR 
power source. This agrees well with studies within the Galaxy (eg. Boulanger and Perault 1987), 
which show that proximity to hot stars is required to produce high 60/100 ratios. We therefore 
adopt the two-temperature model of LH as a working hypothesis. The overall distribution of 
60/100 for normal galaxies is heavily skewed to low temperatures, characteristic of the cirrus-like 
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cool component, with a tail to high temperatures which is undoubtedly due to the influence of 
active star forming regions. 

What is the principle power source for this relatively cool FIR emission that is characteristic of 
the majority of spiral galaxies? An important piece of information comes from the fact that  there 
is no evidence at all that  the IR-emitting regions of IRAS-detected normal spirals are optically 
thick: we find no dependence of either the blue surface brightness or the UBV colors on IR/B 
ratio. Moreover, as illustrated in Figure 1, the relationship between blue surface brightness and 
LIR/MHI (the ratio of FIR luminosity to HI mass in solar units) goes in the wrong direction 
for an optically thick interpretation. In fact, Figure 1 is in excellent qualitative agreement with 
the models of Draine and Anderson (1984) for the Galactic cirrus emission in which the dust /gas  
ratio and ISRF temperature are held constant, and the FIR emissivity per H-atom is driven by 
the intensity of the ISRF. That is not to say that  the dust/gas ratio and ISRF temperature are 
unimportant; they may well be responsible for much of the scatter about the mean relationship 
in Figure 1. 

A second telling relationship is illustrated in Figure 2, where the optical (U-V) color is plotted 
against the 60/100 flux density ratio. The FIR color responds to the temperature of the ISRF even 
at (U-V) colors redder than 0.8 where there is essentially no contribution to the ISRF from OB 
stars (Kennicutt 1983). Since only very shallow relationships between either IR/B,  or LIR, and 
60/100 are present in this sample, this implies that  a red ISRF (negligible OB star contribution) 
is quite capable of producing a healthy FIR emission. This emission scales directly with disk 
mass, leading to luminous FIR emission for big disks. Also, 60/100 responds to the (U-V) color 
at the very blue end where OB stars do contribute to the ISRF, which supports the conclusion 
that OB star formation gives rise to FIR- emitting regions that are on average optically thin, 
because the UV-blue photons are seen to be escaping the galaxy. 

Support for our conclusions that  diffuse, ISRF-heated emission dominates the FIR luminosity 
of most normal spirals comes form the Large Galaxy Atlas of Rice et al. (1987), an example 
from which is shown in Figure 3. The FIR distributions tend to be smooth, with IR sizes very 
comparable to the optically measured size. 
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A B S T R A C T  

We have analyzed IRAS survey addscans of relatively nearby, large spiral galaxies by fitting to a 

model in which an axisymmetric, inclined disk is superposed on a central point source. A focal 

plane model of the IRAS detector response is integrated into the analysis. Preliminary results 

indicate that  the technique is useful for spatial decomposition of IRAS fluxes for normal spirals. 

1. I N T R O D U C T I O N  

Within the past  year, the study of IRAS data  on normal galaxies has been strengthened by 

the appearance of increasingly sophisticated analyses which have begun to lead toward a more 

mature understanding of the dust emission from spirals than can be expressed by a single number 

such as a naively derived, global star formation rate. For example, recent work by Helou and 

Persson (Helou 1986; Persson and Helou 1987) has pioneered a more thoughtful examination of 

the spectral characteristics of IRAS galaxy observations, an approach that  has been elaborated at 

some length by several authors at this conference (Boulanger 1987; Cox and Mezger 1987; Persson, 

Bothun, and Rice 1987). We report on a complementary approach to the IRAS database, which 

deals with the spatial decomposition of the IRAS flux. 

Our goal is to distinguish between extended emission associated with galactic disks and 

point-like sources in the nuclei of nearby spirals of large angular extent. Because of the limited 

angular resolution of the IRAS detectors, our operational definition of a "point" source is one 

smaller than a few tens of are seconds, depending on the IRAS band and the galaxy's signal to 

noise ratio. Thus when the term "nucleus" is used in this contribution, we are implicitly referring 

to the "near-nuclear zone" which is likely to include the flux from active star formation regions 

in the galaxy's inner kpc or so, in addition to the optically unresolved nucleus. 

This work is motivated by the question of whether the physical processes that  drive star 

formation in galactic nuclei may differ from those that dominate in the disks. Specifically, it 
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has often been suggested that radial inflows of dense gas to the nucleus of a spiral galaxy might 

trigger a surge of star formation there. Such inflows could be caused by the action of a bar or by 

interaction with a companion (e.g. Lo et al. 1984; Keel et al. 1985; Ball et al. 1985; Hawarden 

et al. 1986; Sanders et al. 1987). It remains to be shown that the enhancement of star forming 

activity in candidate galaxies actually is concentrated to the nucleus, in our broad definition of 

the word. One approach to this problem is to try to evaluate the level of star forming activity in 

the centers of galaxies from ground-based data and then compare the results to IRAS data (e.g. 

Devereux 1987; Hawarden 1987). We have tried instead to see what can be done by exploiting 

the spatial information of the IRAS data themselves. 

2. M E T H O D  

Our analysis relies on a spatial decomposition of the observed infrared emission by fitting the 

]RAS data to a very simple model galaxy. Thus, our approach is not a true deconvolution 

technique and does not aim to improve drastically on the inherent spatial resolution of IRAS, 

but rather to remove the effects of the unusual (from the traditional astronomer's point of view) 

spatial sampling of the sky that IRAS carried out, with its oblong detector shapes and arbitrary 

scanning orientation. It is crucial to the success of this analysis that the actual responses of the 

physical detectors aboard the spacecraft be included as accurately as possible; otherwise, the 

solution for the combined disk plus point source system is likely to be dominated by the errors 

in the point source fit. Our method therefore incorporates the technique, sometimes called "focal 

plane modelling," of building the available data on the detector array itself into the analysis. We 

plan to make the program available to the general community of IRAS data users once it has 

been more extensively tested. 

We have implemented this idea with a computer program that models the fluxes from a series 

of one-dimensional survey scans across each galaxy, the IPAC ADDSCAN data product. The 

program uses the simplest possible model for a spiral galaxy. The infrared surface brightness is 

assumed constant on (inclined, elliptical) annuli, so that the model galaxy has inherent azimuthal 

symmetry. There is an additional contribution to the flux from an unresolved point source, whose 

position relative to the nominal IRAS position is found in a preliminary step. At each point where 

IRAS has sampled the galaxy's flux, the output signal is given by a convolution of the detector 

response function over the part of the galaxy inside the limits of the detector mask at that time. 

We use a set of detector maps computed and made available to us by M. Moshir of IPAC. 

The full map (64 grid points in-scan, ~ 40 cross-scan) was used for calculating the response to the 

point source, but for convolution with the galaxy disks a smoothed version was computed with 

fine sampling at the cross-scan edges of the detector, where the slope of the response is steepest, 

and less resolution elsewhere for computational efficiency. 

The application of the program has so far been restricted to the 60 #m and 100 #m bands. 

Although the shorter bands offer possibilities of higher resolution, and the 25 ~m band in partic- 

ular seems an excellent star formation indicator (Hawarden 1987), the problem is complicated at 

shorter wavelengths by the presence of many point sources in a typical field. Since these do not 

have accurate a prior i  positions, the program to subtract them must be made more sophisticated 

than our current version. 
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The convolution is performed over the model galaxy and an idealized detector which is 

divided into a number of constant sensitivity boxes. The solid angle of overlap with each annulus 

is computed for every box in turn. By choosing an in-scan box dimension commensurate with 

the total detector size, one only has to do the geometrical part of the calculation once and store 

results. The result is a matrix of least squares coefficients that specify the observed flux at each 

point. Because the solution for the point source position has been handled separately, a linear 

least squares technique can be used to solve for the nuclear and disk fluxes simultaneously. 
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Figure 1. A single scan over NGC 7793 at 60 microns. Dogs, observed data. Solid line, best fit including 
axlsymmetric, inclined disk. Dashed line, best fit for point source only. The galmxy is clearly extended. 

3. RESULTS 

Figure 1 shows an example of running the program on a single scan of the galaxy NGC 7793 at 60 

#m. Included are two fits to the data, one which uses only a point source and the adopted model 

with disk included. The disk component clearly contributes substantially to the flux density, 

about half the total in this case. As one can see from this example, the simple model used 

here can represent scan data quite well in many cases, indicating that the axisymmetric disk 

approximation is reasonable for many galaxies and that a useful separation of the extended disk 

emission from the nuclear flux is possible in cases of adequate signal to noise ratio. 

Our plan is to carry out this analysis for a fairly large sample of 100 - 200 galaxies of sufficient 

angular diameter. Many of these galaxies have also been observed at 1 #m with a CCD, to search 

for stellar bars. To date, our work with the IRAS data has been directed primarily to developing 

the software tools to do this analysis, and only a small sample of about 15 objects has yet been 

studied. The following trends have emerged in this small data set, but it remains to be seen 
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whether they are confirmed by the complete sample. Most of the galaxies studied are measurably 

extended, with the fractional luminosity of the unresolved nucleus varying from 20 to 80 percent 

at 60 ~m. The barred spirals are more centrally concentrated than unbarred galaxies of the same 

angular size, but possible selection effects must still be evaluated. If this result is borne out, 

it would support the idea that bars promote nuclear star formation. No significant trends with 

Hubble type or (H I) gas content are apparent in this small sample. 

One very important test to be carried out in the near future is the analysis of synthesized 

data with noise added, for the purpose of determining quantitative limits for the separation of 

disk and nuclear components by our program. 

4. S U M M A R Y  

A technique for spatially decomposing the IRAS signals from nearby spiral galaxies has been 

developed, using a detailed model of the instrumental response of the IRAS focal plane detectors. 

Preliminary results suggest that the dominance of the near-nuclear zone in the long-wavelength 

IRAS data varies significantly from galaxy to galaxy and that an increase in central concentration 

may be correlated with the presence of a stellar bar. 
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A B S T R A C T  

Only a few percent of IRAS detected galaxies are clearly AGN. Colour selected lists produce AGN 

more efficiently, but miss most of the AGN we previously knew about. IRAS selected AGN samples 

axe biased towards Type 2 Seyferts, indicating the importance of dust absorption and re-emission. 

Most high luminosity IRAS galaxies appear to be starbursts rather than AGN, but a population 

of completely dust enshrouded AGN may be dominating at the very highest luminosities. A 

large minority (~  40%) of high luminosity IRAS galaxies appear to be in interacting or merging 

systems. IRAS measurements of AGN have greatly improved the frequency coverage of the wide 

ranging continuum emission, allowing to us to distinguish several emission components. 

1. I N T R O D U C T I O N  

I would like to concentrate on four areas where IRAS has had a major impact on active galaxy 

studies. Firstly, IRAS has been a good tool for simply finding Active Galactic Nuclei (AGN), 

especially Type 2 Seyferts, but the best technique for digging them out is not so obvious. Secondly, 

it seems that  IRAS may have discovered a new class of AGN, quasars buried in dust. Again, it 

is not trivial to unearth these, as it seems that most high luminosity objects are "starbursts". 

Thirdly, study of of IRAS galaxies has re-excited our interest in interacting galaxies and their role 

in promoting energetic phenomena, either of the Seyfert or of the Staxburst kind. Finally, IRAS 

measurements have filled a big gap in our knowledge of the overall continuum flux distributions 

for AGN, and thus have strengthened our knowledge of the components making up the AGN 

continuum. 

Many people have been working in these areas, as we shall see, but of course I will refer 

most often to relevant work done here at QMC with various collaborators. Several samples of 

IRAS galaxies are involved. S1 : A complete redshift survey for 303 IRAS galaxies in the NGP 

(Lawrence et al 1986). S2 : An all sky redshift survey of IRAS galaxies, with one-in-six random 

sampling. This is in progress, involving Rowan-Robinson, Lawrence, Saunders, Efstathiou, Kaiser, 

Ellis, Frenk, and Parry. These first two samples are primarily for cosmological purposes, but along 

the way contain data  of astrophysical significance. $3 : For more detailed studies of IR-luminous 

galaxies, we defined a subset of S1, with z > .01, S(60 pro) > 2 Jy, or S(60 pro) > I Jy and L60 

> 11.5. (Here and hereafter, L60 is log(uLv) at 60/~m, expressed in solar units, and calculated 

using H0 = 50, g~ = 1). Most of these (61) galaxies have L60 > 11, in contrast to the general 
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content of S1, which is dominated by normal spirals, with typical L60 ~ 10. Collaborators in 

this work are Lawrence, Rowan-Robinson, Leech, Penston, Terlevich, Wall, and Jones. $4 : 

Rowan-Robinson and Crawford (1987) have studied a sample of 227 catalogued galaxies detected 

in all four IRAS bands. This contains a fairly even mixture of Seyfert galaxies, starburst  galaxies, 

and normal spirals. Finally I shall also make reference to X l  : a sample of 37 X-ray selected 

AGN, the subject of an ongoing multi-wavelength program, with collaborators as in Ward e~ al 

(1987). 

2. A G N  C O N T E N T  O F  T H E  P O I N T  S O U R C E  C A T A L O G U E  

2.1 A G N  in flux l i m i t e d  su rveys  

Flux limited samples are of prime importance for two reasons : (i) they result from an 

objective search method, and (ii) they have a relatively simple "selection function", so that 

recovery of population properties from sample properties is not difficult. Selection of IRAS sources 

at 60/zm at high galactic latitudes finds almost exclusively galaxies. Only about 5-6~ of these 

however are clearly Seyfert galaxies, as judged from the presence of high excitation emission lines 

( S1 : Leech et al 1987). This is not very different from the general incidence of Seyfert nuclei in 

spiral galaxies (Keel 1983). Most have HII region like lines. The IRAS PSC thus contains ,,- 103 

Seyferts, but a lot of hard work is required to sift them out. There are very few new quasars. 

(Pointed observations of well known quasars are discussed in Neugebauer et al 1986). Three 

new quasars have been found in examination of flux limited subsets of the PSC (Beichmann et al 

1986; Vader and Simon 1987; and a third, as yet unpublished, in our sample $3). The sparsity of 

new quasars is simply a reflection of the characteristic depth of the survey ; furthermore there are 

good reasons for avoiding any distinction, at least in sample selection, between AGN where we 

can see the galaxy and those where we can't  (see discussion in Lawrence 1987). Probably the best 

way to find all of the brightest AGN is flux selection at 12 pro, which is more less equivalent to 

the four-colour sample, $4. An important aim should the gathering of good quality spectroscopy 

for all of such a sample. 

2.2 Colour  se lec t ion  o f  A G N .  

De Grijp et al (1985) proposed selection on the basis of 60-25 #m colour, with 0.5 < a < 1.25, 

this range excluding Galactic objects at the warm end, and normal galaxies and starbursts at 

the cool end. (Throughout I shall use spectral index a in the sense implied by S~ = Ku-a) .  

They find 80% of such objects to be Seyfert galaxies. Similar results are found by Carter (1985) 

and De Robertis and Osterbrock (1985). If however we ask how many previously known Seyferts 

pass the eolour test, the results don't  seem so efficient. Consider the X-ray sample, X1. This 

sample is dominated by Type 1 Seyferts, 28/37 of which are detected by IRAS (Ward et al 1987). 

Only 10 pass the colour test ; 8 are too cold, with IRAS colours dominated by the host galaxy 

and/or  accompanying starburst  ; 10 are too warm, being dominated by a thermal component, 

which sometimes peaks at 25 pro. Next we can consider the sample of Seyferts found in the 

CfA redshlft survey. IRAS detected 37/48 of these (Edelson, Malkan and Rieke 1987). Only 8 

pass ; 24 are too cold, and 5 are too warm. In this sample, there are many Type 2 Seyferts, 
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and the IRAS colours of these are often strongly thermal and relatively cool (Miley et al 1985 ; 

KaJley and Lebofsky, this volume). Colour selection then is probably the best method for simply 

producing a long llst of Seyferts for further study, but such a list may be unrepresentative, and 

difficult to treat statistically. In recent ongoing work, De Grijp et aI (1987) have extended their 

colour range, to 0.0 < a < 1.5. This should pick up a larger fraction of Seyferts, but  an even 

larger number of "polluting" objects. 

2.3 R e l a t i v e  n u m b e r s  of  T y p e  1 a n d  T y p e  2 o b j e c t s  

In traditional Seyfert lists (e.g Weedmaa 1977), which were largely UV excess selected, Type 1 

objects outnumber Type 2 objects by 4 to 1. In our IRAS flux limited list however (S1) Type 2 

objects outnumber Type ls  by ~ 2 to 1. In the "warm" lists discussed above, the Type 2s are 

winning by 3 to 1. In the CfA sample, selected by parent galaxy magnitude, Type I and 2 objects 

occur in similar numbers. This strongly suggests that the "true" ratio is 1:1, and that most 

Type 2 Seyferts are obscured Type 1 Sey-ferts, re-radiating absorbed energy thermally in the IR 

(c.f. Rowan-Robinson 1977; Lawrence and Elvis 1982; Lawrence 1987). In this picture, Type 2 

Sey-ferts must be obscured in the line of sight, to lose the strong optical-UV continuum, but they 

must also have, as a class, higher globally averaged opacity, to explain the bias towards Type 2 

Seyferts with IR selection. Study of the classic nearby Type 2 Seyfert, NGC 1068, suggests that  

we may still see, weakly in scattered light, both the BLR (Antonucci and Miller 1985) and hard 

X-rays (Elvis and Lawrence 1987). 

3.  H I G H  L U M I N O S I T Y  I R A S  G A L A X I E S  - B U R I E D  Q U A S A R S  ? 

3.1 T h e  o c c u r r e n c e  o f  l a rge  I R  l u m i n o s i t i e s  

Early excitement was caused by the discovery of two galaxies, ARP 220 and NGC 6240, 

with IR luminosities of the order 1012L O (Soifer et aI 1984; Wright et al 1984). Further such 

objects were soon found (Allen et al 1985), and the first complete surveys showed that 3% of 

IRAS galaxies have L60 > 12 (Lawrence et al 1986 ; Soifer et al 1986). However until recently, 

the debate on the nature of such objects has remained centred on ARP 220 and NGC 6240. To 

put such luminosities into perspective, note that normal Shapley Ames spirals have L60 --- 9-11, 

emitting typically about 20% of their blue luminosity reprocessed into the far-infrared (De Jong 

et al 1984; Lawrence et al 1986; Rowan-Robinson et al 1987). About a third of IRAS galaxies 

have L60 > 11 and almost certainly need some extra energy source, rather than being simply 

large or dusty galaxies. The IRAS emission from many of these galaxies will be dominated by 

the extra energy source. At L60 > 12, this will almost certainly be the case. To get a feel for this 

luminosity, note that 3C 273 has L60 = 12.58. The obvious candidates for the energy source are 

(i) an active nucleus, and (ii) large numbers of recently formed hot massive stars. 

Spectroscopically however, neither ARP 220 nor NGC 6240 look either Sey-fert like, or t / I I  

region like (Heckman et al 1983; Fosbury and Wall 1979). This leads to the idea that the energy 

source itself is not seen, being buried in dust, and thus produces most of its energy output in the 

IR. The idea of a starburst buried in dust in the nuclear regions of galaxies has of course been 

around for some time (see review by Rieke and Lebofsky 1979). In the case of buried Seyferts, we 

may ask what the difference is between such postulated objects and Type 2 Seyferts .... we will 
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indeed ask this later. How common is this phenomenon ? By comparison with the IRAS properties 

of sample X1, Lawrence e* al (1986) find that ,  for a given IR luminosity, high luminosity IRAS 

galaxies are ,-, 50 times as common as Type 1 Seyferts. However if all the energy is absorbed and 

reproeessed, we should compare space densities at the same bolometric luminosity. This is very 

difficult, as we don ' t  know the shape of the AGN cont inuum in the XUV, but  Soifer et al (1986) 

make a reasonable guess, and find that  high luminosity IRAS galaxies and Seyfert galaxies are 

roughly equally common. On the buried quasar hypothesis then, about 50% of AGN are buried 

in dust. 
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F ig .  1 Model fits to IRAS cotours and other  da t a  for ARP 220 and NGC 4418, from 
R o w a n - R o b i n s o n  and Crawford (1987). Dashed line : s t a rburs t  inside cloud with Av=20 ,  
and addi t ional  foreground ext inct ion Av=78. Solid line : quasar  inside cloud with 
Av=40.  For the lower curve, the power law has been cut  off at 100 ~m. 

3.2 Quasars  or S t a r b u r s t s  ? 

So are there hidden quasars, or just  hot stars, in ARP 220 and NGC 6240 ? We should 

look sceptically at the arguments that have been raised. The first three arguments are to do 

with optical depth. (i) The IRAS colours are different from most galaxies, active or otherwise, 

probably because of large optical depth. Fig. 1 shows two models of ARP 220, calculated by 

Rowan-Robinson and Craw'ford (1987) : one is an obscured starburst ,  the other an obscured 

quasar. Shortward of 100 #m,  one cannot tell the difference. Longward of 100/~m, it depends on 

whether the underlying quasar power law has turned over or not. (ii) The extinction is certainly 

large in ARP 220 - near IR cont inuum shape implies Av ,-, 10 (Rieke et al 1985) and the 

10 /zm silicate feature implies Av ~ 50 (Becldin and W y n n  Williams 1987). Optical and near 

IR spectroscopy of NGC 6240 implies Av ", 3 (De Poy et al 1986). All this tells us nothing 

about  the energy source however, except that it is well hidden. (iii) The "IR excess", that is, the 

ratio of IR luminosity to the luminosity in Lya,  as deduced from other recombination lines, is 
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far larger than seen in Galactic HII regions (De Poy et al 1986). Where foreground extinction 

is clumpy, and/or  dust is mixed with the ionised gas, extinction values derived even from near- 

IR emission lines may be a severe underestimate, and dust may compete for ionising photons. 

Furthermore, in large star-forming complexes, as opposed to individual HII regions, many OB 

stars may be completely hidden in their parent molecular clouds, and new stars of lower mass will 

contribute to dust heating, but not to ionisation. From first principles therefore, the IR excess 

doesn't tell us much about the underlying energy source, but more about its environment. De 

Poy et al (1986) argue nonetheless that the IR excess is even larger than seen in some well known 

nearby starburst  galaxies, and closer to that of NGC 1068, thus empirically supporting the quasar 

hypothesis. However, a safe statement on the IR excess of starbursts should await more detailed 

study of IRAS selected objects. 

The next two arguments are to do with the nature of emission lines. (iii) Joseph et al (1984a) 

have argued that s t rong/ /2  emission (probably due to shocks) in both ARP 220 and NGC 6240, 

empirically supports the starburst hypothesis. However on first principles i t 's  not clear why 

shocks should be more important in starburst than in AGN, and in fact Kawara et al (1987) 

have claimed that  AGN are actually s t ronger / /2  emitters. (iv) De Poy et al (1987) have, after 

many hours of integration, found a Bra  line in ARP 220 with FWHM = 1300 kms -1,  certainly 

much broader than the lines normally seen from HII region nuclei (2-500). This is then strong 

evidence for a quasar in ARP 220, but still not conclusive - in an optically thick starburst ,  it is 

possible that (a) turbulent velocities become large, and (b) before we see such a line, it has been 

broadened by multiple scattering (Joseph, private communication). 

The final two arguments are morphological. (v) Rieke e~ al (1985) claim that both ARP 220 

and NGC 6240 are extended at 10/~m, requiring a distributed heating source, i.e. a starburst.  

Becldin and Wynn-Will lams (1987) dispute this finding for ARP 220, claiming that  the 10 #m 

size is < 1.5"(~ 500pc), consistent with either hypothesis. (vl) Norris et al (1985) find a triple 

radio source in ARP 220, reminiscent of those found in Seyfert galaxies. Such a signature is 

unaffected by reddening. However more recent work (Norris 1987) indicates that  the weak third 

component may be spurious. A double source is still consistent with Seyfert nature. However, 

given that ARP 220 appears to be a merger, a double source may also represent star formation 

in each nucleus. Perhaps a safer bet is to look for a compact (pc scale) fiat spectrum core. These 

axe of course normal in radio loud AGN, but may also be present at low flux levels in radio quiet 

AGN (Preuss and Fosbury 1983). 

Overall then, the evidence is circumstantial and fax from conclusive. The best bet so far is 

that ARP 220 is a quasar and NGC 6240 is a starburst .  What  however is generally the case for 

luminous IRAS galaxies ? 

3.3 S p e c t r o s c o p i c  p r o p e r t i e s  o f  c o m p l e t e  s a m p l e s  of  h igh  l u m i n o s i t y  g a l a x i e s  

New observations of IR-luminous galaxies are presented in this volume by Soifer, by Persson, 

and by Becklin. Here I will stress results from our own samples, S1 and $3, especially recent 

IPCS observations of the latter (Leech et al 1987; further work in preparation). The first finding 

is that the IR excess is usually very large. The observed LIR/LHc, is typically around 4000, give 
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or take a factor of ten. The extinction correction is very uncertain, but the IR excess is usually 

several times larger than seen in Galactic HII regions, but only occasionally as high as in ARP 220 

and NGC 6240. For the extra energy source in the high luminosity galaxies, some combination of 

the problems discussed in section 3.2 (clumpy extinction, dust mixed with ionlsed gas, embedded 

stars) must be very important. Prom the measured Ha~Hi3, the typical A. is ,-~ 3. In simple 

spherical models, the IR excess, the Ha~Hi3, and the IRAS colours are very hard to explain 

simultaneously (Crawford 1987). The simplest fix is to postulate that in most directions opacity 

is very large, but that the dust cover is broken by holes for about 1-10% of the surface area. 

Alternatively, in the starburst picture, most of the OB stars are hidden deep in a thick cloud, but 

1-10% are in relatively low opacity regions - possibly those on the edge of the cloud have blown 

away the dust cover, as in the "blister" model (e.g. Habing and Isrwel 1979). 

An important point here is that any holes will allow the energy source, hidden in the line 

of sight, to reveal itself by the nature of the emission lines produced in gas ionised through the 

holes, as these will dominate the weak reddened lines from optically thick regions. Fig. 2 shows 

a diagnostic diagram, in the manner of Baldwin, Phillips and Terlevich (1981), for sample $3. 

Almost all look like HII regions. The typical excitation level is higher than normally seen in 

Galactic ttII regions, which centre round (E) ~ 0, but well below the power law line. Only a 

few objects are clearly Seyferts, but noticeably the highest luminosity objects have higher (E). 

However, a private communication from R.Terlevich suggests that the BPT (1981) dividing lines 

may not be correctly placed, in which case there may be as many as many as 7 Seyferts in sample 

S3. Fig. 3 shows the optical continuum colour-colour diagram. Objects with L60 < 11 have the 

colours of bulge stars. Those with 11 < L60 < 12 have a range of colours, similar to those in 

nearby Sc galaxies, consistent with enhanced star formation. The galaxies with L60 > 12 tend to 

lie above this locus. The lower two groups can be explained by a mixture of bulge starlight and 

reddened O stars. Some of the most luminous objects may also be explained this way, but many 

are better explained by reddened AGN. (In either case, A~ ,,~ 2 - 5). Note that for starbursts, the 

reddening applies only to that fraction of the O stars which are relatively clear, not the deeply 

hidden majority. 

It would seem likely then, that for objects with 11 < L60 < 12 the majority are starbursts 

that are mostly heavily obscured, but with optically thin parts. For objects with L60 > 12, a 

larger fraction are likely to be reddened quasars. 

4. H O W  M A N Y  I R A S  G A L A X I E S  A R E  I N T E R A C T I N G  ? 

Pre-IRAS studies have consistently shown that interactions have a clear statistical link with 

both star formation activity, and Seyfert activity (e.g. Larson and Tinsley 1978; Joseph et al 

1984b; Joseph and Wright 1985; Dahari 1984; Keel eg al 1985), in the sense that we see a larger 

than expected minority of disturbed galaxies. Renewed interest in these questions came with the 

discovery of ARP 220 and NGC 6240, and the realisation that both seemed to be mergers (Soifer 

e~ al 1984; Wright e~ al 1984). IRAS selected galaxies are not generally interacting (Lawrence et 

al 1986) but we must examine the unusually luminous objects. Reports concerning incomplete 

and small samples of the most luminous IRAS galaxies have suggested that a very large fraction 

of these are interacting or merging (Allen et al 1985; Sanders et al 1986). 
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To get a clear answer to this question, we obtained CCD images of all the objects in sample 

$3 (Lawrence et al 1988, in preparation). These have been subjectively classified on a scale from 

0 to 6, depending on the closeness and brightness of neighbours, and the presence or absence of 

disturbed structure, such as tidal tails. The sample is self controlled in the sense that we can 

compare the properties of low and high luminosity galaxies. The basic result can be simplified 

as follows. For L60 < 11 only 10% of IRAS galaxies are interacting or merging, but at higher 

luminosities the figure is 40%. There is a problem however, in that for most of the pairs, both 

galaxies will have been in the IRAS aperture, leading to a bias towards pairs in a flux limited 

survey. Correction for this effect is not completely obvious, but the most pessimistic correction, 

dividing the luminosity of all pairs by a factor two, leads to new figures of 20% interacting for 

L60 < 11, and 30% for L60 > 11. What is the ease for "normal" galaxies anyway ? We are in the 

process of studying a control sample with a similar range of apparent magnitudes, but meanwhile, 

a rough idea can be gained by asking, what fraction of Shapley Ames galaxies, in the North, is 

also present in the ARP or VV catalogues ? The answer is 14%. This is similar to the figure for 

low luminosity IRAS galaxies, but significantly smaller than the figure for high luminosity IRAS 

galaxies. 

Our finding then is that dynamical interaction is of great importance for the IRAS galaxy 

phenomenon, but is unlikely to be the most common trigger. There are two possible weaknesses 

with our study. (i) We could have missed many dwarf companions. However, these are probably 

very common anyway - testing their causal significance is going to need extremely careful work. 

(ii) Perhaps the fraction of interactions and mergers is even higher at L60 > 12 - such objects are 

the most distant and have the poorest images, so that relatively faint disturbed structure might 

have been missed. Overall however, we sound a note of caution amidst the din of enthusiasm for 

interactions. 

5. F L U X  D I S T R I B U T I O N S  OF A G N  

5.1 I R A S  colours  

The 100, 60, and 25 ~um eolours of well known AGN were examined by Miley et al (1985). 

Type I objects have, on average, c~100-~0 "~ c~60-25 ~ 1. Type 2 objects are steeper as a class, and 

show curvature in that c~100-60 < c~60-2s, suggesting relatively cool thermal emission. Rowan- 

Robinson (1986) and Helou (1986) looked at the colours of normal spirals, and found a locus of 

points, suggesting pure disc (cirrus) emission at one end, and pure HII region emission at the 

other end. Rowan-Robinson and Crawford (1987; RRC), in studying the complete four colour 

sample, $4, found the most powerful diagram to be $8o/$25 vs S2s/SI:. Here a two branched 

locus is seen, suggesting that the colours of galaxies can be explained by a linear mixture of of 

three components : disc, starburst, and Seyfert. RRC actually decompose the members of $4 on 

this basis, and furthermore produce models to explain each component. (i) The disc component 

is modelled empirically as the sum of two blackbodies, (ii) the starburst point can be fitted very 

well by a hot star embedded in a spherical dust sheU with Av "~ 20, (iii) the Seyfert point can be 

fitted well by a power law component with c~ = 0.7 inside a dust sheU with A~ = 0.2. (This adds 

a thermal bump to the power law, peaking at 25 jura in vF~). 
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However, RRC also show that some Seyferts require an optically thick component, and as 

we see in Fig. 1, very optically thick quasars and starbursts can be hard to distinguish. Type 

2 Seyferts tend to lie further along the mixing line towards the "starburst" component. Some 

of this line may then be due to variation in optical depth rather than mixture with a starburst .  

Finally, as we shall see in the next section, the underlying power law probably has a slope, not of 

0.7, but of 1.1, and becomes self-absorbed near 100 #m. 

5.2 F r o m  the  far  I R  to  t he  u l t r a v i o l e t  

IRAS measurements, when joined to ground based near IR and optical data, and IUE mea- 

surements, cover a factor 1000 in frequency. The expanded vision certainly helps. Edelson and 

Malkan (1986) performed this task for a heterogeneous collection of Seyferts, and subsequently 

Edelson, Malkan and Rieke (1987) studied a well defined sample, the CfA Seyferts, though with- 

out the optical-UV data. (Hereafter this team is EMR87). Meanwhile, Ward et al (1987) and 

Carleton et al (1987), hereafter WC87, have studied the X-ray selected sample, X1. Between 

these two groups, reasonably clear conclusions have emerged. 

Type 2 AGN seem to be dominated by thermal emission and starlight (EMR87). Very few 

have UV or X-ray measurements. Type 1 AGN fall into three kinds, shown in Fig. 4 (WC87). 

Type A probably represents a universal underlying continuum that is flatfish in vF~,, with added 

"wiggles" : (i) thermal dust emission peaking at 25-60 #m, as in the RRC model, (ii) a "5 #m 

bump" of unexplained origin (EMR87),  and (iii) the famous blue bump, possibly the low energy 

tail of an accretion disc (Malkan and Sargent 1982). Type B is a reddened version of Type A; 

these objects have larger Ha/Hf l  and X-ray /Ha  (WC87). The extinction is typically Av ~ 3, 

so we lose much of the optical-UV continuum, but can still see weak broad fines and hard X-rays, 

i.e these are the X-ray NELGs. Comparing the X-ray and IR levels, it seems that what we lose 

in the blue is partially returned in the IR, indicating globally higher opacity rather than just in 

the fine of sight. Finally, Type C are objects where the nucleus is lost in the radiation from the 

parent galaxy and/or  accompanying starburst.  

With all these wiggles and features, it would seem hard to spot the underlying power law 

claimed by both WC87 and EMR87, but WC87 claim that simply finding a "baseline"by picking 

the lowest vF, point in the region 1-100 #m, and joining this to the X-ray level, defines a power 

law with a very small dispersion of slopes, centred on 1.1, very similar to the average slope through 

the IR region in Type A objects. EMR87 further point out that the power law has almost always 

started to turn over by 100 ~tm. If this is due to self-absorption, the implied size of about a fight 

day is similar to the expected size of the hypothesised accretion discs (EMR87). 

5.3 The effects of  d u s t  on a p p a r e n t  f o r m  

The sceptical reader will have noticed that I have invoked high dust opacity to explain three 

kinds of object that  all look rather different - X-ray NELGs, with hard X-rays and broad lines, 

Type 2 AGN, with high excitation narrow lines, and ARP 220 - like objects, with nothing much 

of anything except IR emission. However there are three likely degrees of freedom in the  effects 

of dust : (i) the globally averaged opacity, (ii) the line of sight opacity, and (iii) the (un)covering 
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factor, e.g. the number of holes, or the opening angle of a thick disc. We might need all three of 

these. Meanwhile, a tentative scheme might go something like this : 

With At, negligible in the line of sight, we see a classic Type 1 AGN, as found by UVX surveys. 

Small amounts of dust in other directions can produce the thermal "wiggles". With A.  = 2 - 3 in 

the line of sight, we see a "NELG", as found in hard X-ray surveys - steep optical-UV continuum, 

weak broad lines, and hard X-rays essentially undiminished. The increased thermal IR component 

often seen in such objects argues that increased line of sight opacity usually goes with increased 

global opacity, but line of sight geometrical effects can also play a part (c.f. Lawrence and Elvis 

1982; Antonucci and Miller 1985). With Av --- tens, the optica]-UV and BLR are completely 

gone, except possibly weakly in scattered tight, depending on the geometry. With  large enough 

accompanying gas opacity, hard X-rays can also be lost through a combination of Compton 

scattering and photo-electric absorption in the increased path length. However, to make a Type 

2 AGN, there must be holes (or free directions more generally, e.g. perpendicular to a thick disc) 

through which to ionise a high excitation nebula. Finally, with A~ -= tens and no holes, we see 

something like ARP 220. The covering factor also determines the degree to which objects are 

over-represented in the IRAS catalogue, compared to Type 1 AGN. 

5.4 R a d i o  to  X - r a y  c o n t i n u u m  ; e m i s s i o n  c o m p o n e n t s  

Efforts are in progress by the WC87 and EMR87 groups to map the continuum of X-ray 

selected and CfA selected AGN all the way from 109 to 1019 Hz. Enough is known already 

however to postulate a decomposition into components. Ideas of this kind have been discussed 

recently by Lawrence (1987). Fig 5. is a sketch of the various components likely to be present 

in relatively low opacity, genuine AGN (i.e. after discounting Type 2 Seyferts, ARP 220s, and 

starburst nuclei). Blazars, i.e. rapid variables with high polarisation, show continua that  differ a 

lot from object to object, but tend to look llke log Gaussians (c.f. Landau et al 1986; Perry et 

al 1987). The best bet is that this represents emission from a relativistic jet beamed towards us, 

and that such a component is present to some extent in all AGN. Type 1 AGN differ little from 

object to object except in relative radio power. In terms of power per decade, the radio emission 

is any case insignificant, and some sort of spectral break in the mm region is required. Shortward 

of this, overall power per decade is relatively fiat, probably indicating an underlying power law, 

with added bumps : (i) thermal IR emission, probably from dust in the NLR, (ii) a rise in the 

optical-UV, mirrored by an X-ray "soft excess", possibly representing thermal emission from an 

accretion disc (Malkan and Sargent 1982 ; Elvis, Wilkes and Tananbaum 1985), and (iii) an X-ray 

bump, presumably descending at higher energies, the fashionable explanation for which is a pair 

plasma (e.g. Fabian et al 1986; Svensson 1987 and references therein). We still don' t  know which 

of the power law, the blue bump, and the X-ray bump, contain most of the energy, lacking as we 

do the vital XUV and 7-ray data. 

Because of these different components, and the effects of dust on them, samples of AGN 

selected at various wavelengths are sensitive to differing degrees of freedom available to an active 

nucleus. An idea of how this works out is sketched in Table 1. The IRAS survey has produced 

the last of a suite of samples which together give us a much clearer picture of nuclear activity. 
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TABLE 1 : S E N S I T I V I T Y  OF P R O P E R T I E S  TO S E L E C T I O N  T E C H N I Q U E  

H a r d  X-ray power now A, < 100 

UV excess power now A~ < 1 

Inf ra red  power over 1 kYr Av > few 

( NLR dust ) 

Low frequency power over 1 MYr A~ = anything 

radio ( Mpc lobes ) 
High frequency jet power • velocity A~ = anything 

radio 

inclination independent 

inclination dependent 

inclination independent 

inclination independent 

highly inclination 

sensitive 
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ABSTRACT 

The 60 to 25 pm f lux rat io  of type 2 Seyferts is correlated with the i r  

emission l ine reddening in a way which is not consistent with a 

distr ibuted heating source but agrees with predictions of a centra l ly  

heated dust shell model with a luminous UV power source. 

I .  INTRODUCTION 

In the middle seventies i t  became known that Seyfert galaxies emit a 

s ign i f icant  portion of the i r  bolometric luminosity in the mid- to far- 

infrared and that type 2 Seyferts are distinguished from type 1's by 

more steeply r i s ing ,  curved infrared continua and higher IR to optical 

ra t ios.  (e.g. Neugebauer et al .  1976). In 1978 Rieke found a 

correlat ion between U-B color and steepness of the nonstel lar continuum 

between I and 10 ~m in Seyfert galaxies, which suggested that thermal 

emission f rom dust was important--at least in the redder objects. 

Since that time, the IR emission mechanism of most type I Seyferts has 

remained controversial ,  while that of type 2 Seyferts--general ly 

believed to be thermal--has received l i t t l e  attention. 

The IRAS database provides a unique opportunity to study the IR 

emission of type 2 Seyferts as a class, and there is good reason to do 

so. The d i s t i nc t i ve  IR continua of type 2 Seyferts has already been 

mentioned. Another important consideration is that the emission l ines 

from type 2 Seyferts are a l l  reddened to some degree, and the ra t io  of 

H~ to HB emission l ine f lux  provides a re l iab le  estimate of the amount 

of reddening. Thus we have a readi ly obtainable measure of at least 

one component of the dust in these objects. 

Using the IRAS database and optical spectroscopy f r om our 

observations and from the l i t e ra tu re ,  we have undertaken a systematic 

study of type 2 Seyferts detected by IRAS at 25 and 60 ~m. Our goal is 

to determine whether the i r  IR emission is indeed due to dust and, i f  

so, to investigate the location, heating source, and geometrical 

configuration of this dust. 
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2. PROCEDURE 

Version two of the IRAS Point Source Cataloq contains 74 known type 2 

Seyferts detected at both 25 and 60 pm. Six of these are IRAS small 

extended sources, and they were excluded from further study, since they 

are nearby, low luminosity Seyferts whose 60 ~m emission is l i ke l y  to 

be contaminated by the host galaxy (but note that we do not exclude 

pr ior i  the poss ib i l i t y  of hos t  galaxy emission in the remaining 

objects). 
We have obtained H~/HB ratios on 29 of the objects in this sample so 

far. Most are from Koski (1978) and our own observations. For a 

complete l i s t  of references, see Kailey and Lebofsky (1987; hereafter 

KL87). In addition, we have searched the l i terature for H8 fluxes, 

host galaxy axial ratios, and X-ray fluxes for these objects. 

3. RESULTS 

The dependance of the H~/H8 rat io on host galaxy incl ination in type 2 

Seyferts is extremely weak; for 25 objects, the correlation coefficient 

is .38, and the rms scatter is ±.2 in log Hc(/HB. Application of the 

incl ination dependent extinction correction for Sa to Sb galaxies given 

by Holmberg (1975) is suf f ic ient  to eliminate the correlation. Keel 

(1980) found evidence for a source of extinction in type I Seyferts 

which is aligned with the host galaxy disk but is thicker than a normal 

spiral disk. This  result does not appear to hold for type 2 Seyferts. 

There is a good correlation between the Hcx/HB rat io and the 25 to 60 

~m flux rat io for type 2 Seyferts. When H~/HB ratios corrected for the 

host galaxy incl ination using the Holmberg (1975) relationship are 

used, the correlation coeff icient is improved and the scatter is 

reduced. The figure on the next page shows inclination-corrected H~/HB 

ratios plotted against the 25 to 60 ~m flux rat io for type 2 Seyferts. 

The existence of this correlation has several immediate implications 

for the dust and far infrared emission in type 2 Seyferts. 

The column density of dust in the l ine of sight to the narrow line 

region strongly affects the far IR emission. Any reasonable absorber 

which is no more than a few optical depths in the v is ib le must be very 

thin at these wavelengths, and the effect must therefore be opt ical ly 

thin emission. The existence of signif icant preferred directions 

through the absorbing cloud is ruled out by the tightness of the 

observed correlation. Thus the absorber is distributed with roughly 

spherical symmetry about the narrow line region. The power in the 

dereddened emission l ine spectra is an order of magnitude below what is 
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necessary to provide the 25 or 60 ~m emission. Therefore the dust does 

not l i e  p re fe ren t i a l l y  behind the narrow l ine clouds, unless the i r  

covering factor is near one .  Edelson and Malkan (1986) found good 

agreement between emission l ine and continuum reddening estimators for 

a large sample of Seyfert galaxies, which supports this conclusion. 

The f a r  

i n f r a r e d  

luminosit ies of -02 

type 2 Seyferts 

can be used to -0.~ 

c o n s t r a i n  

models of the 
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including 17 type 2 Seyferts using a least squares f i t  to a s t e l l a r  

continuum plus power law between 3000 and go00 A. Yee's continuum 

fluxes are well correlated with HB f luxes, and we have therefore used 

HB f luxes, where avai lable, to derive s imi lar  estimates. We find that 

there is not su f f i c ien t  energy in the dereddened UV continuum to power 

the 25 or 60 ~m emission unless i t  is extrapolated upto . i  keV with a 

spectral index no steeper than - I / 2 .  One is then forced to postulate a 

turnover before ".4 keV in order to be consistent with available hard 

X-ray observations. Since hydrogen and helium w i l l  compete very 

e f fec t i ve l y  with the dust for photons above the Lyman l i m i t ,  a very 

luminous UV bump (possibly the well known 3000 A bump) would seem the 

most l i k e l y  heating source for the dust, i f  i t  is centra l ly  heated. 

Star formation provides a possible a l ternat ive power source. The IR 

emission could then be explained as a mixture of warm nuclear emission 

and cooler emission from the starburst.  This model predicts a l inear  

relat ionship between L60, L25, and'c~, where L60 and L2S are 60 and 25 

um luminosity densities and I:: is the dust optical depth. A 

mult ivar iable regression reveals s ign i f i can t  dependence of L60 on both 

of these variables, but the reduced Chi squared is 5.2 with 25 points, 

which indicates that this model is a very poor description of the data. 
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This lead us to examine more closely a central ly heated dust shell 

model. We have assumed a power-law luminosity source with spectral 

index -1/2 between 2 um and . i  keV embedded in an H I I  region (he=t03 

cm "3, T=IO 5 K), which is in pressure equilibrium with the narrow l ine 

clouds. To reduce the number of model parameters, we set the inner 

radius of the dust shell equal to the StrBmgren radius of this H I I  

region. The luminosity of the nonthermal source between 3000 A and 

9000 A is a free parameter (LNT44 x 1044 erg/s).  The outer dust shell 

radius is set by the parameter ~, the number of kpc per magnitude of 

ext inct ion.  We have assumed spherical graphite dust grains with radius 

~m. We thus have a highly oversimplified three parameter model, 

which is nonetheless useful, as the emergent spectrum depends much more 

strongly on the dust optical depth than on the parameters over 

reasonable ranges of parameter space. Obviously, generalizations of 

this model are both feasible and desirable. 

The model is governed by two integral equations, which determine the 

temperature structure of the dust and the emergent spectrum. The 

temperature so lu t ion  was s imp l i f i ed  using the Planck-averaged 

emissivi t ies for graphite computed by Draine and Lee (1984). We used 

approximate ana ly t i c  grain cross sections and an on-the-spot 

approximation (scattered photons are immediately absorbed at the point 

of scatter ing) in treating the UV-optical radiat ive transfer.  

Further deta i ls  of the computation, for which space is unavailable 

here, are given in KL87. Three of the resultant curves are plotted on 

the f igure, where i t  can be seen that the predicted f lux rat ios are in 

impressive agreement with the observations, as is the general shape of 

the optical depth-IR color relat ionship.  
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ABSTRACT 

We first review the evidence for IR activity in interacting and merging galaxies, 

based on 10 and 20 um observations. We then investigate the 'starbursts vs. 

monsters' explanations for the energy source powering the IR activity in these 

galaxies. Using available IR photometry, and IR, optical, and ultraviolet 

spectroscopy, we show that, in general, a starburst induced by the interaction is by 

far the most plausible mechanism. We then apply simple starburst models to the IR 

data to derive some of the quantitative features of these starbursts. Finally, we 

argue that interaction-induced starbursts are likely to have occurred in the 

evolution of most galaxies, and we discuss some of the larger implications of this 

fact for extragalactic astrophysics. 

I. INTRODUCTION 

One of the major discoveries arising from the advent of IR astronomy is the 

realisation that the nuclei (i.e. the central few arcsec) of many gas-rich galaxies 

have IR luminosities orders of magnitude larger than can be produced by thermonuclear 

processes in a 'normal' stellar population. I take this as a working definition of 

'IR activity' in galaxies. The IRAS survey has provided at least 10,000 new 

candidates for consideration as IR active galaxies. 

It is now abundantly clear that many of the more luminous 'IRAS galaxies' are 

interacting or the remnants of a recent merger between two gas-rich galaxies (Joseph 

et al. 1984, Lonsdale, Persson & Matthews 1984, Cutri & McAlary 1985, Joseph & Wright 

1985, Joseph 1986). It is also becoming evident that a large fraction of quasars 

show evidence of interactions (cf. Smith et al. 1986). CCD images of powerful radio 

galaxies also suggest that interactions are commonly associated with these galaxies 

(cf. Heckman et al. 1986). If interactions are frequently the common denominator in 
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galaxies with high luminosities, one might expect that the underlying energy 

generation processes might also be similar in these galaxies. This argument would 

suggest that accretion onto a compact object, the mechanism generally thought to be 

responsible for the energy generation in quasars and powerful radio galaxies, would 

then also be operating in the powerful IRAS galaxies which appear to be interacting. 

On the other hand, there has generally been a tendency to interpret IR emission from 

galaxies in terms of a recent burst of star formation. Luminous interacting IRAS 

galaxies thus provide a particular example of the 'starbursts vs. monsters' 

controversy (Heckman 1983). 

I should like to address this issue by investigating the central few arcsec of 

a sample of interacting galaxies using a variety of observational approaches. In 

this way we should be able to gain insight into the physics in the 'nuclei' (i.e. 

Ikpc) which is associated with interactions between galaxies, and produces powerful 

IR emission in them. 

2. MID-INFRARED PHOTOMETRY OF INTERACTING GALAXIES 

We (Wright et al. 1987) have carried out mid-IR (10 and 20 ~m) observations for a 

number of the interacting galaxies which we had identified in an earlier study using 

JHKL photometry as likely to have large mid-IR luminosities (Joseph et al. 1984). In 

addition, we have collected from the literature all the other mid-IR photometry 

available on interacting galaxies. This provides a sample of 39 interacting or 

merging galaxies (listed in Wright et al. 1987) with 10 ~m detections in 5-8 arcsec 

apertures. IRAS observations, with their large apertures, are not well suited to 

studies of such small regions in galaxies. 

The continuum spectra for several of the interacting galaxies in this sample 

are shown in Fig. I. It is evident that they are all very similar to each other and 

to that for NGC253, which is also shown. These spectra, which must peak in the 

far-IR, are characteristic of thermal radiation from dust grains which are at a 

variety of temperatures. They are similar to the spectra observed for galactic star 

formation regions. By comparison, the mid-IR spectra of quasars and Seyfert I 

galaxies are generally much flatter (Lawrence et al. 1985). 

The IR luminosities of these galaxies are large. In Table I the 10 ~m 

luminosities are compared with other classes of galaxies--Seyferts, classic 

starbursts, and bright spirals. It is evident that the interacting galaxies are 

substantially more luminous than the latter two types. Mergers are apparently more 

luminous than non-merging interacting galaxies by an order of magnitude, and about as 

luminous as Seyferts. As we suggested some time ago (Joseph & Wright 1985), mergers 

seem to be the high luminosity tail of the interacting galaxy luminosity 

distribution. 

A mass-to-light ratio provides a good quantitative indication of the extent to 

which the luminosity of a galaxy may be accounted for in terms of the energy 
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Figure I. Continuum spectra of interacting and merging galaxies. 

The spectrum of N253 (+) is shown for comparison. 

Table I. Luminosities at 10 um for various classes of galaxies. 

Class of galaxy N Range (L®) Mean (L G) 

Interacting 24 4x107-7x109 2.5xi09 

Merging 9 4x109-5x10 ~° 2xi0 I° 

Seyferts 50 4x10e-10 ~I 4xi0 l° 

Starbursts: M82 109 

NGC253 6xi0 B 

NGC2903 Ixi08 

Bright spirals 17 10S-7x108 2xi08 
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generated by a normal population of stars (cf. Joseph 1986). The minimum M/L which 

can be maintained by thermonuclear energy generatio~ for a Hubble time is H/L ~ I (in 

solar units, assumed hereafter). There are rotation curves available for ten of the 

galaxies in the sample, and it is possible to place upper limits on the masses of 

three more. In Table 2 the M/LIR ratios, within either a 5 or 8 arcsec aperture, 

are listed for these galaxies. Here the total IR luminosity LIR has been estimated 

as 15 that at 10 um (cf. Scoville et al. 1983, Telesco & Gatley 1984). The M/L ratios 

for all the galaxies are substantially < I. 

Table 2. Mass-to-IR luminosities for interacting galaxies. 

Galaxy 

NGC Arp 

M/LIR 

(solar units) 

520 157 <0.01 

1614 186 0.003 

2798 283 <0.4 

2992 245 0.001 

3227 94 0.02 

3256 0.01 

3396 270 0.002 

3395 270 0.007 

4O88 18 0.O2 

4194 160 0.03 

5194 0.3 

6240 <0.08 

7714 284 0.01 

We conclude, then, from the mid-IR data for the central few arcsec in this 

sample of interacting galaxies: 

i) The IR luminosities are large, with mergers rivalling Seyfert galaxies in 

luminosity. 

ii) The emission mechanism appears to be thermal emission from dust heated by 

absorption of harder radiation, as is seen in galactic HII regions. 

iii) The M/LIR ratios are too small to be maintained by energy generation by 

a normal population of evolved stars. Either there is recent star formation, 

with energy provides from a population of massive early-type stars, or there 

is a quasar-like source heating the dust, which re-radiates in the IR. 
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3. THE ENERGY SOURCE 

There have been three proposals for the energy source which powers the IR activity in 

the central regions of interacting galaxies: the starbursts or monsters mentioned 

above, and, for the merging galaxies, the relative .kinetic energy of the collision 

(Harwit et al. 1987). There is probably some contribution by all these processes, 

but the question is whether one might not frequently dominate. There are a variety 

of observational avenues by which we might be able to discriminate among these 

processes. 

3.1 The Spatial Extent of the Mid-IR Emission 

A dust grain at a distance R from a luminosity source will reach an equilibrium 

temperature T at which its thermal emission equals the rate of absorption of energy 

from the luminosity source. For typical grain parameters this gives 

R ~ 50T'S/2Ls~(L®) pc. 

If there is a single central source of luminosity ~ 10 ~° Lo, i.e. a monster, it can 

heat dust grains to T - 300 K, i.e. hot enough to that they radiate at 10 um, only 

out to a distance of ~ 3 pc. Thus, if there is measurable spatial extent at 10 or 20 

wm, it cannot be due to heating by a single, central source i.e. a monster, and must 

be due instead to distributed sources of luminosity, i.e. a starburst. 

This argument is complicated by the recent realisation that very small grains 

may be present which are not in thermal equilibrium with the energy sources which 

heat them. Such grains could be heated sufficiently by absorption of a single UV 

photon to reradiate at wavelengths of 10 um, or even shorter (cf. Sellgren 1984). 

This possibility does not, however, uncut the use of extended I0 ~m emission to 

distinguish between starbursts and monsters. Aitken & Roche (1985) have shown that 

the unidentified features at 7.7, 8.6 & 11.3 ~m, which appear to be carried by the 

very small grains, and strikingly absent in the mid-IR spectra of Seyfert galaxies 

and quasars, presumably because they cannot survive the hard UV radiation field in 

the centres of these galaxies. On the other hand, Roche & Aitken (1985) also show 

that the spectral features associated with very small grains are common in starburst 

galaxies. Thus, if very small grains are responsible for any spatially extended 

mid-IR emission (which we interpret as evidence for a starburst), this would appear 

to be likely only if the galaxy were not dominated by a 'monster' Thus the presence 

or absence of very small grains would not alter the conclusions. 

For this sample of 39 galaxies, four interacting galaxies, N2798, N3227, 

N3690, and N5194, and five merging galaxies, N6240, N1614, N3256, N3310, and IC883, 

have measured spatial extent at 10 um. Thus 25% of the sample is resolved at 10 um. 

This suggests rather strongly that the 10 um emission in these galaxies is not 
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powered by a single quasar-like nucleus; on the other hand, starbursts rather 

naturally produce such spatial extent. 

3-2 Optical Spectra 

Another approach to determining the underlying energy source is to use diagnostic 

diagrams for various optical line intensity ratios, such as those developed by 

Baldwin, Phillips & Terlevich (1981). The required optical spectra are available for 

31 of the interacting galaxies in the sample, and we have plotted [OIII]/HB vs. 

[NII]/H~ line intensity ratios for these in Fig. 2. The areas outlined in the 

diagram are those which Baldwin et al. identified as regions of excitation 

characteristic of HII regions, Liners, and Seyferts. For 21 of the interacting 

galaxies, the excitation is characteristic of HII regions, 4 are like Liners, and 6 

are like Seyferts. Thus the excitation spectrum is characteristic of HII regions in 

two-thirds of the cases, and strongly supports the idea of an associated starburst. 

In Section 5.3 I shall consider the possibility that 'Warmers', extreme Wolf-Rayet 

stars whose existence is inferred by Terlevich & Melnick (1985), account for some of 

the associations found between interactions and Seyfert-type activity. If there were 

such a stellar evolutionary phase, it would be natural to find some excitation 

characteristic of a harder spectrum present as the consequence of a starburst, and 

therefore it would not be unlikely that the 10 non-HII galaxies have also experienced 

a starburst which has now evolved to the 'Warmer' phase a la Terlevich & Melnick. 
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Figure 2. Optical line ratios for interacting galaxies. 
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3.3 Radio data 

The characteristics of the radio emission from these galaxies provide another 

approach to distinguishing starbursts from monsters as the underlying energy sources 

in interacting galaxies. The hallmarks of radio emission from Seyfert-like nuclei 

are flat spectra and small, usually unresolved sizes. By contrast, steep spectra and 

extended nuclear radio emission would be expected for the supernovae and supernova 

remnants associated with a starburst. 

Radio data is available for three-fourths of the sample of interacting 

galaxies (Wright et al. 1987). Virtually all of these have a steep spectral index, 

- -0.7. For ~ 80% of the sample the nuclear radio source is resolved, and the sizes 

are of the order of several arcseco These radio features are not characteristic of 

'monsters', but are qualitatively consistent with the supernova activity subsequent 

to a starburst. 

3.4 Ultraviolet spectral features 

The presence of strong UV emission lines due to CIV, HeII, and CIII is one of the 

hallmarks of Seyfert-type activity in galaxies. By contrast, one might expect 

starbursts to show absorption features due to CIV and SiIV, since these features are 

characteristic of giant and supergiant stars. In fact, SiIV absorption is luminosity 

dependent--strongest in supergiants and about zero in dwarfs (Wallborn & Panek 1984). 

We have devoted an observing shift on IUE to the most nearby example of an 

ultraluminous merging galaxy, N3256 (Joseph et al. 1986). The low resolution 

spectrum shows that the most prominent UV features are those due to SiIV and CIV in 

absorption, and there are no emission features typical of Seyfert-type activity. 

This is strong supporting evidence, from a rather different observational 

perspective, that there is strong starburst activity in this copybook example of a 

merging galaxy. 

3.5 Infrared Spectral Features 

A number of groups have been investigating the infrared spectra of interacting 

galaxies in the H & K windows (Fischer et al. 1983, Joseph et al. 1984, Rieke et al. 

1985, DePoy et al. 1987, Joseph et al. 1987). Infrared spectroscopy is an almost 

completely undeveloped tool for investigating physical processes in galaxies and 

these kinds of studies have enormous potential. 

Two results from analysis of our IR spectra of galaxies are particularly 

relevant to the question under consideration here. Firstly, we find the ratio of 

Brackett Y flux to IRAS 25 ~m flux to be remarkably constant, and the same for 

classic starburst galaxies as for interacting and merging galaxies (Arp220 is the 

most discrepant galaxy in this group). Secondly, we find shocked H 2 emission which 
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implies excitation rates of 30-30,000 M® of H 2 per year. For any reasonable lifetime 

for this excitation, this implies masses of shocked H 2 of 3 x 10 ~ to 3 x 10 ~° M e of 

H 2 in these galaxies. Thirdly, the Brackett ¥ and H 2 emission are spatially extended 

over several kpc. Finally, we find deep stellar CO absorption features indicative of 

a large supergiant population. These features are all qualitatively suggestive of 

starbursts. 

In summary, we have adduced observational evidence with the broad perspective 

provided by insights from variety of UV, optical, IR, and radio measurements. All of 

these observational approaches point toward the ubiquitous presence of starbursts in 

these luminous IR galaxies. It is difficult to rule out the proposal by Harwit et 

al. (1987) suggesting that the kinetic energy of the collision provides the IR 

luminosity we see the ultraluminous mergers; indeed, the correspondence between the 

extended Bracket ~ and H z emission would provide some support for it. The direct 

evidence for the presence of recent star formation from the UV data and the CO 

absorption is probably the strongest argument against this idea. These data do not 

exclude the concurrent presence of a monster in some or all of these galaxies. 

However, it is difficult to avoid the conclusion that, in the large majority of 

cases, starbursts are the dominant energy sources driving the large IR luminosities 

we have shown to be a common feature of these galaxies. Apparently, interactions 

produce starbursts. 

4 CHARACTERISTICS OF STARBURSTS IN INTERACTING AND MERGING GALAXIES 

Using the simple analytical starburst models of Telesco and Gatley (1984), discussed 

in detail in Telesco (1985) we can investigate the quantitative astrophysical 

characteristics of starbursts in the central few arcsec of these galaxies. In these 

models the initial mass function (IMF), the luminosity per star, and the main 

sequence lifetime of the stars are all approximated by power-law functions of the 

stellar mass. A more detailed discussion is presented by Wright et al. (1987). 

4.1 Star Formation Rates 

We consider the formation of OBA stars in a starburst with a constant star-formation 

rate that has proceeded for a sufficiently long time so that equilibrium has been 

established and the death and birth rates of massive stars are equal. For the 

values of LIR typical of interacting and merging galaxies (cf. Table 2), the ISM is 

being converted into early type stars in the central few arcsec at rates of 

I-lOOM® yr-2. By comparison, the star formation rate in the Galaxy, estimated 

from observations in the solar neighbourhood, corresponds to - 0.003 M® yr -~ in a 

region - I kpc in diameter (cf. Miller and Scalo 1979). 
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4.2 Duration of the Starbursts 

The mass-to-light ratios provide a powerful constraint on the length of time during 

which the star formation rates derived above can be maintained, since the starburst 

will eventually consume all of the available gas. All of the M/L ratios in Table 2 

are very small and imply short-lived starbursts. On the assumptions that 10% of the 

galaxy mass is gas, that the efficiency in turning gas into stars is 10%, and that 

massive stars ultimately return ~ 75% of their mass to the ISM, Wright et al. (1987) 

show that the M/L ratios of the interacting and merging galaxies in Table 2 imply 

that their interstellar gas will be consumed in very short timescales, - 5 x I0S-I0 ~ 

yr. For most of the galaxies then, if the starburst is to be maintained for periods 

> 10 ~ yr, fresh material must be supplied to the nuclear region on this timescale. 

The duration of a starburst nucleus must depend on the balance between 

interaction-driven infall of material and the outflow which will result from the 

large number of supernovae produced in the burst. Given the large fraction of 

interacting galaxies with starburst nuclei, it is evident that the interaction is 

continuing to supply fresh material for star formation on these timescales. In 

addition, the star formation efficiency must be greater than the ~ 5% observed in 

molecular clouds in the galaxy (Cohen & Kuhi 1979). 

4.3 Starburst Initial Mass Function 

The M/L ratio can also be used to constrain the lower mass cut-off to the IMF, since 

most of the mass of the starburst is in stars at the low-mass end of the IMF. Wright 

et al. (1987) have used the Telesco & Gatley model for a 10 ~ year old starburst to 

estimate the total mass of stars formed in the burst for various lower mass cut-offs 

to the IMF. The results for all the galaxies in Table 2 for which M/LIR ratios are 

available show that the total burst masses are about the same as the total mass 

estimated for the starburst regions, if the IMF extends to 0.1 M e . However, the 

starburst mass cannot account for all of the observed mass in the nuclear regions 

since the galaxies must also have the normal evolved stellar population. If we 

assume that the fraction of a disc galaxy's mass in gas is ~ 10%, we can inquire what 

minimum lower mass cutoff to the IMF will produce a starburst mass equal to 10% of 

the observed mass. Wright et al. find in this case that the lower mass cutoff to the 

IMF must be ~ 3-6 M®. 

This simple analysis suggests that, like the canonical starbursts in NGC253 

and M82 (Rieke et al. 1980, Kronberg et al. 1985), the extremely luminous starburst 

process induced in the nuclei of interacting galaxies is both extremely efficient and 

biassed towards massive stars. 
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5. WIDER ISSUES AND IMPLICATIONS 

5.1 How prominent are interacting galaxies among luminous IR galaxies? 

There have been a number of studies suggesting that interacting galaxies are 

unusually luminous in the IR (Lonsdale et al. 1984, Cutri & McAlary 1985, Joseph 

1986). In particular, Joseph & Wright (1985) argued that mergers of disc galaxies 

produce ultraluminous IR galaxies. Supporting evidence for these ideas continues 

to accumulate. Allen et al. (1985), in their studies of optically faint IRAS 

sources, find many to be strongly disturbed or interacting galaxies. Soifer et al. 

(1986, and in this volume) have identified a sample of the 15 most luminous IRAS 

galaxies, and their CCD images indicate that most, if not all, are strongly 

interacting. Lawrence et al. (in this volume) have undertaken CCD imaging for a 

statistically complete sample of 61 high luminosity IRAS galaxies. They find that 

the fraction of strongly interacting galaxies increases with 60 ~m luminosity. 

Joseph & Wright (1985) found evidence for an 'age effect' in the sample of 

mergers studied which is related to this question. They classified their sample of 

mergers into 'young', 'middle-aged', and 'old' on morphological criteria. They 

found the 'middle-aged' group to have an average IR luminosity - 10 ~2 L®, whereas 

the other two categories were about 5 times less luminous. Some of the spread in 

IR luminosities may be due to this age effect. It may be, therefore, that 

luminosities - 10 ~2 L® may be more typical of the peak starburst activity in 

mergers of large, gas-rich galaxies. 

5.2 Spectral evolution of galaxies 

On the most simple assumptions, the frequency of interactions between galaxies will 

be proportional to the galaxies' peculiar velocities divided by the interaction 

mean free path. This frequency will scale with redshift, z, roughly as (1+z) ~ 

Thus, if we see about 5% of galaxies interacting now, most galaxies will have 

experienced one interaction at z ~ I. While this is probably too naive an 

analysis, it indicates that we might expect to see the effects of interaction- 

induced starbursts in the spectral and chemical evolution of most galaxies. 

5.3 Relation to other forms of activity in galaxies 

It is becoming increasingly evident that galaxy interactions are associated with 

other classes of galactic nuclear activity, as Toomre & Toomre (1972) suggested 15 

years ago. Seyfert galaxies frequently exhibit tidal distortions and have 

companions (Balick & Heckman 1983, Keel et al. 1985). Lilly & Longair (1984) 

describe evidence of the effects of starbursts at high redshifts based on the 

optical-IR colours they find for 3CR radio galaxies. Smith et al. (1986) find that 
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in their deep CCD images of low redshift quasars, about half are hosted by 

morphologically peculiar galaxies. And recently Heckman et al. (1986) have shown 

that powerful radio galaxies are associated with morphologically disturbed 

galaxies. 

One possible link between interaction-induced starbursts and some of these 

other forms of activity is provided by the proposed existence of 'Warmers' by 

Terlevich & Melnick (1985). These authors argue that such stars can account for 

most of the high excitation spectral features which characterise Seyfert galaxies 

and quasars. Since interactlon-induced starbursts are apparently efficient in 

producing high mass stars, one can see that interactions might play a major role in 

producing these high excitation, high luminosity galactic nuclei. 

Another suggestion which has been current is that the interactions provide 

fresh fuel for accretion onto a compact object lurking in the centre of a galaxy 

(e.g. Heckman et al. 1986). However, if interaction- induced starbursts do have 

the large spatial extent which seems to be typical, strong galactic winds driven by 

the ensuing supernovae should very quickly sweep a large central region free of 

gas, thereby depriving the 'monster' of any more 'food'. 

Although it is clear that there is an association between interactions and 

non-thermal nuclear activity in galaxies, the physical and causal connections are 

not at all clear. However, it is likely that the powerful starbursts triggered by 

interactions are an important clue. 
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ABSTRACT 

Amongst spiral galaxies earlier than Scd, barred morphology is a necessary condition for the IRAS 

colours of the whole system to resemble those of an HII region. New radio and infrared 

specfroscopic observations demonstrate that the sources of the excess IRAS fluxes are concentrated 

near the nuclei of these galaxies but, being resolved on scales of arcseconds are probably regions 

of vigorous star formation and not active nuclei. 

1. INTRODUCTION 

We have previously shown (Hawarden et al . ,  1986) that for a complete sample of RSA systems 

with RC2 types between S..O/a and S..ed, only the barred systems have IRAS colours resembling 

those of HII regions. This continues to be true when the revised IRAS fluxes from the second 

edition of the Point Source Catalogue are used. We term the barred systems with steeply rising 

12 to 25 tan spectra "h" galaxies, defined as those with F(25)/F(12) > 2.22. Those with flatter 

spectra we have labeiled "I". 

The association of barred morphology with an excess flux at 25 p.rn we attributed to warm dust 

in the complexes of HII regions which are common in the centres of barred spirals. Independant 

analysis of the IRAS data by Rowan-Robinson and Crawford (1986) and ground-based studies by 

Devereaux (1986) have also suggested that greatly enhanced rates of star formation are occurring 

in these systems. 

These starbursts appear to be caused by the presence of the bar, probably by inflow and 

consequent accumulation of material at an inner resonance. It is interacting to note that the 

work of Combes & Gerin (1985) and Casoli et al. (this Conference) demonstrates that this is the 

same physical process as that which gives rise to the starbursts observed in interacting and 

merging galaxies, i.e., al.._!l starbursts may be caused by the presence of a rotating axisymmetric 

potential. 
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To confirm and quantify this scenario we have embarked on a programme of ground-based radio 

and infrared observations. The initial results of this programme completely support our proposed 

picture. 

2. THE RADIO OBSERVATIONS 

2.1 The central sources at 20 cm in "h °' and "I" galaxies. 

A continuum study at 20 cm by Hummel (1980) showed a difference between barred (SB and 

SAB) and unbarred (SA) spiral galaxies on a 20 arc second scale: the barred systems tended to 

contain more powerful central sources. Puxley et al. (1988, in preparation) have obtained 

additional observations at Westerbork which extend the overlap between Hummel's sample and our 

IRAS sample to 124 galaxies. 

1 

E 

o 

o 
° ~  

ii 

0 

kvAv~vAvJ 

h ISB+ISX ISA 

IRAS/Opfical classification 

Figure 1. The incidence of unresolved central radio sources (blank area), extended disc 

emission (hatched area) and non-detections (stippled) amongst galaxies from our IRAS 

samples which are accessible from Westerbork. 

All but three of the 30 "h" galaxies have central sources which are unresolved in the 20 arcsec 

beam at 20 cm. Two of the three exceptions are nearby barred objects with known star-forming 

complexes larger than the Westerbork beam, NGC 3310 and NGC 4088. 

A much smaller proportion of the "1" barred galaxies also exhibit central sources, although in 

total these are approximately as numerous as those in the "h" galaxies. This presents us with a 

puzzle: what are the starburst-like radio features in the non-starburst barred galaxies? 

One possibility is that the radio emission arises from the enhanced magnetic field produced by 

the concentration of ISM near the centres of these galaxies, even when the density enhancement 

of the medium is insufficient to trigger a star formation episode. 
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Amongst the "h" SB galaxies the central sources contribute 30 to 40% of their total radio 

luminosity (as opposed to an average of only 10% for all the spirals in HummeI's sample). The 

central radio luminosities of these galaxies correlate extremely well with their point source 25 #m 

fluxes (Fig 2). 
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Figure 2. The correlation between the 20 cm radio luminosities of the central sources and 

the point source catalog 25 /an fluxes for the "h" galaxies in Fig. 1. 

2.2 VLA imaging of the central sources 

The 20 em results provide convincing evidence that the "starburst" IRAS colours arise in the 

vicinity of the nucleus, but the nature of the radio source is still to be unambiguously 

determined. The ground-based 10 pan work of Devereaux et al., (1987) also indicates that the 

IR emission in these galaxies is centrally concentrated, but these authors consider that similar 

contributions could be coming from dust heated in Starbursts and from AGNs. Once again we 

have had recourse to radio observations to investigate this. 

VLA images, mostly at 6 era, with resolutions of a few arcseconds, both from our own 

observations and from the literature, are now available for about half of the "h" and a few "1" 

galaxies in our sample. Fig. 3a shows an example, a VLA map of NGC 4536. In almost all 

cases the radio sources in the galaxies for which we have data are resolved on scales between 

about 4 and 20 areseconds (roughly 0.2 to 2 kpc, at the distances involved here). As the 

emission is extended, it appears highly likely that its source in these objects is star formation. A 

few galaxies exhibit both an extended region of emission and an unresolved source, but even in 

these systems the central compact objects appear to make only a small contribution to the overall 

radio luminosity. 



249 

¢,._ 

v 

-5 

-10 

I I [ 

X=lO.8pm 

J I f 
5 0 -5  

ARA (arcse~) 

%=21cm 

2 
Figure 3 (a) VLA image at 20 cm of the central HII complex of NGC 4536 (from Condon 

et al.,  1982. (b) The same complex imaged at 10.8 #m by Telesco et al., 1986. 

3. IMAGING IN THE THERMAL INFRARED 

We are warned by the presence of central radio sources in many galaxies without strong 

starbursts (a number of "1" SB systems, for example) that we cannot take for granted that the 

radio structure of our sources is a completely reliable guide to their infrared morphology. 

Mid-infrared maps of a sufficiently large and general sample are necessary to confirm this by 

direct comparison. Such maps are also useful in determining the true total luminosities of the 

complexes, free of contamination from any disc star formation complexes which may have been 

included in the large IRAS beams. Previous work (Telesco et al . ,  1986) has already produced a 

number of thermal IR images for galaxies in the sample; that of NGC 4536 is shown in Fig. 

3b. As in this case, all the 10 micron images have so far proved to be co-extensive with those 

in the radio, although the detailed structures in each are not identical. A programme to image a 

large fraction of our sample at 10 and, if possible, 20 #m using "Big Mac", (the Marshall 

Spaceflight Centre 20-channel bolometer array developed and operated by C M Telesco) is 

underway. 

4. INFRARED RECOMBINATION-LINE SPECTROSCOPY 

To investigate the age and evolutionary status of a starburst (e.g. Telesco, 1985) we need to 

know the total infrared luminosity also the total flux of ionising radiation in the complex which is 

an indicator of the number of unevolved upper main sequence OB stars present. We have 

therefore undertaken a programme of spectrometry at UKIRT, using the single-channel InSb 

spectrophotometer UKT9 to measure Br 3, 2.166 /an hydrogen recombination line in a 20 arcsec 

beam and the 7-channel spectrometer CGS2 to observe Brc~ 4.052 ~ line in a 5.4 arcsec beam. 

Our programme comprises all those "h" and 'T' galaxies in our sample with F(25)>= 1.5 Jy, at 

which level we expect to detect Br 7 at 3 to 4 sigma in about an hour. 

Again, this work will be described elsewhere (Puxley, et al. ,  in preparation) so we simply 

summarise the main results so far. Out of 21 "h" galaxies, Br 3, has been detected in 17 whiIe 
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Brc~ has been detected in 9 of the 10 systems with radio structure on 5 arcsec scales which have 

so far been examined in this line, including 2 of the 4 "h" galaxies in which Br3, was not seen. 

Amongst the 7 "1" galaxies observed to date Br3" has been detected in only one, NGC 3079 

(Hawarden et al . ,  1988 in preparation) which has a complex radio structure suggestive of a 

bipolar outflow from an active nucleus. 

The detection of IR line emission in the "h" systems but not in the 'T' galaxies with similar 

25 #m fluxes clearly demonstrates a major difference in the sources of the IRAS emission in the 

two groups. 

Very high internal extinctions in the undetected systems could account for this result. However 

the 'T' galaxies, as a class, have lower IRAS luminosities - especially at 25 /an - than do the 

"h" systems and are much less numerous in our IR-flux limited spectroscopic sample. It is hard 

to believe that low IR luminosity can be strongly associated with a very high dust content. 

The "1" galaxies could have a low level of ionising flux for their IR luminosity as is the case in 

Arp 220 (DePoy, Becldin & Geballe, 1987). However, none of the undetected "1" galaxies for 

which we have high resolution radio images are dominated by compact central sources as Arp 220 

appears to be. 

The spectroscopic results are most simply e,~plained if the source of the IR luminosity in both "I" 

and "h" galaxies is star formation, which in the "I" objects is a dis.....~e phenomenon and therefore 

distributed so widely across the galaxy that too little of the associated ionised material is included 

in the small spectroscopic beam to contribute a detectable signal in the Br 3, line. In contrast, 

of course, the bulk of this activity in the "h" galaxies falls close to the nucleus and within our 

observing aperture. 

For a few galaxies in our sample the data set is nearly complete. One of these is M83, a 

portion of the K band spectrum of which is illustrated in Fig.4. From Telesco et al.  (1986) we 

derive a total luminosity of 4 x 109L o, From Br a and Br 3' observations, Turner, Ho and 

Beck (1987) (THB) infer extinctions A v between 15 and 30 magnitudes. In combination with our 

Br 3' flux from Fig. 5 (19-+4 x 10 - I  7 W m -2) and the usual conventional assumptions we derive 

a burst age between 9 x l0 s and 7 x l0 s years for A v = 30 and A v = 15 mag, respectively. 

These ages are more than an order of magnitude larger than those which THB derived when 

they took the estimated thermal radio emission into account. We hope to map this whole complex 

at Brc~ in the near future, which should greatly reduce the uncertainties in our result. A major 

end product of our programme will be ages on a consistent scale for all the starbursts in the 

galaxies of the spectroscopic sample. 



2.1 2.2 
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Figure 4. Continuum-subtracted CVF spectrum of M83 (NGC 5236) measured through a 

19.6 arcsec aperture at a resolution of 0.019 pn, showing the Bry line. 

5. CONCLUSIONS 

All the data available thus far are consistent with our general hypothesis that the large majority 

of galaxies with steep spectra between 12 and 25 pn owe this property to vigorous star formation 

in their central regions. The possession of a bar (i.e. membership of the morphological families 

SB or SAB in the RC2 system) is a necessary condition for the occurrence of this phenomenon. 

Our low resolution radio results show that almost all the steep-spectrum "h" galaxies, but only a 

minority of the flatspectrum "1" galaxies, have central sources less than 20 arcsec in diameter. 

Concentration of activity towards the centre is confirmed by near-IR spectroscopy of a 25 p n  
1 

flux limited sample, amongst which a large majority of "h" galaxies, but few or none of the "1" 

systems, are detected at Bry andlor Brm 

VLA Radio images at higher resolution show that in essentially all the galaxies thus far observed, 

the central sources are resolved on scales of a few arcsec. This is consistent with star formation, 

as opposed to an active nucleus, being the dominant contributor to the IR emission from these 

systems. 

We thank the UK Panel for the Allocation of Telescope Time for observing time on UKIRT and 

the Time Allocation Committees for the VLA and the WSRT for access to these facilities. 

Gillian Wright, Dolores Walther, Thor Wold and Joel Aycock assisted us at various times at 

UKIRT. P 3 Puxley acknowledges support from an SERC studentship. 
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A R E  S T A R B U R S T S  T H E  R E S U L T  O F  T H E  F I N E  T U N I N G  

O F  D Y N A M I C A L  T I M E S C A L E S  ? 

P.N.Appleton 

School of Physics and Astronomy, Lancashire Polytechnic, Preston, U. K. 

and 

Curtis Struck-MarceU 

Astronomy Program, Iowa State University, Ames, IA 50011, U.S.A. 

A B S T R A C T  

When disk galaxies interact or collide gravitational fluctuations often generate density waves. 

We present cloud-fluid models of a particularly simple form of colliding gMaxy, ring galaxies. 

Our models suggest that a certain degree of fine tuning between relevant timescales is required 

to obtain strong starbursts in the wave. Although the models are specific to ring galaxies, the 

results are applicable to other kinds of tidal interaction and to the early stages of certain types of 

galaxy merger. The results may explai,1 why not all disturbed galaxies exhibit strong starburst 

activity. 

1. I N T R O D U C T I O N  

Interacting or merging galaxies may be rcsponsible for triggcring star burst activity in galaxies, 

giving rise to larger than normal far IR fluxes and higher IR colour temperatures as measured 

by IRAS. To gain an understanding of the processes which might be responsible for the starburst 

phenominon we have chosen to study a particularly simple form of colliding galaxy, the Ring 

galaxy (See for example Lynds and Toomre 1976). It is believed that ring galaxies arc produced 

when a small companion passes close to the centre of a disk galaxy, generating near circular density 

waves in the disk. Although rare, these galaxies appear to show high levels of starformation 

activity'similar to that of starburst systems but on an extended Scale (See :leske 1976; Appleton 

and Struck- MarccU 1987a). 

It might be expected that in the early stages of a merger between two massive disk galaxies 

short lived rings may be formed as the potential fluctuates. It is interesting therefore that ex- 

amples of possible ring galaxies are found in the high IR luminosity samples of Soifer et at and 

Wolstencroft et al (this conference proceedings). 

2.1 T H E  M O D E L S  

The models described here are based on the Oort picture of the interstellar medium (ISM) dis- 

cussed by Scalo and Struck-Marcell (1984) and the full details of the model can be found in this 

and other papers referred to below. The cloud-fluid models treat the ISM a dilute gas composed 

of interstellar clouds the properties of which are governed by three major processes. These are; 
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1)cloud coalescence (or shredding) by the action of cloud collisions operating on a cloud-cloud 

collision time/re; 2) the shredding of massive clouds in regions of star formation (this process is 

delayed by a time Ta to allow for stars to form and feedback energy and momentum into the ISM) 

and 3) the spatial flow of material from one computational cell to another, driven for example by 

the perturbation of the companion galaxy operating on a timescale T~x. 

In the absence of 3) the fluid behaviour is controlled by one principal parameter, namely the 

ratio Ta/Tc (see Scalo and Struck-Marcel1 1986). If Ta/Tc << 1 the fluid was found to be stable. 

However when Ta/T¢ approached unity, the solution to the fluid equations bifurcated leading to 

periodic bursts of star formation. This bifurcation condition is equivalent to a critical threshold 

density Pc above which bursts can develop. 

2.2 I N T E R A C T I N G  S Y S T E M S  

In interacting systems spatial flows are important (Appleton and Struck-Marcell 1987b; Struck- 

Marcell and Appleton 1987, hereafter SMA). Even if the initial disks are well below the threshold 

density Pc required for the bifurcation to take place, density waves produced by the interaction 

can push regions of the galaxy over the bifurcation threshold. However to get a strong burst of 

star formation which can outshine the luminosity of the host galaxy, it is neecessary for the clouds 

in the wave to remain above the threshold long enough for the fluid oscillations to gain strength. 

If the clouds pass through the wave too quickly no burst will occur. 

To ensure that a burst occurs, the dynamical timescale T~  of the ring progagation (a 

timescale which depends mainly on the mass of the primary galaxy) must be tuned to the timescale 

of the cloud collisions Tc in the host galaxy. To demostrate this, Fig 1 and 2 show a time sequence 

of both density and starformation rates taken from some ring galaxy models descibed more fully 

in SMA. The figures show the radial behaviour of an initially flat 1-d cylindrically symmetric 

disk galaxy The centre of the target galaxy is at r = 0 and was originally set up in centrifugal 

equilibrium with its central softened mass. The disk is perturbed by a 1/5 mass companion 

passing through the centre just prior to the time shown in Fig. l a  and 2a. Both sequence show 

the growth of a density wave in the disk which moves away from the centre with time producing 

a ring. The 2 models shown here differ only in the initial cloud-cloud collision timescale of the 

target disk. In Figure 1 (Model B of SMA) the initial density of the disk is well below the critical 

density Pc. As the ring develops the threshold density is achieved by Fig lb.  

However the starformation rate does not give rise to a starburst because the fluid does not 

have enough time above the density threshold to develop the high amplitude bursts. Indeed, even 

at the later time shown in Fig lc  the starformation rate is only 4 times higher in the ring than the 

original target disk. The situation is markedly different in Fig 2 (Model D of SMA). Although 

the amplitude of the wave is the same as in the earlier model, the initial model was set up with 

a density much closer to the critical density (This is equivalent to saying the cloud collision time 

was very short in this galaxy before the collision compared with the model of Fig 1). 
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Fig.1 The radial distribution of density (solid line) and starformation rate (dotted line) at 

three times just after the passage of a companion through the centre. The bifurcation threshold 

Pc = 1.3 x initial density. 
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Fig.2 Same as in Fig. 1 except the value of pc = 1.01 x initial density. 

As the time sequence shows fluid elements spend much more time above threshold in this case 

and a true local burst occurs in the ring by Fig 2c. The net starformation rate rises to over 40 

times the initial value and leads to a increase by a factor of 2 in the totM star formation rate of 

the galaxy. The further evolution of the rings models showns the development of a second ring 

which nearly always shows sta2eburst activity. This is because the second ring is rather shock-like 

and this appears to produce a strong burst in the cloud-fluid. 

5. C O N C L U S I O N S  

To achieve a strong burst of stm:formation in the riag galaxy models requires that the int erstella~r 

medium of the interacting galaxy be "tuned" so that cloud-cloud collisions occur on timescales 

similar to dynamical interaction timescales, otherwise no significant burst will occur. The excep- 

tion to this is in the second ring where a strong burst is always observed because of its shock-llke 

nature. This necessity for fine tuning the dynamical timescales may go some way to explaining 

why not MI extreme example of interaction give rise to strong starburst activity (e.g.Bushouse 

1986). 
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A B S T R A C T  

IRAS observations of an optically selected sample of closely interacting disk galaxies and com- 

parisons with a control sample of isolated disk galaxies indicates that the interaction leads to 

enhancements in infrared luminosity, in LI.~/LB, and in LIR/Ltf=. The IR flux is well correlated 

with the Ha and blue fluxes for both the interacting and isolated galaxies. Unique to the in- 

teracting sample is a class of very luminous systems which have unusually high LxR/LB values. 

The average 60-100/~m color temperatures of the interacting galaxies are higher than those of the 

isolated disk galaxies. 

1. I N T R O D U C T I O N  

Galaxy collisions and mergers can have a dramatic impact upon the morphology and subsequent 

dynamical evolution of galaxies, as has been shown both from dynamical simulations (e.g. Toomre 

and Toomre, 1972; Miller and Smith, 1980) and from comparison of these results with the mor- 

phology of actual galaxy pairs and possible merger products. In recent years it has also become 

apparent that galaxy-galaxy collisions can often lead to enhanced levels of star formation activity, 

particularly in the nucleax regions of galaxies (Bushouse, 1986 and references therein). The IRAS 

survey has served to point out the prevalence of this phenomenon at IR wavelengths (see, e.g., Star 

Formation in Galaxies, 1987). 

Here we concentrate on the phenomenon of enhanced star formation in strongly interacting 

galaxy pairs. We have chosen to investigate the infrared fluxes and colors of a sample of close 

pairs of disk galaxies for which good optical observations are available. This allows a comparison 

between the interacting sample and a control sample of isolated disk galaxies, and between optical 

and infrared indicators of star formation for the interacting sample. 

2. S A M P L E  S E L E C T I O N  A N D  I l t A S  OBSERVATIONS 

Our sample of interacting galaxies is taken from Bushouse (1986) and consists of 108 colliding pairs 

and several on-going mergers. This is a morphologically selected sample, containing only pairs of 

galaxies that exhibit features unmistakably associated with strong tidal interactions (e.g. tidal 
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tails and bridges). Membership in the sample has also been limited to systems that  show some 

evidence of a stellar disk. These galaxies were chosen without regard to any previous knowledge 

of such parameters as optical colors, spectral characteristics, group or cluster membership, or level 

of radio emission. 

IRAS fluxes were obtained for 75% of the interacting pairs by use of the ADDSCAN utility 

at IPAC. Point Source Catalogue fluxes were used for the remaining systems. The small angular 

separations of the galaxies within each pair prevents the individual galaxies from being resolved in 

any of the four IRAS bands. Therefore when quoting luminosities for the interacting galaxies we 

will actually refer to one-half the total observed for a pair, in order to facilitate comparisons with 

individual isolated galaxies. The  median distance to the interacting galaxies is 89 Mpc (assuming 

H0 = 75 km s -1 Mpc - l )  and the median blue luminosity is ~ 1.3 x 10 l° L O. Only one definite 

Seyfert galaxy (UGC 6527d) was discovered among the sample of interacting pairs. 

A control sample of 83 isolated disk galaxies, types Sa through Ira, was chosen from the list of 

Kennicutt  and Kent (1983). Point Source Catalogue fluxes were used for the entire control sample, 

and therefore the selected galaxies were limited to systems that  have major axis diameters less than 

4' so that  their PSC fluxes are reasonably accurate. Known Seyfert galaxies have been omitted 

from the control sample primarily because we are interested in observables related to ~normal" 

star formation activity and also because of the rarity of Seyferts among the interacting pairs. The 

median distance to the isolated galaxies is 19 Mpc and the median blue luminosity is ~ 8 x 10 ° L e.  

Thus we note that  LB (interactors)/LB(isolated) ~ 1.7. 

S. INFRARED FLUXES AND COLORS 

Far-infrared (FIR) luminosities have been computed for the galaxies in both samples following the 

procedure outlined in Appendix B of Lonsdaie et al. (1985). This F IR  value represents the total 

flux in an ideal 42-122#m bandpass. The median LFZR for the interacting and isolated galaxies 

is 1.2 x 10 l° L® and 2.2 x 10 ° L®, respectively. We need some measure of the intrinsic sizes of 

galaxies in the two samples so that  increases in infrared flux due to differences in this quantity can 

be factored out. The  best measures we have available at present are the blue luminosities. We find 

that  the median value of LFIR/LB for the interacting galaxies is 5.6 and for the isolated galaxies 

is 3.0. Thus by this measure interactions are producing an approximate doubling of the FIR flux. 

An infrared color-color plot for the interacting and isolated galaxy samples is shown in Figure 

1. Only those objects detected in all four IRAS bands are included in the plot. While there is a 

large amount of overlap in the range of IR colors for the two samples, the distribution of interacting 

systems is shifted to higher fv(60)/fv(lO0) and lower f~(12)/fv(25) values (see also Helou, 1986). 

For the interacting galaxy sample there exists a high LFxR/LB tail, which is not present in the 

control sample, consisting of seven systems. All of these have high F IR  luminosities, ranging from 

1.9-3.1x10 n L®, and are members of a class of objects having fv(80)/f~(B) values only slightly 

lower than those of the ultra-luminous infrared galaxies described by Sanders et hi. (1988). All 

seven of these objects also have fv(60)/fv(lO0) and fv(25)/fv(12) flux ratios that  are higher than 
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average for the interacting galaxy sample as a whole. In addition, optical spectra of the central 

(~2 kpc) regions of these objects (Bushouse, 1986) contain indications of intense star formation in 

the form of strong HII region-like emission lines and underlying continuum features characteristic 

of young or intermediate age stellar populations. 
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Figure 1. Infrared color-color plot for interacting systems and isolated galaxies. The 
average colors for various subsamples are also plotted: I = all isolated galaxies; P = 
all interacting pairs; H = high SFR interactors; L = low SFR interactors. The average 
colors of interacting systems dominated by disk star formation are nearly the same as 
the average for all interactors. 

4. C O M P A R I S O N  B E T W E E N  O P T I C A L  A N D  I N F R A R E D  I N D I C A T O R S  O F  

S T A R  FORMATION 

Using the available optical data  for the interacting galaxies (Bushouse, 1986; 1987) and the iso- 

lated galaxies (Kennlcutt  and Kent,  1983) we can compare the classical optical indicators of star 

formation with the IR properties of the galaxies. There is a correlation between LFrR and LHa for 

both samples of galaxies. In particular the H a  flux correlates with the infrared flux in the 60pm 

and 100#m bands for both samples and with the flux in the 25/~m band for the interacting pairs. 

The L F I R / L x a  distribution is shifted to higher values for the interacting sample as compared 

to the isolated galaxies, and the median value of LFrR/LI~a is 2.6 times higher. This suggests 

that  star formation in the interacting galaxies may be occuring in more embedded environments, 
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with consequently more localized radiation fields which results in higher levels of FIR radiation 

and /or  suppressed Ha  flux. It is generally assumed that  Ha  emission-line equivalent width is a 

measure of the ratio of recent (last 107 years) to more long term (averaged over last 10 g years) 

star formation in a galaxy. We find no obvious correlation between this quantity and either the 

FIR flux or L~zR/LB for either sample. 

Bushouse (1987) has found that  global star formation rates (SFRs) of interacting galaxies 

span a large range and when interaction-induced enhancements in the SFR do occur, it usually 

concentrates in the near-nuclear regions of the galaxies. There are, however, some systems in which 

disk star formation dominates. It appears that  the level of current star formation in interacting 

galaxies and the location of that  star formation in the galaxy correlate to some extent with IR 

colors. In Figure 1 we note the locations of the average colors for the entire interacting and isolated 

galaxy samples, as well as the locations of the average colors of those interacting systems that are 

experiencing high and low current SFRs. [For convenience we will refer to the upper left of the 

diagram as the high end of the distribution and the lower right as the low end.] As Figure 1 

shows, the average colors of high SFR systems are the highest of all the samples, while the low 

SFR systems are lower than even the average for isolated galaxies. We note that  the majority of 

interacting systems in the high SFR sample are dominated by nuclear-reglon star formation. The 

average IR colors of interacting systems dominated by disk star formation fall very close to that 

of the entire interacting sample and are therefore systematically lower than the colors of the high 

(nuclear region) SFR sample. Thus the optical and infrared indicators here imply a difference in 

the character of nuclear vs. disk star formation activity. 

Within the sample of interacting pairs there are a few galaxies which, on the basis of optical 

spectra, appear to have high nuclear region SFRs, but  have low fv(60)/fv(100) values, i.e. low dust 

temperatures,  and low FIR fluxes as compared to the sample as a whole. Their  LFzR/Ls values 

are also below the median for both samples. Thus the optical and IR data taken together imply 

the existence of a group of objects which are interacting and are experiencing high SFRs, but do 

not show up strongly in the infrared, perhaps because they contain little dust. This implies that 

F IR studies will not  automatically pick out all s tarburst  systems. 

5. C O N C L U S I O N S  A N D  F U T U R E  W O R K  

We conclude that close interactions between disk galaxies can lead to enhanced star formation 

but not in all cases. The FIR luminosity is almost doubled relative to LB when compared to 

non-interacting disk galaxies. The wlue of LFIR/L~a is increased by a factor of 2.6, which leads 

us to suggest that the increase in FIR flux is at least partially due to an increase in embedded star 

formation activity in interacting galaxies. There is a class of interacting galaxies which have very 

high LFzR/LB values and are experiencing very high rates of star  formation in their nuclear regions. 

These objects form a class only slightly less luminous than the most luminous IRAS galaxies. There 

are some high SFR galaxies within the interacting sample which have lower than average FIR fluxes 

and dust temperatures.  Taken together the optical and IR data  imply a tremendous variety in star 

formation activity among closely interacting disk galaxies. 
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Future work will address several of the remaining problems in understanding star formation 

in interacting pairs of galaxies. We plan to compare our current results with 10/~m and radio 

maps of these galaxies and to obtain more optical data, particularly on the disks of the interacting 

galaxies and the compactness of the emission regions. We also plan to supplement the [RAS dala 

with higher resolution airborne observations, and to attempt to resolve some of the more widely 

separated pairs using deconvolving algorithms on the [RAS data. This will give us very valuable 

information about the relative contributions to the total IR flux by the individual galaxies within 

the pairs. Lastly, we are currently obtaining information from theoretical N-body simulations of 

interacting galaxies performed by Miller and Smith (1980) on the timescales for interactions and the 

energies available for star formation due to the internalisation of orbital energy. The experiments 

also give indications of where the energy is deposited and may help provide a natural explanation 

of why, in most cases, star formation is particularly enhanced in the nuclear regions of interacting 

galaxies. 
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ABSTRACT 

Cosmologica l  b a c k g r o u n d  r a d i a t i o n  may  a l r e a d y  h a v e  b e e n  d e t e c t e d  in b o t h  t h e  

n e a r - I R  a n d  f a r - I R .  E v e n  if t h e s e  d e t e c t i o n s  a r e  n o t  c o n f i r m e d ,  s p a c e  e x p e r i m e n t s  

s h o u l d  s o o n  p r e s e n t  the  p o s s i b i l i t y  o f  d e t e c t i n g  IR b a c k g r o u n d s  a t  a level  w h e r e  

t h e i r  e x i s t e n c e  is  i n e v i t a b l e  a s  a r e s u l t  of  a s t r o p h y s i c a l  a c t i v i t y  in t h e  p r e g a l a c t i c  

o r  p r o t o g a l a c t i c  e r a .  T h e s e  b a c k g r o u n d s  will g e n e r a l l y  a p p e a r  in t he  n e a r - I R  u n l e s s  

t h e y  h a v e  b e e n  a b s o r b e d  b y  galactic: o r  i n t e r g a l a c t i c  d u s t ,  in  w h i c h  c a s e  t h e y  s h o u l d  

h a v e  b e e n  r e p r o c e s s e d  in to  t h e  f a r - I R .  

I. INTRODUCTION 

I n  t h i s  ta lk  I will f i r s t  r e v i e w  t h e  a t t e m p t s  to d e t e c t  a cosmolog i ca l  i n f r a r e d  

b a c k g r o u n d  (CIRB). S u c h  o b s e r v a t i o n s  a r e  e x c e e d i n g l y  d i f f i cu l t  a n d  o n e  c a n  u s u a l l y  

o n l y  p lace  u p p e r  l imits  on t h e  b a c k g r o u n d  d e n s i t y  in d i f f e r e n t  w a v e b a n d s .  H o w e v e r ,  

we will s e e  t h a t  t h e r e  a r e  a l r e a d y  some  c la ims  to h a v e  d e t e c t e d  a CIRB a n d  t h e  

p r o s p e c t s  s h o u l d  i m p r o v e  d r a m a t i c a l l y  w i t h i n  t h e  n e x t  few y e a r s  a s  a r e s u l t  of  s p a c e  

e x p e r i m e n t s .  I will n e x t  d i s c u s s  t h e  p o s s i b l e  s o u r c e s  of  a CIRB. In  p a r t i c u l a r ,  I will 

a r g u e  t h a t ,  in  t h e  a b s e n c e  of  d u s t ,  o n e  cou ld  e x p e c t  m a n y  a s t r o p h y s i c a l  s o u r c e s  in 

t h e  cosmic  " d a r k  a g e s "  b e t w e e n  d e c o u p l i n g  a n d  g a l a x y  f o r m a t i o n  to g e n e r a t e  a 

n e a r - I R  b a c k g r o u n d .  I will t h e n  c o n s i d e r  t h e  e f f e c t s  of  d u s t ,  a r g u i n g  t h a t  o n e  wou ld  

e x p e c t  mos t  o f  t h e  b a c k g r o u n d s  to  h a v e  b e e n  r e p r o c e s s e d  in to  t h e  f a r - I R ,  w i t h  a 

s p e c t r u m  w h i c h  d e p e n d s  o n l y  w e a k l y  o n  t h e  g r a i n  p a r a m e t e r s .  F ina l ly  1 will d i s c u s s  

t h e  a n i s o t r o p i e s  e x p e c t e d  in t h i s  b a c k g r o u n d ,  s t r e s s i n g  t h a t  t h e s e  c o u l d  p r o v i d e  a 

u n i q u e  p r o b e  of  p r e g a l a c t i c  c o n d i t i o n s .  

2. OBSERVATIONS OF A COSMOLOGICAL INFRARED BACKGROUND 

For  t h e  p u r p o s e s  of  t h i s  t a lk ,  a c o s m o l o g i c a l  b a c k g r o u n d  will be d e f i n e d  a s  one  

w h i c h  o r i g i n a t e s  a t  a cosmolog ica l  r e d s h i f t  ( z> l ) ;  s u c h  a b a c k g r o u n d  cou ld  be  

g e n e r a t e d  b y  t~nreso lved  a s t r o p h y s i c a l  s o u r c e s  b u t  it cou ld  a l so  h a v e  a 
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n o n - a s t r o p h y s i c a l  o r i g i n .  I will f o c u s  a t t e n t i o n  on  w a v e l e n g t h s  b e t w e e n  1H a n d  1000~, 

a l t h o u g h  w a v e l e n g t h s  a b o v e  500~ w o u l d  g e n e r a l l y  be  r e g a r d e d  a s  s u b m i l l i m e t r e  r a t h e r  

t h a n  i n f r a r e d .  I n  a c o s m o l o g i c a l  c o n t e x t ,  t h e  i n t e n s i t y  o f  a b a c k g r o u n d  i s  

c o n v e n i e n t l y  m e a s u r e d  b y  t h e  e n e r g y  d e n s i t y  p e r  l o g a r i t h m i c  f r e q u e n c y  i n t e r v a l  

d i v i d e d  b y  t h e  c r i t i c a l  d e n s i t y  r e q u i r e d  f o r  t h e  U n i v e r s e  to r e c o l l a p s e  

(Ocr i t  : 2 x 1 0 - 2 9 h 2  g / c m S  w h e r e  h i s  t h e  H u b b l e  p a r a m e t e r  i n  u n i t s  o f  100 k m / s / M p c ) .  

T h i s  i s  d e n o t e d  b y  fiR(k) a n d  r e l a t e d  to t h e  m o r e  f a m i l i a r  o b s e r v a t i o n a l  q u a n t i t i e s  I v 

a n d  kI  k b y  

fiR(k) = 7 x 1 0 - T h  - 2  ~ ~ = 2x105h  - 2  (1)  
100~ N J y / s r  W / c m 2 / s r  

F o r  c o m p a r i s o n ,  t h e  m i c r o w a v e  b a c k g r o u n d  r a d i a t i o n  (MBR) h a s  a t o t a l  d e n s i t y  

f i R ; 2 X l 0 - $ h - 2  a n d  p e a k s  a t  1600/.~. 

T h e  o b s e r v a t i o n  o f  a n y  b a c k g r o u n d  i s  d i f f i c u l t  s i n c e  o n e  n e e d s  a n  a b s o l u t e  

c a l i b r a t i o n .  F o r  a n  IR b a c k g r o u n d ,  t h e  p r o b l e m  is  c o m p o u n d e d  b e c a u s e  a t m o s p h e r i c  

e f f e c t s  u s u a l l y  n e c e s s i t a t e  n o n - g r o u n d - b a s e d  o b s e r v a t i o n s  a n d ,  e v e n  t h e n ,  t h e r e  a r e  

a l a r g e  n u m b e r  o f  loca l  b a c k g r o u n d s  w h i c h  h a v e  to be  s u b t r a c t e d  b e f o r e  o n e  c a n  

e x t r a c t  a c o s m o l o g i c a l  c o n t r i b u t i o n .  T h e  m o s t  i m p o r t a n t  o n e s  a r e  z o d i a c a l  l i g h t  (ZL}, 

s t a r l i g h t  (SL) ,  i n t e r p l a n e t a r y  d u s t  ( IPD),  i n t e r s t e l l a r  d u s t  (ISD),  a n d  f o r e g r o u n d  

i n f r a r e d  g a l a x i e s  (IG).  R o u g h  e s t i m a t e s  o f  t h e s e  local  b a c k g r o u n d s  a r e  s h o w n  in  

F i g u r e  (1) b u t  i t  m u s t  be  a p p r e c i a t e d  t h a t  s o m e  of  t h e m  a r e  v e r y  u n c e r t a i n .  (Fo r  

e x a m p l e ,  t h e r e  i s  s o m e  d i s a g r e e m e n t  b e t w e e n  t h e  s ix  e s t i m a t e s  o f  IPD e m i s s i o n  

p r e s e n t e d  a t  t h i s  c o n f e r e n c e . }  O n e  s e e s  t h a t  t h e  loca l  b a c k g r o u n d s  a r e  s m a l l e s t  a t  

a r o u n d  4~, 100~ a n d  700/~, s o  t h e s e  a r e  t h e  b e s t  w a v e b a n d s  in  w h i c h  to  s e a r c h  f o r  a 

c o s m o l o g i c a l  b a c k g r o u n d .  A l t h o u g h  p o s i t i v e  d e t e c t i o n s  h a v e  b e e n  c l a i m e d  in  a l l  o f  

t h e s e  w a v e b a n d s ,  o n e  m u s t  b e a r  in  m i n d  t h e  p o s s i b i l i t y  t h a t  t h e  loca l  b a c k g r o u n d s  

h a v e  b e e n  u n d e r e s t i m a t e d .  

I n  p r i n c i p l e ,  t h e r e  a r e  t w o  w a y s  in  w h i c h  c o s m o l o g i c a l  b a c k g r o u n d s  c a n  be  

d i f f e r e n t i a t e d  f r o m  loca l  o n e s .  F i r s t l y ,  o n e  c a n  u s e  t h e  S u n y a e v - Z e l d o v i c h  (1972} 

e f f e c t :  r a d i a t i o n  p a s s i n g  t h r o u g h  t h e  h o t  g a s  i n  a n y  i n t e r v e n i n g  c l u s t e r  will  h a v e  i t s  

s p e c t r u m  d i s t o r t e d  ( F a b b r i  & M e l c h i o r r i  1979}. T h e  m e a n  p h o t o n  e n e r g y  will  be  

i n c r e a s e d ,  l e a d i n g  to  a d e f i c i t  l o n g w a r d  o f  t h e  p e a k  a n d  a n  e x c e s s  s h o r t w a r d s  o f  i t .  

I f  t h i s  e f f e c t  i s  o b s e r v e d ,  i t  i m p l i e s  t h a t  t h e  b a c k g r o u n d  m u s t  h a v e  o r i g i n a t e d  a t  a 

h i g h e r  r e d s h i f t  t h a n  t h e  c l u s t e r .  So f a r ,  i t  h a s  o n l y  b e e n  d e t e c t e d  f o r  t h e  MBR 

( B i r k i n s h a w  & Gul l  1984}. S e c o n d l y ,  o n e  c a n  u s e  t h e  f a c t  t h a t  t h e  p e c u l i a r  m o t i o n  o f  

t h e  S u n  r e l a t i v e  t o  t h e  c o s m o l o g i c a l  r e s t  f r a m e  s h o u l d  i n d u c e  a d i p o l e  a n i s o t r o p y  in  

a n y  c o s m o l o g i c a l  b a c k g r o u n d .  I t  s h o u l d  a l s o  m o d i f y  t h e  s p e c t r a l  i n d e x  o f  t h e  

b a c k g r o u n d  ( C e c c a r e l l i  eL aL 1983).  A g a i n ,  t h i s  e f f e c t  h a s  o n l y  b e e n  d e t e c t e d  f o r  t h e  

MBR (Smoot  e t  al .  1977, B o u g h n  e t  a/.  1981, F a b b r i  e t  al .  1980} b u t  i t  h a s  a l r e a d y  

b e e n  u s e d  to  c o n s t r a i n  t h e  f a r - I R  b a c k g r o u n d .  

V a r i o u s  u p p e r  Hmi t s  o n  t h e  b a c k g r o u n d  r a d i a t i o n  d e n s i t y  in  w a v e b a n d s  b e t w e e n  

1~ a n d  1000~ a r e  s h o w n  in  F i g u r e  (1).  T h e  p o i n t s  l a b e l l e d  "1"  a r e  t h e  b a l l o o n  r e s u l t s  
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of Woody & R i c h a r d s  {1981); "2"  i s  t h e  ba l loon  r e s u l t  o f  de B e r n a r d i s  eL aL {1984} 

a n d  "3" is  t h e  d ipole  a n i s o t r o p y  limit of  Ceccare l l i  et  al. (1983) w h i c h  c a n  be  i n f e r r e d  

f r o m  th i s ;  t h e  p o i n t s  l abe l led  "4" a r e  t h e  H a u s e r  el al. (1984) IRAS r e s u l t s ;  t h o s e  

l abe l led  "5" a r e  t h e  r o c k e t  r e s u l t s  of  M a t s u m o t o  e t  al. {1984), o r i g i n a l l y  c la imed  a s  a 

d e t e c t i o n  b u t  now u s u a l l y  i n t e r p r e t e d  a s  an  u p p e r  limit; "6" is  t h e  ba l loon  r e s u l t  o f  

Hoffman & Lemke (1978). By w a y  of  c o m p a r i s o n ,  F i g u r e  (1) a l so  s h o w s  t h e  g e n e r a l l y  

s t r o n g e r  l imi t s  on  t h e  b a c k g r o u n d  d e n s i t y  in t h e  op t i c a l  to  UV r a n g e :  "7" i s  t h e  Kit t  

Peak  limit of  Dube  e t  al. (1979); all t h e  r e s t  a r e  r o c k e t  o r  s a t e l l i t e  r e s u l t s ,  t h e  

a p p r o p r i a t e  r e f e r e n c e s  b e i n g  g i v e n  in McDowell (1986). The l a t t e r  c o n s t r a i n t s  a r e  

r e l e v a n t  to my talk b e c a u s e  I will u s e  t h e m  Lo a r g u e  t h a t  some o p t i c a l - U V  

b a c k g r o u n d s  m u s t  h a v e  been  r e p r o c e s s e d  in to  t h e  f a r - J R  b y  d u s t .  

I ,et  u s  now f o c u s  on  cla imed d e t e c t i o n s  of a CIRB. In  t he  n e a r - I R ,  M a t s u m o t o  e~ 

al. (1984) r e p o r t e d  t h e  d e t e c t i o n  of  a 2 -5n  b a c k g r o u n d  wi th  F~R-~3xl0-Sh-2 a f t e r  a 

r o c k e t  e x p e r i m e n t .  H o w e v e r ,  t h e  i n t e r p r e t a t i o n  of  t h i s  was  d i f f i c u l t  b e c a u s e  of  r o c k e t  

e x h a u s t  p r o b l e m s .  A m o r e  r e c e n t  r o c k e t  e x p e r i m e n t  by  t h e  same g r o u p  ( M a t s u m o t o  e t  

al. 1987) a l so  a p p e a r s  to f ind  a b a c k g r o u n d  {poin t  "8")  a t  a r o u n d  2n b u t  it is s m a l l e r  

t h a n  b e f o r e  (~R--3x]O-Sh-2) a n d  so  n a r r o w  t h a t  t h e y  a r e  o b l i g e d  to i n t e r p r e t  i t  a s  a 

l ine.  W h e t h e r  o n e  c o u l d  e x p e c t  c o s m o l o g i c a l  s o u r c e s  ( w h i c h  p r e s u m a b l y  s p a n  a r a n g e  

of  r e d a h i f t s )  to p r o d u c e  s u c h  a n a r r o w  l ine  r e m a i n s  a n  o p e n  q u e s t i o n .  

In  t h e  f a r - I R ,  R o w a n - R o b i n s o n  (1986) c la imed to f i nd  a b a c k g r o u n d  w i t h  

~R=5Xl0-Sh - z  a t  100n f rom an  a n a l y s i s  of  IRAS d a t a  ( p o i n t  "9"}. The  main  p r o b l e m  

h e r e  is  k n o w i n g  how to s u b t r a c t  i n t e r p l a n e t a r y  d u s t  e m i s s i o n .  R o w a n - R o b i n s o n  

a d o p t e d  a v e r y  s p e c i f i c  model  f o r  t h e  d e n s i t y  d i s t r i b u t i o n  of  t he  d u s t  b u t  t h e r e  a r e  

u n c e r t a i n t i e s .  His m o s t  r e c e n t  e s t i m a t e s  a r e  more  c o n s e r v a t i v e  ( R o w a n - R o b i n s o n  1988} 

a n d  allow f o r  t h e  p o s s i b i l i t y  t h a t  t h e r e  is no  CIRB a t  10On. In  a n y  c a s e ,  o n e  h a s  a 

s a f e  u p p e r  limit: ~R(100~)<5xl0-Sh  -2 .  

I n  t h e  s u b m i l l i m e t r e  b a n d ,  G u s h  (1981) r e p o r t e d  a b a c k g r o u n d  a t  500-800~ w i t h  

f}R-~10-Sh -2  a f t e r  a r o c k e t  e x p e r i m e n t .  A l t h o u g h  p r o b l e m s  wi th  r o c k e t  e x h a u s t  make  

t h i s  r e s u l t  q u e s t i o n a b l e ,  so  i t  is  n o t  i n c l u d e d  in  F i g u r e  (1), i t  is  i n t e r e s t i n g  t h a t  a t  

t h i s  c o n f e r e n c e  t h e  N a g o y a - B e r k e l e y  c o l l a b o r a t i o n  h a s  a n n o u n c e d  t h e  d e t e c t i o n  o f  a 

b a c k g r o u n d  p e a k i n g  a t  700n wi th  ~R--6xl0-Sh -2  ( M a t s u m o t o  e t  al. 1988). T h e  d e t a i l s  o f  

t h e  d a t a  a r e  d i s c u s s e d  e l s e w h e r e  in t h i s  v o l u m e  b u t  i t  s h o u l d  be  e m p h a s i z e d  t h a t  

o n e  wou ld  e x p e c t  a b a c k g r o u n d  l ike t h i s  is  m a n y  cosmolog ica l  s c e n a r i o s .  The  r e s u l t ,  

if  c o n f i r m e d ,  wou ld  t h e r e f o r e  c o n s t i t u t e  o n e  o f  t h e  mos t  e x c i t i n g  c o s m o l o g i c a l  

d i s c o v e r i e s  s i n c e  t h e  d e t e c t i o n  of  t h e  MBR i t se l f .  

The  n e x t  few y e a r s  s h o u l d  s e e  a g r e a t  i m p r o v e m e n t  in o u r  a b i l i t y  to d e t e c t  a 

CIRB as  a r e s u l t  o f  v a r i o u s  s p a c e  e x p e r i m e n t s .  While IRAS w a s  s e n s i t i v e  to 

b a c k g r o u n d s  w i th  ~R=10-Sh-2 ,  COBE s h o u l d  a l low u s  to d ig  d o w n  to ~R=2xlO- 'eh-2 

o v e r  t h e  e n t i r e  w a v e b a n d  1-1000~ a n d  d o w n  to ~R--10-9h -2 a t  p a r t i c u l a r  s u b m i l l i m e t r e  

w a v e l e n g t h s  ( M a t h e r  1982). I f  SIRTF is e v e r  l a u n c h e d ,  i t  will be ab le  to d ig  d o w n  to 

f}R--10-eh-2 in t h e  w a v e b a n d  2-750~. T h e s e  p r o s p e c t s  a r e  s u m m a r i z e d  in F i g u r e  (2). Of 

c o u r s e ,  t h i s  a s s u m e s  t h a t  local b a c k g r o u n d s  c a n  be  e s t i m a t e d  wi th  s imi l a r  a c c u r a c y .  
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Figure (1). T h i s  s u m m a r i z e s  t h e  o b s e r v a t i o n a l  c o n s t r a i n t s  on t h e  b a c k g r o u n d  
r a d i a t i o n  d e n s i t y  b e t w e e n  0.1U a n d  ]04~, i n c l u d i n g  t h e  MBR, t o g e t h e r  with e s t i m a t e s  
of  t h e  d o m i n a n t  local b a c k g r o u n d s .  

3. SOURCES OF A COSMOLOGICAL INFRARED BACKGROUND 

There are many possible sources of a CIRB. The ones whose existence is most 

e s t a b l i s h e d  a r e ,  of  c o u r s e ,  ga lax ies .  T h e s e  a r e  a s s o c i a t e d  wi th  t h r e e  t y p e s  of  IR 

emiss ion :  (i) t h e  r a d i a t i o n  f rom d u s t y  d i s k s ;  (ii) t h e  " s t a r b u r s t "  r a d i a t i o n  c o m i n g  

f rom d u s t  c l o u d s ;  a n d  (iii) t h e  r a d i a t i o n  f r o m q u a s a r s  a n d  a c t i v e  ga l ac t i c  nuc le i .  A 

p o s s i b l e  e s t i m a t e  of  t h e  a s s o c i a t e d  b a c k g r o u n d  is i n d i c a t e d  b y  t h e  "IG" c u r v e  in 

F i g u r e  (1). However ,  i t  s h o u l d  be  s t r e s s e d  t h a t  t h e  form of t h i s  c u r v e  is  d e p e n d e n t  

u p o n  v e r y  u n c e r t a i n  e v o l u t i o n a r y  f a c t o r s .  One would need  a v e r y  l a r g e  e v o l u t i o n a r y  

f a c t o r  to exp la in  t h e  s o r t  of b a c k g r o u n d  i n t e n s i t y  claimed b y  R o w a n - R o b i n s o n  a t  100~ 

(Hacking et al. 1987). 

Here I would like to focus on pregalactic or protogalactic sources since these 

have been somewhat neglected in the literature. The point is that there could be 

several kinds of astrophysical generators of IR in the period between z--10 and 

z-103: for example, primeval galaxies, Population III stars, accreting black holes, 

large-scale explosions, or  decaying particles. If the radiation from these sources 

propagated to us unimpeded (unaffected by dust), it would presently reside in the 

n e a r - I R  to UV r a n g e .  We now i n d i c a t e  t h e  to ta l  e n e r g y  d e n s i t y  ~R a n d  p e a k  

w a v e l e n g t h  )'peak associated with each background. The associated spectra are 

summarized in Figure (2). Most of them have a dilute black-body form, although this 

would require modification if there was enough neutral hydrogen in the background 

Universe to absorb photons shortward of the Lyman cut-off. In this case, most of 
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t h e  r a d i a t i o n  w o u l d  come  o u t  a s  r e c o m b i n a t i o n  l i n e s .  I f  t h e  b a c k g r o u n d s  a r e  

r e p r o c e s s e d  b y  d u s t ,  ) ' p e a k  will c h a n g e  b u t  f i r  will b e  r o u g h l y  t h e  s a m e  ( a s  

d i s c u s s e d  in  S e c t i o n  4).  More  d e t a i l e d  c a l c u l a t i o n  c a n  be  f o u n d  in  B o n d  e t  aL (1986) .  

P r i m e v a l  G a l a x i e s .  S e v e r a l  a r g u m e n t s  s u g g e s t  t h a t  g a l a x y  f o r m a t i o n  w a s  

a c c o m p a n i e d  b y  a n  i n i t i a l  b u r s t  o f  m a s s i v e  s t a r  f o r m a t i o n  w h i c h  g e n e r a t e d  t h e  f i r s t  

m e t a l s  ( T r u r a n  & C a m e r o n  1971).  T h e  s t a r s  m u s t  h a v e  g e n e r a t e d  a m e t a l l i c i t y  Z o f  

o r d e r  10 - 3  a t  a r e d s h i f t  z G in  t h e  r a n g e  3 - 1 0  ( d e p e n d i n g  on  t h e  e p o c h  o f  g a l a x y  

f o r m a t i o n )  a n d  m u s t  h a v e  h a d  a m a s s  M in  t h e  m e t a l - p r o d u c i n g  r a n g e  10 -100  M O. 

S i n c e  t h e s e  s t a r s  m u s t  a l s o  g e n e r a t e  l i g h t ,  o n e  c a n  p r e d i c t  a m i n i m u m  i n t e g r a t e d  

b a c k g r o u n d  r a d i a t i o n  d e n s i t y :  

f" 2x107[Ze l'[0' ](l*z01'[ M 1°'[ Z 110  = ~ - -  ~ - -  - -  ( 2 )  

0 . 2  0 . 1  i0 10 - a  

(cf .  P e e b l e s  & P a r t r i d g e  1967, T h o r s t e n s e n  & P a r t r i d g e  1975, S h c h e k i n o v  1986).  H e r e  

f g  i s  t h e  i n i t i a l  g a s  d e n s i t y  in  u n i t s  o f  t h e  c r i t i c a l  d e n s i t y  ( n o r m a l i z e d  to t h e  v a l u e  

i n d i c a t e d  b y  c o s m o l o g i c a l  n u c l e o s y n t h e s i s  c o n s i d e r a t i o n s )  a n d  Zej  i s  t h e  m e t a l  y i e l d  

o f  e a c h  s t a r .  T h e  p r e s e n c e  o f  t h e  M t e r m  in  e q n  (2) r e f l e c t s  t h e  M - d e p e n d e n c e  o f  

t h e  e f f i c i e n c y  w i t h  w h i c h  n u c l e a r  b u r n i n g  t u r n s  t h e  s t a r ' s  r e s t  m a s s  i n t o  r a d i a t i o n .  

T h e  b a c k g r o u n d  s h o u l d  p e a k  a t  a p r e s e n t  w a v e l e n g t h  

(lz°lI l°= 
k p e a k  = 0 . 6  ~ (3)  

10 

t h e  M t e r m  r e f l e c t i n g  t h e  M - d e p e n d e n c e  o f  t h e  s u r f a c e  t e m p e r a t u r e ,  If o n e  r e g a r d s  M 

a s  u n k n o w n ,  o n e  c a n  u s e  e q n s  (2) a n d  (3) to  e x p r e s s  fR  a s  a f u n c t i o n  o f  ) ' p e a k  a n d  

t h e r e b y  i n f e r  a b a c k g r o u n d  w h i c h  is  minimal  in  t h e  s e n s e  t h a t  i t  m u s t  be  a t t a i n e d  a t  

s o m e  w a v e l e n g t h .  T h e  c u r v e  "lag '' i n  F i g u r e  (2) c o r r e s p o n d s  to a m o d e l  w i t h  M=25M O 

a n d  ZG=9. An  a n a l a g o u s  a r g u m e n t  s h o w s  t h a t  t h e  b a c k g r o u n d  a s s o c i a t e d  w i t h  t h e  

s t a r s  w h i c h  p r o d u c e  t h e  s o l a r  m e t a l l i c i t y  i s  g i v e n  b y  t h e  c u r v e  "SM" in  F i g u r e  (2). 

S i n c e  t h e  a p p r o p r i a t e  n o r m a l i z a t i o n s  a r e  n o w  Z=10 - 2  a n d  z~-l, ) ' peak  is  r e d u c e d  b y  a 

f a c t o r  o f  10 a n d  fiR is  i n c r e a s e d  b y  a f a c t o r  o f  100. T h i s  i s  a l r e a d y  in  c o n f l i c t  w i t h  

t h e  b a c k g r o u n d  UV c o n s t r a i n t ,  w h i c h  s u g g e s t s  t h a t  t h e  r a d i a t i o n  m u s t  h a v e  b e e n  

r e p r o c e s a e d  b y  d u s t .  

P o p u l a t i o n  I I I  S t a r s .  I t  h a s  b e e n  p r o p o s e d  t h a t  t h e  d a r k  m a t t e r  in  g a l a c t i c  h a l o s  

i s  b a r y o n i c  ( A s h m a n  & C a r t  1987),  in  w h i c h  c a s e  a l a r g e  f r a c t i o n  o f  t h e  U n i v e r s e  

m u s t  h a v e  b e e n  p r o c e s s e d  t h r o u g h  a g e n e r a t i o n  o f  " P o p u l a t i o n  I I I"  s t a r s  w h i c h  l e f t  

d a r k  r e m n a n t s .  B a c k g r o u n d  l i g h t  a n d  n u c l e o s y n t h e t i c  c o n s t r a i n t s  i m p l y  t h a t  t h e  

o b j e c t s  m u s t  b e  e i t h e r  j u p i t e r s  o r  t h e  b l a c k  h o l e  r e m n a n t s  o f  " V e r y  M a s s i v e  O b j e c t s "  

(VMOs) in t h e  m a s s  r a n g e  a b o v e  Mc=200 M O ( C a r r  e t a l .  1984). S i n c e  VMOs h a v e  a 

s u r f a c e  t e m p e r a t u r e  o f  10sK ( i n d e p e n d e n t  o f  M) a n d  r a d i a t e  a t  t h e  E d d i n g t o n  l imi t ,  

o n e  c a n  s h o w  t h a t  t h e  b a c k g r o u n d  l i g h t  t h e y  g e n e r a t e  will  h a v e  
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[0. } 
fir -~ 4x10-6  - -  - -  , ) 'peak -~ 4 - -  ~ (4) 

100 0 .1  100 

w h e r e  z ,  is t h e  r e d s h i f t  a t  w h i c h  t h e y  b u r n  a n d  we h a v e  n o r m a l i z e d  the  s t a r  

d e n s i t y  f l ,  to s o r t  o f  v a l u e  r e q u i r e d  to e x p l a i n  ga l ac t i c  ha los .  The  c u r v e  "VMO" in 

F i g u r e  (2} a s s u m e s  z~=99. The  b a c k g r o u n d  f r o m  j u p i t e r s  wou ld  h a v e  a m u c h  s m a l l e r  

d e n s i t y  (f~R-~10-9-10 -B) b u t  i t  wou ld  p e a k  in t h e  r a n g e  10-100~ a n d  e x t e n d  o v e r  a 

w i d e r  w a v e b a n d .  The  "3" c u r v e  in F i g u r e  (2) a s s u m e s  a j u p i t e r  m a s s  of  0.085 M~D a n d  

is b a s e d  on  t h e  c a l c u l a t i o n  of  K a r i m a b a d i  & Blitz (1984). Note t h a t  t h i s  b a c k g r o u n d  is  

n o n - t h e r m a l  b e c a u s e  it  is  a s s o c i a t e d  wi th  t h e  f o r m a t i o n  of  t h e  j u p i t e r s  (viz .  a 

H a y a s h i  p h a s e ,  fo l lowed  b y  a d e g e n e r a t e  coo l ing  p h a s e )  r a t h e r  t h a n  t h e i r  e m i s s i o n  a t  

t h e  p r e s e n t  e p o c h .  The  p r o s p e c t s  of  d e t e c t i n g  i n d i v i d u a l  j u p i t e r s  d i r e c t l y  a r e  r e m o t e  

b e c a u s e  t h e y  a r e  so  dinE. 

Black Hole A c c r e t i o n .  In  o r d e r  to exp l a in  q u a s a r s  a n d  a c t i v e  g a l a c t i c  nuc le i ,  i t  is 

common ly  s u p p o s e d  t h a t  some g a l a x i e s  h a v e  g i a n t  b l ack  h o l e s  in t h e i r  nuc le i  w i th  a 

m a s s  M of  o r d e r  10eMcD (Rees  1978a). I f  t h e  ho l e s  r a d i a t e d  a t  t h e  E d d i n g t o n  limit fo r  

a " m a s s - d o u b l i n g "  t ime rE, t h e n  t h e y  wou ld  g e n e r a t e  a b a c k g r o u n d  w i t h  

( .  l(, zEl -, 
f~R "- 10-7 - -  - -  ' )~peak -" 2 ~ ~ (5)  

0 .1  10 10 

as  i l l u s t r a t e d  b y  t h e  c u r v e  "AGN" in F i g u r e  (2). Here  ~ is  t h e  e f f i c i e n c y  wi th  w h i c h  

t h e  a c c r e t e d  m a t e r i a l  g e n e r a t e s  r a d i a t i o n  a n d  ZE-~6h-2/s~--2/3 is t h e  M - i n d e p e n d e n t  

r e d s h i f t  c o r r e s p o n d i n g  to t h e  e p o c h  w h e n  t h e  H u b b l e  t ime is  t E. T h e  w a v e l e n g t h  

e s t i m a t e  a s s u m e s  t h a t  o n e  h a s  a n  o p t i c a l l y  t h i c k  a c c r e t i o n  t o r u s  a t  a t e m p e r a t u r e  of  

2x104K, a s  s u g g e s t e d  b y  t h e  mode l s  of  Bege lman  (1984). I f  ga l ac t i c  ha lo s  a r e  t h e  

b l ack  hole  r e m n a n t s  o f  VMOs, t h e y  wou ld  a l s o  a c c r e t e  b u t  t h e  a c c r e t i o n  wou ld  

g e n e r a l l y  be  s u b - E d d i n g t o n .  I n  t h e  p r e g a l a c t i c  e r a ,  o n e  c a n  u s u a l l y  a s s u m e  t h a t  t h e y  

a c c r e t e  a t  t h e  Bond i  r a t e  f r o m  a medium w i t h  t h e  c o s m o l o g i c a l  g a s  d e n s i t y  fig a n d  a 

t e m p e r a t u r e  T--104K. I n  t h i s  c a s e ,  t h e y  s h o u l d  p r o d u c e  a b a c k g r o u n d  wi th  d e n s i t y  

(°' l ( ' l l  M }I ' 3J2[""lJ2 
~R -" 7x10-7  - -  ~ ~ ~ ~ h ~ - 1 / 2  (6)  

0.1 0 .1  104K 10 

( w h e r e  fi i s  t h e  t o t a l  co smolog i ca l  d e n s i t y  p a r a m e t e r  a n d  p e a k  w a v e l e n g t h  

( C a r r  e t a l .  1983). We h a v e  n o r m a l i z e d  M to 1061~ s i n c e  t h e r e  may be  d y n a m i c a l  

e v i d e n c e  f o r  ha lo  b l ack  ho l e s  of  t h i s  m a s s  ( L a c e y  & O s t r i k e r  1986). T h e  c u r v e  "HBH" 

in F i g u r e  (2} a s s u m e s  M=106MQ, ~=0.1 a n d  z ,=9 .  The  cho ice  o f  z ,  c o r r e s p o n d s  to t h e  

r e d s h i f t  a t  w h i c h  m o s t  of  t h e  r a d i a t i o n  is g e n e r a t e d .  



271 

P r e g a l a c t i c  E x p l o s i o n s .  I t  h a s  b e e n  p r o p o s e d  t h a t  s o m e  f e a t u r e s  o f  t h e  

l a r g e - s c a l e  c o s m i c  s t r u c t u r e  c a n  be  e x p l a i n e d  b y  p r e g a l a c t i c  e x p l c s i o n s  ( O s t r i k e r  & 

Cowie 1981, t k e u c h i  1981).  One  e n v i s a g e s  e a c h  exp los i . ve  s e e d  (a s t a r  o r  a c l u s t e r  o f  

s t a r s )  g e n e r a t i n g  a s h o c k  w h i c h  s w e e p s  u p  a s h e l l  o f  g a s .  I n  o r d e r  to e x p l a i n  t h e  

e x i s t e n c e  o f  g i a n t  v o i d s  a n d  t h e  f o r m  o f  t h e  g a l a x y  c o r r e l a t i o n  f u n c t i o n ,  t h e  s h e l l s  

m u s t  e v e n t u a l l y  o v e r l a p  w i t h  a c h a r a c t e r i s t i c  r a d i u s  o f  o r d e r  10 Mpc ( S a a r i n e n  e t  al .  

1986).  H o w e v e r ,  t h e  s t a r s  w h i c h  g e n e r a t e  t h e  e x p l o s i v e  e n e r g y  will a l s o  g e n e r a t e  

l i g h t ,  s o  o n e  c a n  p r e d i c t  a m i n i m u m  b a c k g r o u n d  r a d i a t i o n  d e n s i t y  a s  f o l l ows .  To 

g e n e r a t e  d e n s i t y  f l u c t u a t i o n s  o f  o r d e r  1 o n  a c o m o v i n g  s c a l e  d c o r r e s p o n d s  to  a 

k i n e t i c  e n e r g y  d e n s i t y  {Hogan  1984) 

H ( z ) d  ]2  
PexpC 2 = m b nb 

l + z  
(8) 

w h e r e  m b a n d  n b a r e  t h e  b a r y o n  m a s s  a n d  n u m b e r  d e n s i t y ,  z i s  t h e  r e d s h i f t  a t  

w h i c h  t h e  s h e l l s  o v e r l a p ,  a n d  H(z) i s  t h e  H u b b l e  r a t e  a t  t h a t  r e d s h i f t .  S i n c e  s t a r s  

-5 
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-7 

-8 

3 2 

I I 
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A C : ~ ~ j  PG 
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log ( ;k/#.) 

F i g u r e  (2). T h i s  s u m m a r i z e s  t h e  t h e o r e t i c a l  b a c k g r o u n d s  w h i c h  m a y  h a v e  b e e n  
g e n e r a t e d  b y  p r e g a l a c t i c  a n d  p r o t o g a l a c t i c  e v e n t s  a n d  c o m p a r e s  t h e m  to  t h e  
s e n s i t i v i t y  o f  v a r i o u s  s p a c e  e x p e r i m e n t s .  I f  t h e  b a c k g r o u n d s  a r e  r e p r o c e s s e d  b y  
d u s t ,  ~R r e m a i n s  t h e  s a m e  b u t  ), m o v e s  i n t o  t h e  f a r - I R .  
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g e n e r a t e  r~=100 t i m e s  a s  m u c h  r a d i a t i o n  e n e r g y  a s  e x p l o s i v e  e n e r g y  d u r i n g  t h e  

m a i n - s e q u e n c e  p h a s e  w h i c h  p r e c e d e s  t h e  e x p l o s i v e  p h a s e ,  t h e  b a c k g r o u n d  r a d i a t i o n  

d e n s i t y  m u s t  b e  

n I 
T h e  s p e c t r u m  s h o u l d  p e a k  a t  t h e  w a v e l e n g t h  g i v e n  b y  e q n  (3). T h e  c u r v e  "ES"  in  

F i g u r e  (2) a s s u m e s  r~=0.3, a s  a p p l i e s  f o r  e x p l o d i n g  s t a r s  o f  m a s s  10M®. T h i s  d e n s i t y  i s  

a l r e a d y  in  c o n f l i c t  w i t h  t h e  o p t i c a l  to  UV l imi t s  u n l e s s  t h e  r a d i a t i o n  is  r e p r o c e s s e d  

b y  d u s t .  

D e c a y i n g  P a r t i c l e s .  E l e m e n t a r y  p a r t i c l e  r e l i c s  o f  t h e  Big  B a n g  w o u l d  be  e x p e c t e d  

to p e r v a d e  t h e  U n i v e r s e  a n d ,  i f  t h e i r  m a s s  i s  s u f f i c i e n t l y  l a r g e ,  t h e y  c o u l d  h a v e  a n  

a p p r e c i a b l e  c o s m o l o g i c a l  d e n s i t y .  I n  c e r t a i n  m o d e l s ,  t h e s e  p a r t i c l e s  w o u l d  be  e x p e c t e d  

to d e c a y  r a d i a t i v e l y  o n  s o m e  t i m e s c a l e  T d .  Fo r  Td<50y  , t h e y  w o u l d  c o n t r i b u t e  to t h e  

MBR, w h i l e  f o r  5 0 y ( T d < 3 x l 0 4 y  t h e y  w o u l d  d i s t o r t  i t s  s p e c t r u m  (Si lk  & S t e b b i n s  1983}. 

H o w e v e r ,  f o r  T d > 3 x l 0 4 y ,  t h e y  w o u l d  j u s t  g e n e r a t e  a n  IR b a c k g r o u n d  w i t h  

l+zd ]-I 
OR = 5xlO-S DX ~ , 

lO s 
[l+zd] I oX]-I k p e a k  = 120 ~ ~ 

l0  s key  
(lO) 

Here  z d i s  t h e  d e c a y  r e d s h i f t ,  OX i s  t h e  d e n s i t y  p a r a m e t e r  w h i c h  w o u l d  b e  a s s o c i a t e d  

w i t h  t h e  p a r t i c l e s  h a d  t h e y  n o t  d e c a y e d ,  a n d  m X i s  t h e  p a r t i c l e  m a s s .  M a n y  m o d e l s  

r e l a t e  ~)X, m x  a n d  T d ,  s o  t h e y  a r e  n o t  n e c e s s a r i l y  i n d e p e n d e n t .  T h e  c u r v e  "DP" in  

F i g u r e  (2) c o r r e s p o n d s  to ~X=0.01,  m x : l k e V  a n d  Zd :103 .  Note  t h a t  t h e  s p e c t r u m  

d e v i a t e s  s o m e w h a t  f r o m  t h e  b l a c k - b o d y  f o r m .  

4. DUST OBSCURATION 

T h e  p r e d i c t e d  s p e c t r a  o f  F i g u r e  (2) a p p l y  o n l y  i f  t h e  r a d i a t i o n  p r o p a g a t e s  f r e e l y  

b e t w e e n  u s  a n d  t h e  s o u r c e .  H o w e v e r ,  m o s t  o f  t h e  b a c k g r o u n d s  d i s c u s s e d  in  S e c t i o n  

(3) a r e  in  t h e  o p t i c a l  o r  UV a n d  o n e  m i g h t  e x p e c t  s u c h  b a c k g r o u n d s  to  be  a b s o r b e d  

b y  i n t e r v e n i n g  d u s t .  I n  t h i s  c a s e ,  t h e y  w o u l d  be  r e - e m i t t e d  a t  a l o n g e r  w a v e l e n g t h .  

T h e  d u s t  c o u l d  e i t h e r  b e  c o n f i n e d  to g a l a x i e s  (if  g a l a x i e s  c o v e r  t h e  s k y )  o r  i t  c o u l d  

b e  u n i f o r m l y  s p r e a d  t h r o u g h o u t  t h e  U n i v e r s e .  T h e  l a s t  s i t u a t i o n  i s  o n l y  l i k e l y  to  

a p p l y  i f  t h e r e  w a s  a g e n e r a t i o n  o f  p r e g a l a c t i c  s t a r s .  We f i r s t  d e t e r m i n e  t h e  c o n d i t i o n  

f o r  d u s t  a b s o r p t i o n  a n d  t h e n  c a l c u l a t e  t h e  c h a r a c t e r i s t i c s  o f  t h e  r e - e m i t t e d  r a d i a t i o n .  

F o r  s i m p l i c i t y  we  will  a s s u m e  t h a t  e a c h  g r a i n  h a s  a r a d i u s  r d ,  t h a t  i t s  a b s o r p t i o n  

c r o s s - s e c t i o n  i s  w r d 2  f o r  w a v e l e n g t h s  ;~<2Trrd, a n d  t h a t  i t  f a l l s  o f f  a s  ~ -1  f o r  ),Y2rtr d. 

T h e n  we c a n  w r i t e  

27tr d 
(11)  
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I n  f a c t ,  t h e  e x p o n e n t  o f  )~ m u s t  i n c r e a s e  to 2 a t  v e r y  l o n g  w a v e l e n g t h s  ( D r a i n e  & Lee  

1984); a m o r e  g e n e r a l  a n a l y s i s  i s  g i v e n  b y  B o n d  e t  al.  (1986).  If  t h e  g r a i n s  a r e  

u n i f o r m l y  d i s t r i b u t e d  t h r o u g h o u t  t h e  U n i v e r s e  a n d  h a v e  a d e n s i t y  fld i n  u n i t s  o f  t h e  

c r i t i c a l  d e n s i t y ,  t h e n  t h e  o p t i c a l  d e p t h  b a c k  to a r e d s h i f t  z f o r  p h o t o n s  w i t h  p r e s e n t  

w a v e l e n g t h  k c a n  b e  e x p r e s s e d  a s  

r(k,z) = 1.3 . . . .  I + h n -I/z (12) 
I0 -s 2 0.1U [ I0 6~rd(l+z) 

Here 0id is the internal grain density in g/cm 3 and we have normalized f~d to the 

dust density associated with galaxies. Thus the optical depth at short wavelengths 

reaches unity at a redshift 

[od }_2/3{ rd 
I+Z = 8 -- ~ -- nl/gh-2/3 (13) 

i0 -s 0. l u  2 

I n  p r a c t i c e ,  o f  c o u r s e ,  fld i s  i t s e l f  a f u n c t i o n  o f  z, so  i t  is  u s e f u l  to  e x p r e s s  t h e  

o p a q u e n e s s  c o n d i t i o n  in  t e r m s  o f  t h e  (~d,Z) s p a c e  o f  F i g u r e  (3). T h i s  f i g u r e  a s s u m e s  

t h a t  w a v e l e n g t h  o f  t h e  s o u r c e  r a d i a t i o n  i s  l e s s  t h a n  2~r  d a t  t h e  t ime  w h e n  i t  

e n c o u n t e r s  t h e  d u s t .  T h i s  i s  u s u a l l y  t h e  c a s e .  Fo r  e x a m p l e ,  t h e  l i g h t  f r o m  VMOs 

p e a k s  a t  a w a v e l e n g t h  o f  0.04~,  s o  p h o t o n s  g e n e r a t e d  a t  a r e d s h i f t  z ,  will s a t i s f y  t h e  

c o n d i t i o n  a t  a r e d s h i f t  z p r o v i d i n g  r d > 0 . 0 0 7 ( l + z , ) / ( l + z ) ] J .  T h e  g r a i n s  in  o u r  g a l a x y  

p r o b a b l y  s p a n  a s p e c t r u m  s i z e s  b e t w e e n  0.01#J a n d  0.3/~ ( M a t h i s  eL al.  1977).  

I f  o n e  t h i n k s  o f  t h e  m e a n  c o s m o l o g i c a l  d u s t  d e n s i t y  a s  f o l l o w i n g  a t r a j e c t o r y  

~d(Z)  in  F i g u r e  (3),  t h e n  p h o t o n s  f r o m  p r e g a l a c t i c  s o u r c e s  will be  a b s o r b e d  b y  

i n t e r v e n i n g  d u s t  p r o v i d i n g  t h e r e  i s  s o m e  r e d s h i f t  b e t w e e n  t h e i r  e m i s s i o n  a n d  now a t  

w h i c h  t h e  t r a j e c t o r y  p e n e t r a t e s  t h e  s h a d e d  r e g i o n  o f  F i g u r e  (3). I t  i s  n o t  c l e a r  

w h e t h e r  t h i s  i s  t h e  c a s e .  ~d c l e a r l y  s t a r t s  o f f  be low t h e  s h a d e d  r e g i o n  s i n c e  ~d=0 

i n i t i a l l y ;  o b s e r v a t i o n s  o f  d i s t a n t  q u a s a r s  a l s o  i m p l y  t h a t  a u n i f o r m  d u s t  d i s t r i b u t i o n  

m u s t  h a v e  f/d < 6 x t 0 - S h - 1  b a c k  to  zz2  ( W r i g h t  t 981 ) ,  so  o n e  c e r t a i n l y  h a s  r < l  a t  t h e  

p r e s e n t  e p o c h .  H o w e v e r ,  o n e  c o u l d  s t i l l  h a v e  T>] i n  s o m e  i n t e r m e d i a t e  r e d s h i f t  r a n g e .  

F o r  e x a m p l e ,  o n e  w o u l d  o n l y  n e e d  ~ d >10  - 7  a t  z=300,  t h e  e a r l i e s t  e p o c h  a t  w h i c h  VMOs 

c o u l d  c o m p l e t e  t h e i r  n u c l e a r  b u r n i n g .  Of c o u r s e ,  o n e  c o u l d  o n l y  e x p e c t  a n  

i n t e r g a l a c t i c  g r a i n  a b u n d a n c e  l ike  t h i s  if  t h e r e  w a s  s o m e  p r e g a l a c t i c  s t a r  f o r m a t i o n .  

E v e n  i f  t h e r e  i s  n o  i n t e r g a l a c t i c  g r a i n  a b u n d a n c e ,  t h e  d u s t  w i t h i n  g a l a x i e s  c o u l d  

s t i l l  a b s o r b  a n y  p r e g a l a c t i c  r a d i a t i o n  p r o v i d i n g  two  c o n d i t i o n s  a r e  s a t i s f i e d .  F i r s t l y ,  

t h e  m e a n  d u s t  d e n s i t y  (i.e. t h e  d e n s i t y  w h i c h  w o u l d  be  o b t a i n e d  i f  t h e  d u s t  w a s  

s p r e a d  u n i f o r m l y  t h r o u g h o u t  t h e  U n i v e r s e  i n s t e a d  o f  b e i n g  c o n f i n e d  to g a l a x i e s }  m u s t  

be  l a r g e  e n o u g h  f o r  r to e x c e e d  1 a t  t h e  r e d s h i f t  o f  g a l a x y  f o r m a t i o n  (ZG). T h e  

c o n t r i b u t i o n  o f  g a l a c t i c  d u s t  to ~d c a n  be  w r i t t e n  a s  

I 'd ]I" 1[ °°] (~d -" 1 0 - s  ~ ~ 
0 . 0 1  0 . 1  0 . 0 1  

(14)  
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w h e r e  f g  i s  t h e  f r a c t i o n  o f  t h e  g a l a x y ' s  m a s s  in  g a s ,  fd is  t h e  f r a c t i o n  o f  t h e  g a s  in  

d u s t ,  a n d  DG is t h e  d e n s i t y  p a r a m e t e r  a s s o c i a t e d  wi th  ga lax ie s .  Th i s  j u s t  c o r r e s p o n d s  

to t h e  n o r m a l i z a t i o n  in e q n  (13). S e c o n d l y ,  we n e e d  the  ga l ax i e s  to c o v e r  t h e  s k y  a t  

ZG. O t h e r w i s e ,  m o s t  o f  t he  b a c k g r o u n d  p h o t o n s  would  be u n a f f e c t e d .  T h i s  r e q u i r e s  

[ 12J3i_ i0 12J3f 00 } j3 1 + z G > 11 - -  - -  f l l / a h - ~ / 3  (15) 
10kpc 10 -z4  0 .1  

w h e r e  R G is  t h e  r a d i u s  of  t h e  d u s t - c o n t a i n i n g  p a r t  of  t h e  g a l a x y  a n d  PiG is  t h e  

d e n s i t y  w i t h i n  a g a l a x y  in g / c m  3. S ince  t h e  r e d s h i f t  of  g a l a x y  f o r m a t i o n  is  in  t h e  

r a n g e  3 to 10, i t  i s  n o t  c l e a r  w h e t h e r  t h e s e  two c o n d i t i o n s  a r e  s a t i s f i e d .  I t  is  

c e r t a i n l y  p o s s i b l e ,  a n d  O s t r i k e r  a n d  He i s l e r  (1984) h a v e  e v e n  p r o p o s e d  t h i s  a s  t h e  

e x p l a n a t i o n  f o r  w h y  q u a s a r s  c u t  o f f  a t  a r e d s h i f t  of  4, b u t  it is no t  n e c e s s a r i l y  t h e  

ca se .  Note t h a t  we h a v e  n o r m a l i z e d  fiG, R G a n d  PiG to v a l u e s  a p p r o p r i a t e  f o r  o u r  

ga l axy .  In  p r a c t i c e ,  t h e s e  p a r a m e t e r s  will s p a n  a r a n g e  of  v a l u e s ;  o n e  wou ld  

g e n e r a l l y  e x p e c t  t h e  s m a l l e s t  g a l a x i e s  to c o n t r i b u t e  mos t  to t h e  c o v e r i n g  f a c t o r .  

F ina l ly  i t  s h o u l d  be  s t r e s s e d  t h a t  t h e r e  will be in s i t u  d u s t  a b s o r p t i o n  f o r  some 

t y p e s  of  s o u r c e .  In  p a r t i c u l a r ,  t h i s  will a p p l y  f o r  s o u r c e s  e m b e d d e d  in d u s t y  

ga lax ie s .  The  o p t i c a l  d e p t h  f o r  a n  i n d i v i d u a l  g a l a x y  is  

(fd, gl (rd ],{ }{, ] [ id] 
r g a l  -- 1 .5  . . . . .  [), < 2 . r d ]  (16) 

10 -3  O. lU 10 -24  lOkpc 2 

For  o u r  g a l a x y  t h i s  ( a n g l e - a v e r a g e d )  o p a c i t y  is c o m p a r a b l e  to 1 a n d  it may h a v e  

b e e n  e v e n  l a r g e r  in t h e  p a s t  s i n c e  f g  a l w a y s  d e c r e a s e s .  E v e n  if o n e  h a s  r g a l < l ,  t h e  

r a d i a t i o n  f rom g a l a c t i c  s o u r c e s  may s t i l l  be  a b s o r b e d  if t h e y  a r e  c o n t a i n e d  w i t h i n  

c l o u d s  w h e r e  t h e  local d u s t  d e n s i t y  e x c e e d s  t h e  a v e r a g e  ga l ac t i c  v a l u e .  T h i s  is  

e v i d e n c e d ,  of  c o u r s e ,  b y  t h e  e x i s t e n c e  o f  s t a r b u r s t  ga l ax i e s .  Most  o f  t h e  s o u r c e s  

d i s c u s s e d  in S e c t i o n  (3) a r e  p r e g a l a c t i c  a n d  t h e r e f o r e  no t  in t h i s  c a t e g o r y .  H o w e v e r ,  

f o r  t h o s e  w h i c h  a r e ,  o n e  n e e d s  to k n o w  h o w  m u c h  of  t he  l i g h t  is  a b s o r b e d  w i t h i n  t h e  

g a l a x y  i t s e l f  a n d  how m u c h  is a b s o r b e d  b y  t h e  b a c k g r o u n d  U n i v e r s e .  

I f  t h e  p r e g a l a c t i c  r a d i a t i o n ,  w h a t e v e r  i t s  s o u r c e ,  is  a b s o r b e d  b y  d u s t ,  o n e  c a n  

r e a d i l y  c a l c u l a t e  h o w  i t s  s p e c t r u m  is modi f ied .  I f  t h e  r a d i a t i o n  d e n s i t y  is 0 R, t h e n  

t h e r m a l  b a l a n c e  impl ies  t h a t  t h e  dust t e m p e r a t u r e  T d e v o l v e s  a c c o r d i n g  to 

[ rd 
Td(z) = Tc(Z) 1 + -- -- -- (17) 

~c 0. iv I0 

Here Te(z) is the temperature of the MBR photons, Oc is the MBR density, and we 

have assumed Td<<rd -~, Tc<<rd -I and Ts>>rd-1 in appropriate units. Thus if the 

radiation density is less than 

~crit = 2xl0-Yh-Z -- -- (18) 
0. I/~ i00 
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t h e  d u s t  t e m p e r a t u r e  will j u s t  be  t h e  MBR t e m p e r a t u r e  ( t he  MBR h e a t i n g  a l o n e  

e n s u r i n g  t h a t  i t  n e v e r  d r o p s  b e l o w  t h i s ) .  H o w e v e r ,  if f i r  e x c e e d s  t h e  v a l u e  g i v e n  b y  

e q n  (18), t h e  d u s t  t e m p e r a t u r e  will be  s o m e w h a t  l a r g e r  t h a n  T c.  I n  t h i s  c a s e ,  o n e  

e x p e c t s  a f a r - I R  b a c k g r o u n d  w i t h  a s p e c t r u m  p e a k i n g  a t  a p r e s e n t  w a v e l e n g t h  

[0  21 J, [ rd ) 'peak  = 700 ~ ~ ~ (19)  
10 - s  0. lU 10 

T h e  s p e c t r u m  will n o t  be  e x a c t l y  b l a c k - b o d y :  fR()`)  will s c a l e  a s  ),-4 l o n g w a r d  o f  t h e  

p e a k  r a t h e r  t h a n  ) ' -3 .  T h e r e  will  a l s o  b e  s p e c t r a l  f e a t u r e s  a s s o c i a t e d  w i t h  r e s o n a n c e  

e f f e c t s ,  a l t h o u g h  t h e s e  will t e n d  to be  s m e a r e d  o u t  b y  c o s m o l o g i c a l  r e d s h i f t  e f f e c t s .  

Wha t  i s  t h e  a p p r o p r i a t e  v a l u e  o f  z to  u s e  i n  e q n  (19)?  S t r i c t l y  s p e a k i n g ,  o n e  i s  

d e a l i n g  w i t h  a r a n g e  o f  v a l u e s  s i n c e  t h e  r e p r o c e s s e d  r a d i a t i o n  c o m e s  f r o m  a s h e l l :  

t h e  o u t e r  e d g e  o f  t h e  s h e l l  c o r r e s p o n d s  to  t h e  r e d s h i f t  z d a t  w h i c h  t h e  d u s t  o r  

r a d i a t i o n  is g e n e r a t e d  ( w h i c h e v e r  i s  s m a l l e r )  a n d  t h e  t h i c k n e s s  o f  t h e  s h e l l  is  

d e t e r m i n e d  b y  t h e  c o n d i t i o n  t h a t  t h e  o p t i c a l  d e p t h  be  u n i t y  in  t h e  w a v e b a n d  of  t h e  

s o u r c e  r a d i a t i o n .  H o w e v e r ,  t h e  t h i c k n e s s  i s  g e n e r a l l y  sma l l ,  s o  t h e  e f f e c t i v e  r e d s h i f t  

i s  j u s t  z d. T h e  s t r i k i n g  f e a t u r e  o f  e q n  (19) i s  t h a t  ) ' p e a k  d e p e n d s  o n l y  w e a k l y  o n  

r d ,  f R  a n d  z. T h u s  o n e  e x p e c t s  a l l  t h e  r e p r o c e s s e d  r a d i a t i o n  f r o m  p r e g a l a c t i c  s o u r c e s  

to  p i le  u p  a t  r o u g h l y  t h e  s a m e  w a v e l e n g t h .  I n  a s e n s e ,  t h i s  i s  u n f o r t u n a t e  s i n c e  i t  

m e a n s  t h a t  t h e  s p e c t r u m  i t s e l f  c o n t a i n s  l i t t l e  i n f o r m a t i o n  a b o u t  t h e  o r i g i n  o f  t h e  

r a d i a t i o n .  On t h e  o t h e r  h a n d ,  i t  i s  i n t e r e s t i n g  b e c a u s e  i t  m e a n s  t h a t  o n e  c a n  p r e d i c t  

t h a t  a f a r - J R  b a c k g r o u n d  w i t h  t h e s e  c h a r a c t e r i s t i c s  o u g h t  to e x i s t .  

T h e s e  c o n s i d e r a t i o n s  s h o w  t h a t ,  i f  f R  > f c r i t ,  o n e  e x p e c t s  t h e  t o t a l  b a c k g r o u n d  

s p e c t r u m  to  h a v e  t h r e e  p a r t s :  t h e  MBR c o m p o n e n t  ( p e a k i n g  a t  1400~),  t h e  f a r - I R  d u s t  

c o m p o n e n t  ( p e a k i n g  a t  ) , peak ) ,  a n d  t h e  r e s i d u a l  s o u r c e  c o m p o n e n t  ( p e a k i n g  in  t h e  

o p t i c a l  o r  n e a r - I R ) .  I f  fiR < f c r i t ,  t h e  d u s t  r a d i a t i o n  will be  s u p e r p o s e d  on  t h e  MBR, 

s o  t h e  o v e r a l l  s p e c t r u m  will h a v e  o n l y  t w o  p e a k s .  H o w e v e r ,  s i n c e  t h e  d u s t  r a d i a t i o n  

d o e s  n o t  h a v e  a b l a c k - b o d y  s p e c t r u m ,  i t  wil l  d i s t o r t  t h e  MBR s p e c t r u m  u n l e s s  i t  i s  

i t s e l f  a b s o r b e d  ( R o w a n - R o b i n s o n  eL aL 1979, N e g r o p o n t e  eL al. 1981, P u g e t  & 

H e y v a e r t s  1980)) .  I f  s e l f - a b s o r p t i o n  o c c u r s ,  t h e  r a d i a t i o n  c a n  be  t h e r m a l i z e d ,  in  

w h i c h  c a s e  t h e  d u s t  i s  a c t u a l l y  g e n e r a t i n g  p a r t  o f  t h e  MBR. T h e  c o n d i t i o n  f o r  t h i s  i s  

t h a t  t h e  v a l u e  o f  1" g i v e n  b y  e q n  (12) s h o u l d  e x c e e d  1 a t  t h e  w a v e l e n g t h  g i v e n  b y  

e q n  (19). T h i s  r e q u i r e s  

[{ 0d lib,d} ]°'I  rd }0ioR t0 1 + z > 65 - -  - -  h f - l / 2  _ _  _ _  (20)  
• 1 0  - s  2 0 . 1 ~  fC 

w h i c h  c o r r e s p o n d s  to  t h e  h e a v i l y  s h a d e d  p a r t  o f  F i g u r e  (3). I n  p r i n c i p l e ,  p r o v i d e d  

t h e  f d ( z )  t r a j e c t o r y  p a s s e s  t h r o u g h  t h i s  d o u b l e - s h a d e d  r e g i o n ,  o n e  c o u l d  h y p o t h e s i z e  

t h a t  t h e  e n t i r e  m i c r o w a v e  b a c k g r o u n d  d e r i v e s  f r o m  g r a i n s  ( L a y z e r  & H i v e l y  1973, 

R e e s  1978b,  W r i g h t  1982.) H o w e v e r ,  f o r  a r e a s o n a b l e  g r a i n  d e n s i t y ,  t h i s  r e q u i r e s  t h e  

r a d i a t i o n  to  b e  p r o d u c e d  a t  a v e r y  h i g h  r e d s h i f t  a n d  t h e  g r a i n s  to  be  r a t h e r  exo t i c .  
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Figure (3). T h i s  s h o w s  t h e  d u s t  d e n s i t y  r e q u i r e d  to a b s o r b  UV r a d i a t i o n  a t  a 
r e d s d i f t  z, t h e r e b y  r e p r o c e s s i n g  i t  i n t o  t h e  f a r - I N .  I n  t h e  h e a v i l y  s h a d e d  r e g i o n  t h e  
f a r - I N  r a d i a t i o n  i s  i t s e l f  a b s o r b e d ,  l e a d i n g  to  t h e r m a l i z a t i o n .  We a s s u m e  r d = 0 . 1 ~ .  

5. DISCUSSION 

T h e  q u e s t i o n  n o w  a r i s e s  o f  w h e t h e r  t h e  t h e o r e t i c a l  p r e d i c t i o n s  in  F i g u r e  (2) 

c o u l d  b e  r e l e v a n t  to a n y  o f  t h e  c l a i m e d  d e t e c t i o n s  o f  a CINB. T h e  s o r t  o f  n e a r - I N  

b a c k g r o u n d  r e p o r t e d  b y  M a t s u m o t o  e~ al .  (1987) c o u l d  be  g e n e r a t e d  b y  s e v e r a l  o f  t h e  

m o d e l s ,  p r o v i d e d  o n e  d o e s  n o t  h a v e  too  m u c h  d u s t  a b s o r p t i o n .  I n d e e d ,  i f  t h e  

s p e c t r u m  i s  c u t  o f f  b e y o n d  t h e  L y m a n  l imi t  b y  n e u t r a l  h y d r o g e n  a b s o r p t i o n ,  Ly-cc 

e m i s s i o n  m i g h t  e v e n  p r o d u c e  a n a r r o w  l i ne  f e a t u r e  ( C a r t  e~ a l .  1983, M a t s u m o t o  e t  aL  

1988).  I f  o n e  w a n t s  to p r o d u c e  a f a r - I R  b a c k g r o u n d ,  o n e  m u s t  c l e a r l y  i n v o k e  d u s t .  

McDowell  (1986) a n d  N e g r o p o n t e  (1986) h a v e  a l r e a d y  t r i e d  to e x p l a i n  R o w a n - R o b i n s o n ' s  

100/~ b a c k g r o u n d  u s i n g  d u s t  a n d  p r e g a l a c t i c  s t a r s  a n d  t h e y  f i n d  v a l u e s  o f  ) ' p e a k  

w h i c h  a r e  in  g o o d  a g r e e m e n t  w i t h  t h e  s i m p l e  a n a l y t i c a l  e s t i m a t e  o f  e q n  (19).  

M a t s u m o t o  e t  a l .  (1988) d i s c u s s  w h e t h e r  t h e i r  700U b a c k g r o u n d  c a n  b e  e x p l a i n e d  i n  a 

s i m i l a r  w a y .  E v e n  w i t h o u t  a d e t a i l e d  a n a l y s i s ,  h o w e v e r ,  i t  i s  c l e a r  t h a t  o n e  c a n  

e x p l a i n  b o t h  b a c k g r o u n d s  p r o v i d i n g  o n e  i m p o s e s  s u i t a b l e  c o n s t r a i n t s  on  t h e  g r a i n  

s i z e  a n d  f o r m a t i o n  r e d s h i f t .  I n d e e d  t h e  e n e r g y  d e n s i t y  i n v o l v e d  is  c o m p a r a b l e  to t h a t  

e x p e c t e d  in  s e v e r a l  o f  t h e  s c e n a r i o s  d i s c u s s e d  in  S e c t i o n  (3). I f  t h e  c l a i m s  to  h a v e  

d e t e c t e d  a CIBN a r e  n o t  c o n f i r m e d ,  c o m p a r i s o n  w i t h  t h e  b a c k g r o u n d  l e v e l s  w h i c h  will 

be  a c c e s s i b l e  to  COBE a n d  S INTF s h o w s  t h a t  m o s t  o f  t h e  p r e d i c t e d  b a c k g r o u n d s  a r e  

p o t e n t i a l l y  o b s e r v a b l e .  O n l y  t h e  b a c k g r o u n d  a s s o c i a t e d  w i t h  j u p i t e r s  in  g a l a c t i c  h a l o s  

a p p e a r s  to  b e  b e l o w  t h e  d e t e c t a b i l i t y  t h r e s h o l d .  

I f  t h e r e  i s  a f a r - I N  b a c k g r o u n d ,  g e n e r a t e d  in  t h e  m a n n e r  e n v i s a g e d  in  S e c t i o n  

(4), t h e n  o n e  w o u l d  e x p e c t  i t  to  d i s p l a y  s m a l l - s c a l e  a n i s o t r o p i e s .  T h e s e  w o u l d  d e r i v e  

f r o m  i n h o m o g e n i t i e s  in  b o t h  t h e  d e n s i t y  a n d  t e m p e r a t u r e  o f  t h e  d u s t .  ( T h e  d u s t  

w o u l d  g e n e r a l l y  b e  c l u m p e d  in  c l o u d s ,  w i t h  T d b e i n g  h i g h e r  c l o s e  to  t h e  s o u r c e s . )  
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Bond et al. (1986) h a v e  a n a l y s e d  t h e  e f f e c t  of  d e n s i t y  i n h o m o g e n e i t i e s ,  on  t h e  

a s s u m p t i o n  t h a t  t h e  d u s t  c l u m p s  l ike  g a l a x i e s .  T h e i r  a n a l y s i s  d e p e n d s  o n  t h e  f a c t  

t h a t  t h e  d u s t  r a d i a t i o n  comes  f r o m  a she l l .  One c a n  s h o w  t h a t  t h i s  she l l  h a s  a r a d i u s  

of  6 0 0 0 h - t M p c  ( the  p r e s e n t  p a r t i c l e  h o r i z o n  s ize)  a n d  a c o m o v i n g  t h i c k n e s s  of  

9 0 0 h - l ( Z d / 1 0 ) - l / 2 M p c .  T h i s  t h i c k n e s s  m u c h  e x c e e d s  the  s e p a r a t i o n  b e t w e e n  g a l a x i e s ,  

so  one  e x p e c t s  t h e r e  to be  m a n y  g a l a x i e s  a l o n g  a t yp i ca l  l i n e - o f - s i g h t ,  i m p l y i n g  t h a t  

t he  f l u c t u a t i o n s  a s s o c i a t e d  w i th  t h e  d u s t  c l u m p i n e s s  will be d i l u t e d  b y  s t a t i s t i c a l  

c a n c e l l a t i o n s .  I f  t h e  g a l a x y  c o r r e l a t i o n  function is  ~(x) : (X/Xo)- ) '  b e low  some 

c o r r e l a t i o n  l e n g t h  x o,  t h e n  o n e  c a n  s h o w  t h a t  t h e  r m s  i n t e n s i t y  f l u c t u a t i o n s  f o r  a 

t e l e s c o p e  w i t h  a n g u l a r  r e s o l u t i o n  o sca le  a s  o -1  fo r  oYe o and  as  o( ~ - y ) / 2  f o r  o<e o. 

Here  e o is t h e  a n g l e  s u b t e n d e d  b y  x o a t  t h e  e m i s s i o n  she l l ,  wh ich  is a b o u t  2 a r c m i n .  

The  f l u c t u a t i o n s  o n  t h i s  s ca l e  a r e  of  o r d e r  1% to 10% ( t h e  p r e c i s e  v a l u e  d e p e n d i n g  

on  how t h e  g a l a x y  c o r r e l a t i o n  f u n c t i o n  e v o l v e s ) .  

W h e t h e r  a t e l e s c o p e  can  m e a s u r e  t h e s e  f l u c t u a t i o n s  d e p e n d s  u p o n  i t s  a n g u l a r  

r e s o l u t i o n  a a n d  i t s  a p e r t u r e  s ize  D. One c l e a r l y  w a n t s  o a s  small  a s  p o s s i b l e  s i n c e  

t h e  f l u c t u a t i o n s  i n c r e a s e  a s  t h e  r e s o l u t i o n  i m p r o v e s .  The  va lue  of  D is  r e l e v a n t  

b e c a u s e  it d e t e r m i n e s  w h e t h e r  t h e  f l u c t u a t i o n s  s t a n d  o u t  a b o v e  the  " c o n f u s i o n "  limit 

a s s o c i a t e d  w i t h  u n r e s o l v e d  f o r e g r o u n d  g a l a x i e s .  COBE will h a v e  v e r y  p o o r  a n g u l a r  

r e s o l u t i o n  (c--1 ° )  a n d  so  will n o t  be  u s e f u l  in t h i s  r e s p e c t .  Howeve r ,  SIRTF will h a v e  

a r e s o l u t i o n  o f  10"(k/100~) f o r  2~<>,<750~ a n d ,  in t h i s  c a se ,  t h e  b a c k g r o u n d  

f l u c t u a t i o n s  c o u l d  be  well a b o v e  t h e  c o n f u s i o n  level .  The  s i t u a t i o n  wou ld  be e v e n  

b e t t e r  wi th  LDR s i n c e  t h i s  w o u l d  h a v e  a r e s o l u t i o n  of  0.4"(X/100~) f o r  X>50~ a n d  a 

v e r y  l a r g e  a p e r t u r e  s ize  (D=10m}. I n  t h i s  c a s e ,  o n e  s h o u l d  e v e n  be  ab le  to  p r o b e  t h e  

g a l a x y  c o r r e l a t i o n  f u n c t i o n .  U n f o r t u n a t e l y ,  S IRTF a n d  LDR may no t  be  l a u n c h e d  f o r  

some time. N e v e r t h e l e s s ,  i t  is  c l e a r  t h a t  s t u d y i n g  the  a n i s o t r o p i e s  in t h e  CIRB c o u l d  

p r o v i d e  a u n i q u e  p r o b e  of  t h e  U n i v e r s e  a t  l a r g e  r e d s h i f t .  
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ROCKET OBSERVATION OF THE DIFFUSE INFRARED RADIATION 

T. Matsumoto 

Department of Astrophysics, Nagoya University 
Nagoya 464, Japan 

ABSTRACT 

The rocket experiments were carried out to observe cosmic background 

radiation in both of near-infrared and submillimeter regions. In 

near-infrared region, a considerable amount of isotropic radiation was 

found at 2~m, which is possibly attributed to the cosmological origin. 

In submillimeter region, absolute measurement of the cosmic background 

radiation below imm was attained and a significant deviation from the 

blackbody spectrum of a single temperature was found. Possible origin 

of these two cosmic components is discussed. 

i. INTRODUCTION 

Infrared cosmic background is very important to study the physical 

processes which might have occurred between recombination of matter 

(z%1000) and the galaxy formation (Carr 1987). The observation of the 

infrared background, however, has not been carried out well because of 

difficulties on experiment. 

One problem is that the bright galactic and interplanetary emission 

obstruct the detection of the cosmic radiation in infrared region. 

There are, however, 2 windows which enable us to observe the cosmic 

background. One is a near-infrared (l-5um) and another is a submilli- 

meter (>300~m) region. The diffuse star light (SL) and zodiacal light 

(ZL) have a peak brightness below lum, whereas the thermal emission of 

the interplanetary dust (IPD) has a peak brightness above 10~m. These 

foreground components provide very low sky brightness in near-infrared 

region. Around 100~m, the thermal emission of the interstellar dust 

(ISD) is a dominant foreground component and well-known cosmic micro- 

wave background radiation (CMB) appears around imm. Submillimeter 

spectrum of CMB itself will provide important information, and, further, 

there is a possibility to detect other cosmic background radiation in 

submillimeter region. 

Another problem is difficulties on experimental technique. A cold 

optics in space is absolutely necessary to observe infrared cosmic 

background emission. Thermal emission from the instrument itself and 
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the bright atmospheric emission make the ground based observation 

impossible. 

We have tried rocket experiments to observe infrared cosmic back- 

ground using cold optics in near-infrared and submillimeter regions. 

This is a brief description of the experiments and the possible inter- 

pretation of the obtained result. 

2. NEAR-INFRARED OBSERVATION 

2.1. Observation 

The photometer consisted of 2 parts both of which had 4 ° beam. One was 

a wide band channel, covering the standard filter bands: J(l.27pm), 

K(2.16~m), L(3.8pm), M(5.0pm), each of which had a lens of 14 mm dia. 

Another was a narrow band photometric channel consisting of two 26mm 

dia. Lenses and a filter wheel which rotated intermittently and 

covered l-5pm region with 10% spectral resolution. AGe detector for 

J band and InSb detectors for others were used. The zero level signal 

was confirmed by closing the cold shutter every 35 seconds and the 

relative response was monitored by lighting small tungstain lamps at 

the same time. The whole system was cooled by solid nitrogen which 

realized no instrumental thermal emission below 5~m. 

The sounding rocket, K-9M-77, was launched on 14 Jan. 1984 at 

04:30 JST (19:30 UT, 13 Jan.) from the Kagoshima Space Center of 

Institute of Space and Astronautical Science. At 282 sec after launch 

the rocket reached an apogee at an altitude of 316km. After the lid 

opened the survey started according to the precession of the rocket. 

The observed sky coverage was satisfactorily large (half cone angle 

31.5 ° ) and included the galactic and ecliptic pole regions. During 

the survey bright stars, such as yLeo, were observed, whose signals 

were consistent with the absolute responsivity measured in the labora- 

tory. The details of the experiment is described by Matsumoto et al. 

(1987). 

2.2. Result 

The objectives of the data analysis is to look for the isotropic 

emission component which can not be explained by the known emission 

components. The observed signals are composed of the several emission 

sources, which were superposed on the cosmic background radiation. 

Separation of the observed signal to individual emission components is 

attained under the following procedure so that the observed data are 

mutualy consistent. 



281 

* Atmospheric emission is assumed to be proportional to the column 

density of the atmospheric molecules. 

* Enveronmental emission was approximated by the exponential decay 

with a single time constant. 

* Earthshine was estimated from the off-axis response of the teles- 

cope measured in the laboratory, which showed a good agreement with the 

observed data. 

* Since a simple solar color for ZL contradicts with observed data, 

we assumed constant color, J-K for ZL. 

* We constructed the model of the Galaxy based on the star count data 

which reveals that SL is represented well by the linear function of 

cosec (Ibl) as for the observed 

region. 

Figure 1 indicates the 

cosec (Ibl) dependence of the 

sky brightness for wide band 

channels. The essential fea- 

tures are summerized as follows. 

* In the J abnd, observed 

surface brightness at high 

ecliptic latitude can be ex- 

plained well only by SL. This 

indicates that the color of ZL 

Figure i. The observed surface 

brightness for the wide band 

channel are plotted versus 

cosec (Ibl) for the regions 

where no star brighter than 3 

mag at K is found. The scan 

direction is indicated by an 

arrow. The vertical bars re- 

present the detector noise and 

do not include systematic 

errors. The solid lines show 

the result of the fitting. A 

breakdown of the observed sur- 

face brightness to the star 

light (SL), isotropic radiation, 

and a new emission component 

(Hot dust) is also shown. 
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is bluer than that of the solar color, and there remains no isotropic 

emission in the J band. 

* The K band surface brightness at high ecliptic latitude shows linear 

relation on cosec (Jb I) with a 

significant offset brightness 10_, o 

which is comparable with SL at 

the galactic pole. The observed 

spatial distribution is con- 

sistent with the J band data, 
T 

if we assume constant colr for E 

10-" ZL which is bluer than the E 

solar color and adopt an iso- 

tropic emission component for 

the K band. 

* In the L and M bands, the 

observed surface brightness ~ 10 -'~ 

shows clear linear relation on 

cosec (Jb I) and no dependence 

on the ecliptic latitude. This 

emission component is brighter 

than SL expected from the 

model but the origin is not 

certain. The L band bright- 

ness, however, can not be ex- 

plained only by this emission 

and provides substantial 

amount of the isotropic 

emission. 
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Figure 2. The spectrum of the observed 

surface brightness at the galactic pole 

region. Open circles and crosses are 

Figure 2 shows the observed data of the wide band and narrow band 

surface brightness at the channels, respectively. Systematic 

galactic pole region, in which errors are included in the error bars, 

narrow band data and other and horizontal bars indicate the wave- 

foreground emission components length bandwidth of filters. SL, and 

are also shown. Character- ZL mean star light and zodiacal light, 
istic feature of the Figure 2 respectively. The square represents 
is that there are humps at 2 IPD emission at 12~m towards the 

and 3-3.5~m which are attri- observed sky based on the data by IRAS 

buted to the isotropic emission. (Hauser et al. 1984). The emission 

A sharp increase of the bright- component around 5~m is fitted by 

ness above 4um is possibly due three types of blackbody emission 
to the galactic or inter- 
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planetary origin. 

Figure 3 indicates the 

isotropic emission 

which is obtained to 

be constant over the 

observed sky and during 

the duration of the 

rocket observation. 

The isotropic 

emission in Figure 3 

does not directry 

imply extragalactic 

origin, because the 

analysis is based on 

some assumptions and 

there may be other 

unknown foreground 

emission. For 

example, isotropic 

emission at 3-3.5pm 

may be environmental 

emission having a 

long time constant 

compared with observ- 

ing period, since 

a similar band 

feature was really 

observed during the 
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Figure 3. The spectrum of the isotropic 

component. An upper limit of EBL at the 

visible band (Dube et al. 1977) is also shown. 

The extragalactic background light calculated 

by partridge and Peebles (1967) for two 

extreme cases is indicated by solid lines. 

Model 1 assumes no evolution of galaxies, 

while model 4 assumes that all helium were 

synthesizes in stars during the early era 

of the galaxy formation. 

ascending phase of the rocket. On the other hand, 2pm feature was not 

contaminated by the enveronmental emission and is possibly attributed 

to the cosmic origin. Infrared spectrum of ZL, however, is not 

established well. If ZL had a line feature at 2pm and had a quite 

different spatial distribution from the optical ZL, observed 2um 

feature might be attributed to interplanetary origin. But the past 

observations of ZL and comets do not show such a feature. 

3. SUBMILLIMETER OBSERVATION 

3.1. Observation 

In order to attain the accurate measurement of the absolute sky bright- 

ness in the submillimeter region, we constructed the radiometer cooled 

by liquid herium down to IK. The radiometer consisted of the horn 
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antenna with 7.6 ° beam and the photometer which enabled us simul- 

taneous observation in six passbands (see Table i). Details of the 

instrument are described by Lange et al. (1987), Sato et al. (1987) and 

Richards (1987). 

The sounding rocket, K-9M-80, which carried the radiometer was 

launched on 1987 February 23, 0:00 JST (Feb.22, 15:00 UT) from the 

Kagoshima Space Center of the Institute of Space and Astronautical 

Science. The payload reached apogee of 317km at 287 seconds after 

launch. The sky was surveyed according to the precession of the rocket 

axis (30 ° full-angle cone) which was centered at 1=203!3 ° and b=33±3 °. 

Table i 

EFFECTIVE BANDCENTERS AND BANDWIDTHS a 

kO VO &k/ko=A~/Uo b 

CHANNEL ~m cm -I % 

1 i160 8.6 30 

2 709 14.1 21 

3 481 20.8 19 

4 262 38.2 36 

5 137 72.9 35 

6 102 98.2 21 

a Weighted by the obselved I 1 as described in the text 

b 
Equivalent square bandwidth 

3.2. Result 

During the rocket flight the instrument worked perfectly and fairly 

good data were obtained for all channels. The environmental emission 

was observed during the ascending phase, however, it disappeared 

rapidly and became negligible by 240 sec. Temperature of the photo- 

meter and horn was cold and stable enough from 200 to 500 sec. The 

absolute responsivity of each channel, as measured by the internal 

calibrator, was stable enough and in excellent agreement with the res- 

ponsivity calculated from laboratory measurements under similar condi- 

tions. In channel 5, atmospheric emission due to OI at 146um may be 

appreciable even at apogee, and its estimated contribution was sub- 

tracted. 

Figure 4 shows the average sky brightness obtained by integrating 

the signals during which the environmental and atmospheric emission 

are negligible. Characteristic features of Figure 4 are as follows. 
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* The brightness of channel 

6 is consistent with IRAS 

data. 

* For the data of channels 

4, 5 and 6 spatial modu- 

lation of the signals due 

to the precession phase 

appeared with same ampli- 

tude, which are correlated 

with HI column density. 

This indicates that the 

emission sources for 

channels 4, 5 and 6 are 

same and probably attri- 

buted to the ISD emission. 

* Around 300pm the sky 

brightness is very low 

and the brightness of 

channel 4 can be explained 

well by extrapolating 

ISD emission with T 

20K and spectral index 

of 2. 

* The signals of channels 

i, 2 and 3 are definitely 

cosmological origin and 

indicate substantial 

excess at short wave- 

length side compared 

with the average black- 

body temperature of 

2.74K obtained from 

the past measurements 

(Smoot et al. 1987). 
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10-12 

Frequency (cm-') 
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i I I i 
• This Work 

tl, 2 

2.74K I 2OK(n=2 _ 

I I I I 
lcm lmm tO0~m 

WaveLength 

Figure 4. The observed spectrum of the 

astrophysical background. The fluxes 

obtained by the present work are shown by 

• with the vertical error bars and the 

horizontal bars for the effective band- 

widths given in Table i. Numbers indicate 

channels in Table I. The results of other 

measurements are shown for comparison by 

O (Peterson et al. 1985), ~ (Meyer and 

Jura 1985), U (Crane et al. 1986), ~ (Smoot 

et al. 1985, 1987) and A (Johnson and 

Wilkinson 1987). IRAS data at 60 and 100 

pm, are shown by 

The thermodynamic temperatures for channels l, 2 and 3 are represented 

in Figure 5 together with past measurements (Matsumoto et al. 1987). 

4. DISCUSSIONS 

In the Wien part of the spectrum of CMB, a distortion of the spectrum 

was expected from several theories. The most familiar one of them is 

an inverse Compton scattering (Zeldovitch and Sunyaev 1969). We have 
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tried to fit our 

data with this model 

so that the model 

gives the highest 

possible Rayleigh- 

Jeans temperature, 

TRj, and still lies 

within the errors 

in channels 1 and 2 

(solid line in 

Figure 5). The 

model gives the 

parameters, T0=2.78K 

and y=0.021. The 

predicted temper- 

ature for channel 

3 is somewhat below 

the observed temper- 

ature. Even for 

this case, the model 

gives TRj=2.67K, 
which is signifi- 

cantly lower than 

the average of the 

past measured 

temperature 2.74 
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Figure 5. The equivalent blackbody temperature 

versus wavelength. The results of other measure- 

ments are shown for comparison by O (Peterson 

et al. 1985), D (Meyer and Jura 1985), B (Crane 

et al. 1986), A (Mandolesi et al. 1986), X (Smoot 

et al. 1985, 1987) and • (Johnson and Wilkinson 

1987). 

0.002K. For the case of the relativistic electrons fitting is worse 

and the low brightness of channel 4 gives strong constraint (Hayakawa 

et al. 1987). 

Another origin for a spectral distortion is redshifted dust emission 

in the early universe (Bond et al. 1986, McDowell 1986). In this 

case the excess energy was added to the CMB by the emission of dust 

heated by energetic sources in the early universe such as population 

III stars. As a simple example, we assume a spectrum of dust emission 

characterized by a dust temperature T d and emissivity index n=2. The 

total flux and T d are adjusted to fit the excess over the blackbody 

spectrum of 2.74K. The result is shown as a dashed line in Figure 5 

for Td=3.55 (l+z)K and excess radiation energy density of 10% of CMB, 

where z is the redshift of the emitting dust. 

In both cases, energetics is a serious problem. If we assume the 

barionic energy when AX of hydrogen was converted to herium, energe- 

tics requires following relation. 



287 

AX=4xl0-3(l+z)(0ol/~B)h -2 

For large z, energetics causes overproduction of herium which contra- 

dicts the standard theory of the nuclear synthesis, unless the exhaust- 

ed heriums were confined in the blackholes. 

The population III hypothesis explains submillimeter excess well, 

however, redshifted star light should be observed in the infrared or 

visible region (McDowell 1986). If we attribute the observed 2pm line 

feature to cosmological origin, it may be a redshifted Lymann e emission. 

In this case, redshift, z, for pop. III stars is %17. Line band width 

of 2~m feature is caused by the expansion of the universe and gives 

%108 year for the pop III era. Energetics assuming nuclear energy 

gives similar relation as the submillimeter excess. 

AX=5xlO-4(l+z) (O.1/~)h -2 

Here, we took only 2~m line strength into account as a cosmological 

origin. Comparing above two relations, effective optical depth of T 

2 is obtained. According to Bond et al. (1986), Optical depth towards 

the redshift z=17 is 3.0. This value is consistent with above value, 

since not all barionic matters were distributed in the interstellar 

space during and after pop. III era. Bond et al. (1986) also predict- 

ed the peak wavelength for the redshifted dust emission. If we adopt 

z=17 and reprocessed energy to be 10% of CMB, a peak wavelength of 

650~m is obtained which is fairly in good agreement with observation. 

At present, the origin of the submillimeter excess is not certain. 

Comptonization model is closely related with X-ray background (Guilbert 

and Fabian 1986), while redshifted dust emission model should be con- 

firmed through near-infrared background. The more detailed study of 

the near-infrared background will be critically important. 
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ABSTRACT 

Measurements of the spectrum of the cosmic microwave background (CMB) 

have been actively pursued for more than twenty years in hopes of 

finding detailed information about the early universe. A review will 

be given of the technical problems associated with these background 

measurements in each frequency range where they have been attempted. 

The experimental approaches which have been used to overcome these 

problems will be analyzed and the most recent measurements summarized. 

I. INTRODUCTION 

There is a natural frequency range for measurements of the 

spectrum of the cosmic microwave background (CMB). This range is 

bounded by confusion with galactic synchrotron emission below 600 MHz 

(50 cm) and by confusion with galactic dust emission above I THz 

(300 ~m). Measurements of the spectrum of the CMB over this range 

were initially stimulated by the need to verify its existence and its 

general blackbody character. In recent years, however, the emphasis 

has shifted to a search for deviations from a Planck curve, in hopes 

of finding detailed information about the early universe. 

Much theoretical work has been done which provides a basis for 

these hopes. Most of this work analyzes ways in which matter could 

have transferred energy to the CMB. For redshifts z>106, 

bremsstrahlung and radiative Compton scattering coupled the matter and 

radiation so tightly that a Planck spectrum is expected. For 

10 ~ <~ z - < 105, nonradiative Compton scattering could transfer energy 

to the photons, but bremsstrahlung could be effective in creating new 

photons only at low frequencies. Thus a Bose-Einstein spectrum with a 

finite chemical potential could have been created over the upper part 

of the frequency range. For z~105 the electron density was too low 
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for Compton scattering to establish a Bose-Einstein spectrum. 

Bremsstrahlung could have created a high brightness temperature at low 

frequencies, while Compton scattering would reduce the temperature at 

intermediate frequencies and increase it in the Wien (high frequency) 

region. After recombination, re-ionization due to energy injection 

from galaxy or quasar formation could have reactivated some of the 

processes sketched above. Finally, the Wien region of the spectrum 

could have been distorted by the redshifted emission from dust 

associated with the early stages of galaxy formation. 

This brief summary is sufficient to illustrate the fact that the 

theory of spectral distortions is too rich to have predictive value. 

Experiments are required with enough accuracy to provide unambiguous 

evidence for the presence of deviations from a Planck spectrum, or at 

least to constrain models in useful ways. The theories do show, 

however, that such evidence in any spectral range would be extremely 

interesting. 

2. Low Frequency Direct Measurements 

Unfortunately, it is very difficult to make accurate absolute 

measurements of sky brightness. Although the detailed techniques used 

vary over the wide frequency range of interest, the basic principles 

of the measurement are the same. A detector is used which alternately 

views a well defined patch on the sky and two or more calibration 

sources or loads, to calibrate the zero level and the scale factor. 

Measurement accuracies are usually limited by systematic errors, not 

by detector noise. 

Several necessary precautions are common to measurements at all 

frequencies. The atmospheric contribution must be controlled by the 

selection of an appropriate site and/or subtracted by zenith angle 

scans or other appropriate techniques. The sidelobe response of the 

antenna must be sufficiently small that radiation from the horizon and 

other spurious signals can be avoided. The temperature of at least 

one of the loads must be close to the sky temperature. Perhaps most 

important, the most rigorous examination must be made of all sources 

of bias and error. Appropriate allowances must be made for the 

nonstatistical nature of systematic errors. The procedures used 

should be reported in detail so that the community can evaluate the 

results. 

In addition to these general requirements, there are detailed 

problems peculiar to each frequency range that must be solved or 

quantified in order to make valid measurements. For frequencies below 
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-90 GHz (3 mm) coherent signal processing techniques are generally 

used. Single mode antennas and transmission lines determine the 

throughput A~ = v -2. The power per unit bandwidth is then nearly 

independent of frequency and is a factor 102 smaller than for 300 K 

blackbody radiation. Receivers consist of a heterodyne downconverter 

(at the higher frequencies) followed by a transistor amplifier and a 

diode detector. Most of the technology required is well developed and 

commercially available. Since apparatus size scales with wavelength, 

low frequency apparatus is not generally cooled. Calibration is 

accomplished by viewing loads at ~3 K and ~300 K. 

There has been much activity between 600 MHz and 90 GHz (50 cm and 

3 mm) using these techniques from high mountain sites (Smoot et al. 

1985, 1987a, Mandolesi et al. 1986, Sironi et al. 1987). The need to 

subtract galactic synchrotron radiation causes serious problems at the 

lowest frequencies. The atmospheric emission increases with 

frequency, but is generally small enough below 90 GHz that useful 

results can be obtained. The measurement techniques are relatively 

mature and systematic work is producing incremental improvements in 

the accuracy of the data. Some of the more recent experiments are 

reported in Table I. 

A significant improvement in accuracy at 25 GHz (1.2 cm) has 

recently been reported by Johnson and Wilkinson (1986). Using an 

approach pioneered at higher frequencies, they cooled their entire 

apparatus to LHe temperatures to improve thermal stability and 

facilitate calibration, and flew it in a balloon to eliminate the 

atmospheric correction. There appears to be an opportunity for 

improved measurements from balloons over much of the 10-300 GHz 

(3 cm-1 mm) range as the techniques for cooling coherent receivers 

mature. 

2.1 High Frequency Direct Measurements 

For frequencies above ~90 GHz (3 mm) the single mode power per 

unit bandwidth in the CMB begins to fall exponentially. In the same 

frequency range the noise in available coherent receivers increases 

significantly, as does the atmospheric emission. Consequently, 

successful higher frequency measurements have thus far used incoherent 

(bolometrlc) detectors and spectrometers with fixed multimode 

throughput. When the throughput A~ is independent of frequency, the 

power per unit bandwidth in the CMB increases as frequency squared at 

low frequencies, peaks at -150 GHz (2 mm) and falls exponentially at 

higher frequencies. Because of the fall in the CMB beyond the peak, 
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RECENT MEASUREMENTS OF THE TEMPERATURE OF THE COSMIC 

MICROWAVE BACKGROUND 

v(GHz) l(cm) T(K) 

Sironi et al. (1987a) 0.6 

Smoot et al. (1987a) 1.4 

Smoot et al. (1985) 2.5 

Smoot et al. (1987a) 3.7 

Mandolesi et al. (1986) 4.8 

Smoot et al. (1987a) I0 

Johnson and Wilkinson (1986) 25 

Smoot et al. (1985) 33 

Smoot et al. (1987a) 90 

Meyer and Jura (1985) 114 

,, ,, . " 227 

Crane et al. (1986) 114 

,, . . . 227 

Peterson et al. (1985) 86 

,, ,, ,, " 151 

. ,, . . 203 

. . . " 264 

. . . . 299 

Matsumoto et al. (1987) 267 

,, ,, ,, . 441 

. . ,, " 65 I 

50 

21 

12 

8.2 

6.3 

3.0 

1.2 

0.91 

0.33 

O.26 

0.13  

0.26 

0.13 

O.35 

0.20 

0.15 

0.II 

0.10 

0.112 

0.068 

0.096 

2 45±0.7 

2 22±0.55 

2 78±0.13 

2 59±0.14 

2 70±0.07 

2 61±0.06 

2 783±0.025 

2 81±0.12 

2 60±0.10 

2 70±0.04 

2 76±0.20 

2 74±0.05 

2 75 +0.24,-0.29 

2 80±0.16 

2 95 +0.11,-0.12 

2 92±0.10 

2.65 +0.09,-0.10 

2.55 +0.14,-0.18 

2.795±0.018 

2.963±0.017 

3.146±0.022 

the importance of radiation from 300 K objects such as the atmosphere, 

the earth, and any warm apparatus increases exponentially with 

frequency. It is therefore essential to cool all parts of the 

apparatus that are in contact with the radiation. The use of broad 

spectral bandwidths compounds the atmospheric emission problem, so 

balloon or space platforms are required. 

Because the technology required for these measurements developed 

only slowly, there were many unsuccessful attempts to make 

measurements above 90 GHz. The first experiment to unambiguously 

observe a peak in the spectrum of the CMB (Woody and Richards 1981) 

used a ~He cooled Winston cone antenna with apodizing horn, a ~He 

cooled Fourier transform spectrometer, and a 3He cooled bolometric 

detector. This experiment also gave evidence for a small (3 d) 

deviation from a Planck spectrum. The apparatus was later modified to 
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include a cold chopper, a filter wheel spectrometer and improved 

calibration. The new results at five frequencies between 85 and 

300 GHz (Peterson et al. 1985) are consistent with a single 

temperature and suggest that the systematic errors in the Woody 

Richards experiment were underestimated. 

The residual atmosphere at balloon altitude causes several 

problems with these measurements. Because the window must be removed, 

there is a possibility of "snow" collecting in the optics. The top 

end of the antenna cannot be cold, and temperature gradients in it can 

change as the zenith angle is scanned. An improved version of the 

Peterson et al. (1985) experiment has been flown by Bernstein et al. 

(1987) but the data are not yet analyzed. There is room for radically 

new approaches to measurements in this spectral range and several are 

being prepared. 

Experiments at frequencies higher than 300 GHz (I mm) seem 

unpromising from balloons because of the thermal problems described 

above and because of the rapid increase in atmospheric emission with 

frequency. The decrease in apparatus size with shorter wavelengths, 

however, makes sounding rockets an attractive alternatiYe. 

Circumstances combine to make it possible to achieve the exponential 

improvements in performance that are required at higher frequencies. 

The atmospheric emission and the atmospheric limitations to antenna 

cooling both dissappear. It is possible to make the entire optical 

system cold enough that no corrections need be made for emission from 

the apparatus. The flared horn antennas have been shown to have 

sidelobe rejection factors as large as 109 , despite diffraction and 

scattering (Sato et al. 1987). 

Lange et al. (1987) describe the construction and calibration of a 

multi-channel rocket-borne photometer designed for background 

measurements in six frequency bands from 267 GHz to 2.7 THz (i.1 mm to 

110 ~m). It includes a cold chopper, an internal calibrator, four ~He 

cooled bolometric detectors and two Ge:Ga photoconductive detectors. 

The results of a successful flight of a similar apparatus are reported 

by Matsumoto et al. (1987). Internal evidence from the flight data 

shows that contamination from earthshine, atmospheric emission and 

emission from rocket-borne contaminants is negligible during most of 

the flight. Because of extraordinary care with the calibration before 

the flight, the data are thought to be very accurate. Thermodynamic 

temperatures derived from the bands at 270, 441 and 651 GHz (1.1 mm, 

680 ~m, and 460 ~m) are shown in Table I. The flux from interstellar 
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dust was measured in the three highest frequency channels and used to 

make a small correction to the temperature reported at 460 GHz. 

2.2 Optical Measurements 

Observations of the optical spectrum of interstellar CN have been 

used by Meyer and Jura (1985) and by Crane et al. (1986) to obtain the 

temperature of the CMB at 114 and 227 GHz (2.6 and 1.3 mm). Upper 

limits are obtained from measurements of the strengths of weak optical 

lines, interpreted using basic theories of molecular spectroscopy. 

Actual measurements require, in addition, some knowledge of the local 

excitation in the molecular clouds being observed. Reported 

temperatures with relatively small errors are listed in Table I. 

3. DISCUSSION 

With the exception of the very recent rocket data of Matsumoto et 

al. (1987) the data set in Table I has evolved slowly over the last 

few years. Smoot et al. (1987a) give a weighted average of 

2.74 ± 0.02 K for this restricted data set with a X 2 of 22 for 17 

degrees of freedom. Considering the limitations of applying 

statistical tests to data which are dominated by non-statistical 

systematic errors, it appears plausible that this restricted data set 

is consistent with a single temperature. It has been possible to 

deduce interesting constraints on several cosmological models from 

these data (Smoot et al. 1987b). 

When the rocket data are included, a substantial deviation from 

the Planck form is immediately apparent. The thermodynamic 

temperature increases systematically with frequency in the Wien 

region. Matsumoto et al. (1987) have fitted this complete data set to 

two cosmological models, one of which includes Compton scattering of 

the CMB from nonrelatlvlstic electrons and the other redshifted 

radiation from dust in the early universe, as shown on Figure I. 

Although the fit is somewhat better in the latter case, the available 

data cannot distinguish between these effects. Much detailed modeling 

will be required before the full significance of the rocket results is 

understood. 

The fluxes measured by Matsumoto et al. (1987) reveal the presence 

of a deep minimum in the astrophysical backgrounds at ~I THz (300 pm). 

The flux at higher frequencies is consistent with that expected from 

interstellar dust. Future observations in this I THz window may 
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Figure I. Recently measured thermodynamic temperatures as a 
function of frequency compared with model calculations for a 
Compton distortion (solid line) and a redshifted dust emission 
model (dashed line). This figure was taken from Matsumoto et 
al° (1987). 

provide information of cosmological interest regarding early galaxy 

formation. This possibility will be explored in a forthcoming rocket 

experiment by the same group. It is also of interest for forthcoming 

spacecraft including COBE, IRTS, and SIRTF. 

The next few years will be exciting for students of the 

spectrum of the CMB. New ground-based, balloon and rocket experiments 

are under construction. At the end of this decade, the COBE satellite 

will provide accurate spectral measurements and full sky coverage for 

frequencies above -I em -~ 
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A B S T R A C T  

Current scenarios for the large-scale structure of the universe lead to rather  precise predic- 

tions for the structure and evolution of primeval galaxies. These scenarios are reviewed, and 

models of protogalaxies are described. I discuss the origin of the first stars, and the chemical 

evolution of galaxies. The role of environment in affecting galaxy properties is described, and I 

conclude with a summary of various tests of galaxy formation theory. 

1. I N T R O D U C T I O N  

I am going to begin by making some rather general comments about galaxy formation. 

Forming galaxies are far away, and so the information to date is sketchy. However the principal 

message that  I would like you to remember is that  star formation is the key to understanding 

galaxy formation. Fortunately, we know enough about star formation in nearby regions that  we 

can finally begin to deduce the rudiments of a theory of galaxy formation. I am going to discuss 

the following issues: The nature of a primeval galaxy, and what is a primeval galaxy?; scenarios 

for the large-scale structure of the universe; models of protogalaxies; how the first stars were 

made; chemical evolution; environment impact; and how to test the theories. I will be discussing 

the results both of my own work with a number of collaborators, and work by several other 

groups. 

First of all, what is a primeval galaxy? If we wish to study galaxy formation we must 

define this type of object. Now one's immediate thought might be that a primeval galaxy is an 

object at very great redshift, but  this is not necessarily so. I will give you two definitions. A 

primeval galaxy is an object forming stars for the very first time. One such example of a possible 

candidate primeval galaxy is the relatively nearby extragalactic HII region I Zw18. Another 

possible definition of a primeval galaxy is an object undergoing an unusually high rate of star 

formation, so that  it is presently making most of its stars, or at least some large fraction of its 

stars. Again, these objects also need not be in very distant regions of the universe. It is possible, 

for example, that  extreme starburst  galaxies would meet this definition. 

Merging galaxies are another example of a class of objects which may appear  to exemplify 

triggering star  formation. The very fact that  an object is merging means that  it is in the process 

of developing a new morphology, as well as undergoing chemical evolution. Finally there is a 

recently discovered class of objects at high redshift with strong Lyman ~ emission, discovered by 

Spinrad and collaborators. These are likely candidates for primeval galaxies, since they contain 
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a large (,~ 101°M® mass of gas, which is presumably being exched by a considerable number of 

massive stars. I am inclined to accept the latter definition, of an exceptionally high star formation 

rate, as being the prerequisite for a primeval galaxy. In what follows, I will first describe the basic 

scenarios for galaxy formation. Development of such scenarios has been one of the main goals in 

theoretical cosmology over the past few years. 

2. C O S M O L O G I C A L  S C E N A R I O S  

There has been so much information that has come from studies of large-scale structure and 

also advances in theory that we have recently been able to make rather precise predictions, in the 

context of certain models, of the parameters that one might expect for protogalaxies. 

2.1 T h e  b o t t o m - u p  scenar io  

The particular theory which I am going to describe first of all as the bot tom-up theory is 

one to which most cosmologists subscribe. This only means that you might be lucky to find that 

50 percent of them are believers, while if you polled the other 50 percent you would probably 

find that each cosmologist had his or her own pet theory to compete with this one. The basic 

input is that the universe is rather smooth at very large distances from us. We know this from 

the extreme isotropy of the cosmic blackbody background radiation (isotropic to better than 0.01 

percent). This then leads us to a class of theories in which one has small density fluctuations 

which grow by gravitational instability and gradually develop into structures on different scales. 

One begins with a certain critical assumption concerning the initial density fluctuation amplitude 

on the comoving scale of a galaxy or galaxy cluster mass. The idea is that we have a well-defined 

spectrum predicted by the theory of the very early universe. At present the prediction of the 

amplitude is more of a goal than a result, but inflationary cosmology does predict that the initial 

spectrum should be gaussian and scale-invariant. 

This spectrum amplifies in time, with no preferred scale on super horizon scales, maintaining 

constant curvature, until  the universe becomes matter-dominated at z~q ~ 4 x 104~oh 2. Hence- 

forth, sub-horizon growth occurs, and this imprints a comoving scale corresponding to the horizon 

size, namely L~q ~ 13(~oh2) -1 Mpc, onto the emergent fluctuation spectrum. The smaller scales 

first go non-l inear at a well-defined epoch of the early universe. Structure starts forming on small 

scales and gradually bootstraps its way up to larger and larger scales which have progressively 

undergone less sub-horizon growth and therefore go non-linear later. Much of the motivation for 

this particular choice of spectrum has come from inflationary cosmology, which postulates that 

C/o = 1, as well as from studies of the dark matter in galaxy halos and in galaxy clusters. Such 

a spectrum, with power on small scales, in which small objects form early and larger objects 

form later is sometimes called the cold dark matter spectrum, and reflects the fact that the dark 

matter is presumed to be a weakly interacting form of matter that clustered freely on all scales as 

the fluctuations developed. I don't  really want to get into the technical details, other than to say 

that Figure 1 shows the prediction today for the density fluctuation spectrum in various popular 

scenarios. In the bot tom-up theory, small structures of mass > 10aMo formed first at z ~ 10, 

then larger and larger structures began to form. 
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How do we test this theory? On the very large scales, we have residual fluctuations remaining 

around today. Linear theory is very simple to calculate. It has a specific signature, arising from the 

density fluctuations that drive fluctuations in the gravitational field. In particular, fluctuations 

in the microwave background are induced by gravitational redshifts that develop because the 

radiation emitted from the last scattering surface may be scattered in a local potential well or 

ridge. The density fluctuations produce both gravitational potential fluctuations and peculiar 

velocities on very large scales, which result in microwave anisotropies , ST /T  ,,, 10 -s  on angular 

scales ,,~ 1 °. Even if we average over 10 or 50 Mpc, there remains a residual low-level peculiar 

motion at the present epoch induced by the large-scale fluctuations. Perhaps studied in greatest 

detail has been the galaxy correlation function, a measure of the spatial correlations of the galaxy 

distribution on scales above ~ 5h -1 Mpc. This directly probes fluctuations in the luminous 

matter distribution. All of these data directly constrain the linear fluctuation spectrum. While 

the cold dark matter spectrum is by no means a unique solution, it happens to fit reasonably well 

to most of the observational data that we have. Exceptions will be described below. 

2.2 T h e  T o p - d o w n  Scenar io  

Figure 1 also shows another theory, which is often called a top-down theory. In this par- 

ticular theory, one postulates that the fluctuations initially survived only on very large scales. 

A particular top-down theory happens to be associated with a primeval coherence length in the 

fluctuations that was predicted, for example, if the dark matter in the universe consists of neutri- 

nos with a mass that happens to be of order the experimental limit on the electron neutrino mass. 

These neutrinos were moving with random motions at near light speed when subhorizon fluctua- 

tion growth began at the onset of matter-domination. They streamed freely over comoving scales 

of about t0 Mpc, so that primordial galactic scale fluctuations were suppressed but cluster scale 

fluctuations still grew. Eventually one has a situation in which only the surviving fluctuations on 

large scales developed first. These objects turned out to have masses of ~ 101sMo, collapsing at 

low redshift, and fragmented into galaxies. 

If one compares the hot dark matter with the cold dark matter theory, one can see that they 

do lead to slightly different predictions for the large scale structure. The shapes of the respective 

curves are well known, but the respective normalizations are empirical. One doesn't yet know a 

priori  what the normalization should be, but one appeals to the galaxy correlation function in the 

case of cold dark matter  or to the existence of non-linear objects (quasars) at a redshift of 4 in the 

case of hot dark matter  to specify the normalization. In principle, one can distinguish between 

these two theories by looking for evidence of their somewhat different effects on the microwave 

background radiation. There are also other probes of large-scale structure involving large-scale 

voids and peculiar velocity fields. 

A third theory, which is even more speculative than the hot dark matter theory, involves 

some sort of primeval seeds. These are small scale, non-Iinear objects, already present near the 

beginning of the Big Bang, one example with an exotic name being cosmic strings. These primeval 

seeds act as sources of gravity, accreting ambient matter, and provide the possibility of being able 

to generate large-scale structure by bootstrapping from subgalactic scales all the way up to the 

scales of galaxies and galaxy clusters. 
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While we have these different possibilities for understanding the large-scale structure, there 

are observational arguments that  make at least the top-down theory unlikely to be presently 

acceptable. It leads to very recent formation of galaxies and cannot account for quasars observed 

at z --- 4. The primeval seed theory is rather hard to work out in detail, although some aspects 

look promising. This leaves us with the cold dark matter  theory. This theory has been studied 

most carefully and meets most observational confrontations. I will discuss this theory in more 

detail with respect to the context of galaxy formation. 

2.3 C o s m o l o g i c a l  S i m u l a t i o n s  

Computer simulations, studying the evolution of N point masses, where N ~> 104, laid down in 

a cubical volume representative of the expanding universe, have been helpful in making meaningful 

comparisons of theory and observation of the galaxy distribution. In particular,  comparison of 

cold dark mat ter  simulations by Davis and collaborators with the observed galaxy distribution, 

projected so as to be a representation of galaxies on the northern sky to a depth of about 100 

Mpc, suggests that  one has a reasonably good representation, and this is borne out by more 

quantitative comparisons. On smaller scales, some recent results from high resolution simulations 

by the same group examine how fluctuations develop on galactic scales. For example, in a time 

sequence beginning at a redshift of 3, one sees structure gradually developing, with the mass-  

points accumulating together and gradually merging to form a potential well which resembles 

that of a large dark halo today with a characteristic isothermal density profile. 

Other simulations with inhomogeneous initial conditions demonstrate that  for a wide variety 

of possibilities, initial collapse results in mergers and violent relaxation of many small clumps. 

Only gravity is included in these simulations: incorporation of gas dynamics and star formation 

would modify these results. However, the density run is found to be quite similar to the --* r -3 

light profile of an elliptical galaxy. If such mergers of clumps are presumed to occur within the 

,~ r -2 dark halo generated by the cold dark mat ter  simulations, then fitting the potential well 

and the light profile would seem to have met with reasonable success. 

Hitherto, I have just talked about dark matter.  What  I want to do for the remainder of 

my talk is t ry to tell you something about the luminous component of mat ter  and that  involves 

talking about star formation. We would like to explain normal galaxies which typically contain 

stellar components distinguishable as spheroids and disks. We would llke to understand why 

some systems have very large spheroids and some very small ones, in the family of spiral galaxies. 

Then we have systems which are pure spheroids, including giant elliptical galaxies and extremely 

low surface brightness dwarf spheroidal galaxies. And then there are the occasional more bizarre 

structures in the universe that  we also have to try to explain. 

3. P R O T O G A L A X Y  M O D E L  

Now the problem is of course that  in order to understand the formation of the luminous cores 

of galaxies, and in particular the process of star formation, we have to incorporate the physics of 

gaseous dissipation together with the physics of gravitational collapse, a task that  apparently is 
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beyond the range of any presently available numerical simulations. So what we are going to have 

to do is resort to an analytic approach, and I will next discuss some of these arguments. 

Common to many, but not all theories, is the following: imagine that the mass points from 

the computer simulations are individual clouds which are interacting gravitationally. Collisions of 

gas clouds are likely to be disruptive, if the relative velocity is too large compared to the internal 

sound speed, or else trigger star formation, whether by driving shocks and compression or by 

mergers of clouds. One begins with an ensemble of clouds collapsing gravitationally. ~Ve can 

estimate the cloud parameters, and they are inferred not to be very different in mass or density 

from typical giant molecular clouds in our own galaxy. While these clouds necessarily have few 

heavy elements at the onset of collapse, they soon acquire some heavy elements once massive 

stars form and evolve rapidly, and by processes of mergers, infall, and accretion, the protogalaxy 

gradually builds up into the systems that we see today. Let me now develop the simplest physical 

principles that enable one to estimate the protogalaxy parameters. 

If I ask what is the surface density of the collapsing cloud or system of clouds when star 

formation is initiated, it is clear that one must have very strong density enhancements. The 

intergalactic medium is very diffuse today. To get strong density enhancements, a necessary 

condition is the occurrence of radiative shocks. A simple requirement for a radiative shock is that 

the post-shock column density must exceed a critical value that is approximately equal to the 

product of the following parameters: the density, the shock velocity and the post-shock cooling 

time. Now, because the cooling time is inversely proportional to density, the post-shock column 

density is simply a function of the post-shock temperature, or equivalently, the shock velocity. 

This critical column density is therefore just a function of the relative velocity between colliding 

clouds. For relative velocities characteristic of galaxy potential wells, I obtain numbers like 1 

solar mass per square parsec. This is not a sufficient, but is at least a necessary, condition derived 

from a rather general argument in order to efficiently make stars. 

Now, there are at least two other simple things that one can say, to supplement the radiative 

shock argument. One major prediction has come out of the theory of linear fluctuations in the 

expanding universe, and is due to the fact that the fluctuations are intrinsically non-spherical. 

Neighboring fluctuations tidally torque up one another as they grow in amplitude, moving away 

finally from one another as they become non-linear. One can calculate the resulting dimensionless 

angular momentum A = J [ E [ X G - 1 M  - } to be ~ 0.07, which is an order of magnitude lower than 

seen in disk galaxies today but is a number that is very well defined in rather general classes 

of theories. A more illuminating way of writing this parameter is A ~ 0 . 3 v , o j a ,  where vrot is 

rotational velocity and ~r velocity dispersion of a system with a de Vaucouleurs profile. 

These clouds initially are far from being rotationally supported. What happens is that when 

these clouds start collapsing, one can imagine two possibilities. First of all, if dissipation is a 

dominant process, the system of clouds collapses a nd  eventually forms a disk. This would be 

centrifugally supported, and one may estimate that the final surface density is enhanced by a 

factor A -2. 

Another possibility occurs if the system does not undergo much initial dissipation, but breaks 

up into many stars. This is an important possible pathway of evolution, which is controlled not 
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so much by dissipation physics as by dynamical relaxation physics. Then one has to resort to 

analogues of the computer simulations from which one learns that the final central density of the 

collapsing putative spheroid of the galaxy would depend on how cold the system was initially. 

The initial temperature depends on the shear in the system. In particular, one in general would 

expect the A parameter to also provide a measure of the initial shear. Dynamical collapse of a cold 

system will lead to a higher surface density with E c< ( T i / W i )  -2  o~ .k -4  because the ratio of initial 

thermal to total energy T i / W  i should roughly be proportional to A2. For a given A, dynamical 

collapse results in a higher final density than dissipative collapse, at least for the central core. 

We have now developed the groundwork for trying to set up some simple theoretical argu- 

ments. One would like to explain the data on galaxy surface brightnesses, based on studies by 

Kormendy, for example. Consider the core surface brightness as a function of absolute magni- 

tude of galaxies. One finds that there is a huge range, but there are some intriguing patterns. 

Bulges, for example, have very high surface brightness, ellipticals somewhat less but are more 

luminous, whereas spiral disks form a distinct sequence of lower surface brightness but luminous 

objects. Dwarf ellipticals are the least luminous and the lowest surface brightness galaxies that 

are detected. 

Now, theory provides most simply surface density and mass, slightly different coordinates 

from those of the observational astronomer. Cold dark matter provides one possible set of initial 

conditions, that are not meant to provide a unique description. To indicate schematically what 

might happen, if for example one has gas clouds which undergo dissipation, one would expect the 

surface density to increase by E o< A-2 and follow a track in the (E, M) plane that corresponds 

to M = constant. On the other hand, a hierarchy of merging clouds, which initially fragments 

into stars and violently relaxes, should follow an evolution track E o¢ M s/3 This corresponds to 

conserving phase-space density, an approximate property of the core of merging sub-systems. 

Unfortunately, one can also imagine other possibilities, for example, involving some combination 

of dissipation and violent relaxation. Finally, if I have a small gas-rich system that is blown apart 

when the first massive stars form, it can even lose mass and decrease in surface density. Figure 2, 

which is more of a cartoon than a theory at this point, summarizes these various evolution tracks. 

The hope of the theory is that similar evolution tracks should eventually be able to account 

for the data. At the moment, we only have a qualitative understanding of protogalactic evolution. 

However the physics behind these different possibilities involving gaseous dissipation and violent 

relaxation, complicated by merging, accretion, and outflows, is going to be a necessary ingredient 

in any more realistic model. 

Another way to infer the parameters of protogalaxies, in a very similar diagram but in a 

slightly different coordinate system, is to look at the average density as a function of the average 

velocity dispersion of the protogala~xy potential well. As before, there is a critical condition for 

cooling behind a radiative shock, which defines a minimum density at any given shock velocity. 

In order to form stars eKiciently, the density must be higher than this critical value. Note that at 

low shock velocity ( ~ 100 km s - l ) ,  this condition becomes a lower bound on shock velocity, due 

to the inefficiency of low temperature cooling in a primordial gas. One finds that the observed 

galaxies, suitably estimating average densities of luminous matter now in old stars, lie within 
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the contours of the dissipation curve, while the largest structures, such as groups and clusters of 

galaxies, lie outside it. This suggests that there may be a grain of truth to this theory, which 

suggests that dissipation played a key role in the acquisition of the observed binding energies by 

galaxies but not by galaxy clusters. 

4. P R I M O R D I A L  S T A R  F O R M A T I O N  

I have thus far avoided any detailed description of how stars are actually made. Let me now 

try to tackle the process o f s t a r  formation itself. Primordial stars, more or less by definition, 

possessed no heavy elements. Massive primordial stars are long since dead, but they left their 

signature behind in the halo of the galaxy. This signature can be studied in two ways. We can 

look at the ratios of various heavy elements in the very oldest stars of population II. These heavy 

elements formed in precursor massive stars, and we infer that it takes stars of appreciable masses, 

namely ,-~ 5-50 M®, given our understanding of nuclear astrophysics, to synthesize the metals 

observed in the oldest stars. One could not tolerate a primordial stellar population consisting, 

for example, exclusively of supermassive stars or of Jupiter-mass objects. 

There are also one or two low mass halo stars of very low metallicity. The most extreme 

example is estimated to have an iron abundance of only one-millionth that of the sun and is a 

carbon dwarf of 0.3 M@ in a binary system. Such low mass stars with extremely low metMlicity are 

also presumably members of this precursor population. The inferred mass range of the primordial 

stars could well have been similar to that of stars forming today. And theory, as far as we can 

tell, basically says "why not"? Even in the absence of heavy elements to provide the cooling via 

fine-structure excitations of low-lying energy levels or dust emission, one can still make sufficient 

molecular hydrogen by H -  ion formation through some residual ionization either in shock fronts 

or in the very early universe to result in strong rotational cooling. This suffices to reduce cloud 

temperatures down to a thousand degrees or even less. 

There is one intriguing property of star forming regions that may well be characteristic of 

the early gaIaxy. Let me focus for a moment on one of the best studied region~, namely the solar 

neighborhood. The initial stellar mass function describes the total number of stars formed as a 

function of stellar mass. Now the low mass stars are 101° yr or older, all are observable if their 

mass exceeds ,,- 0.2M® and all we need to do is count them. However we do not know the past 

history of the star formation rate for stars much more massive than 1 M®. If we assume that the 

star formation rate has been more or less uniform over galactic history, one would find a nearly 

continuous IMF. However, if far more massive stars formed in the past than are forming today, 

one would have bimodal star formation, with a discontinuous IMF between 1 and 2 AdO. Now 

what is the evidence for bimodal star formation? Consider first, the variation with time in the 

solar neighborhood. 

4.1 T e m p o r a l  evidence" for b l m o d a l i t y  

While explanations of the following phenomena are not unique to bimodal star formation, 

this one hypothesis could explain a number of puzzling observations. For example, the well- 

known G-dwarf problem: there are very few stars around us of very low metallicity, with the 
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average metallicity in the disk being about one-tenth that of the sun. One can only understand 

this if the galaxy had grown with time so that one did not form many stars 10 l° yr ago, or if the 

early stars rapidly enriched the ambient gas before most of the low-mass stars had formed. The 

metallicity-age relation for old disk stars reveals a rapid rise of metallicity during the first 10 9 yr 

and this can also be understood if one had enhanced Fe production in the very early galaxy. 

Enhanced yields could be due either to more efficient metal production by metal-poor massive 

stars, or to an increase in the formation rate of such stars. The latter possibility, the bimodal 

hypothesis, is favoured because it can also account for some other observational puzzles. For 

example, in the initial stellar mass function there appears to be a kink between 1 and 2 M'®, 

so that there is no evidence for a continuous initial mass function. Unfortunately this feature is 

sensitive to the adopted mass-luminosity relation. This kink could be a memory of some different 

star formation rate for massive stars in the past. More importantly, there is the issue of the 

longevity of the gas in our galaxy, and also in other spiral galaxies. The gas would have been 

used up in the inner galaxy over a time much less than the age of the galaxy unless one had 

a preponderance of massive stars relative to the solar neighborhood. The massive stars make a 

difference, because low mass stars, of course, lock up the mass, being long-lived, whereas relatively 

short-lived massive stars will recycle the gas, ejecting enriched matter. The lock-up rate is much 

less with a bimodal initial mass function, and so the gas can be around for a longer time. 

4.2 Spa t i a l  e v i d e n c e  for  b i m o d a l i t y  

Direct studies provide evidence that there is really ongoing bimodal star formation. The 

most dramatic case arises with starbursts, where one has a very high ratio of infrared luminosity 

to gas mass. This accumulating evidence suggests that one needs to truncate the initial mass 

function below about 2 or 3 M O. Similar arguments apply to the inner disks of spirals, including 

our own galaxy. Not only is there evidence that some regions are deficient in tow mass stars, 

but there is also evidence that in our galaxy there are cold clouds which are deficient in mas- 

sive stars. Apparently some clouds form almost exclusively low mass stars whereas others form 

predominantly massive stars. 

4.3 T h e o r y  of  b l m o d a l  s t a r  f o r m a t i o n  

It is only too easy to think of theoretical reasons as to why the initial mass function may 

bifurcate, although no convincing analyses have been made. 

One argument involves accretion onto protostar cores. The accretion rate (equal to ~ VaG -1 

for spherical accretion) and the gas reservoir determine the stellar parameters. It is not just 

sufficient to have a massive cloud core. One also needs a higher accretion rate to result in massive 

star formation, in order to suppress the convective protostellar phase. One expects convection to 

be important as long as the Kelvin-Hehnholtz timescale is comparable to the accretion timescale. 

Low accretion rates allow a convective phase, which has been associated with the onset of mass 

outflows that limit infall. As emphasized recently by Stahler, this is especially important in stars 

below about 2 M®, the Kelvin-Helmholtz timescale being inversely proportional to a high power 

of protostetlar mass. This resulting divergence in protostar physics may lead to a bifurcation in the 
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initial mass function. Moreover, the protostellar core accretion rate depends on the parameters 

of the dense core of the molecular cloud. Indeed, if the protostellar core is radiative, as for 

a massive protostar, the cloud evolution should determine the final mass. For example, when 

clouds fragment, the typical fragmentation scale of the most rapidly growing mode involves a 

strong sensitivity to temperature. If there is any feedback, due to heating by pre-existing massive 

stars or if the cloud was stirred up by considerable shear, then this would tend to favor larger 

fragments, that is to say, larger clumps that would presumably form more massive stars. 

5. G A L A X Y  F O R M A T I O N  

5.1 T i m e - s c a l e  for s t a r - f o r m a t i o n  

The time-scale for consuming the gas in a galaxy into stars is just the ratio of mass of gas 

divided by the rate of consumption of gas. This is a parameter one would like to know, in order to 

understand how galaxies formed. One can estimate the consumption rate of gas in a protogalaxy 

by the following simple arguments. 

In order to form a round galaxy, one has to form the stars rapidly. In particular, the massive 

stars must form very rapidly in order to enrich the gas that forms tlle low mass stars, which 

in turn must have formed within a time-scale of order the collapse time for the protogalaxy. 

This could exceed the free-fall time, most plausibly if the collapse is very incoherent and there 

is delayed infall of a large fraction of the mass, as might occur in a merger. Most of the bulk 

kinetic energy will then have been preserved, and one will end up with a round galaxy. On the 

other hand, a system which remains gaseous for a long time will dissipate its bulk kinetic energy 

of collapse, and end up forming a disk. 

Let us look at this from a different point of view. The timescales of order 10 9 yr for making 

spheroids and 10 l° yr for forming disks can also be inferred from population synthesis argu- 

ments. These confirm that an explanation of the observed colors of galaxies also requires similar 

timescales. Star formation must be over within an e-folding time of a few gigayears or less in 

order to account for the old, red spheroidal components of galaxies. 

5.2 Chemica l  evo lu t ion  

If one really has bimodality, implying that star formation is not initially locking up a great 

deal of the gas, then the gas consumption time can exceed the characteristic formation time of 

a generation of stars by up to an order of magnitude. Typically in our galaxy at the present 

time, with the observed local initial stellar mass function, the gas consumption time is only 

slightly longer than the e-folding time for converting the gas into stars. With bimodality, the 

star formation time may involve only one-te:nth or one-fifth of the gas consumption time. The 

gas is then recycled, perhaps 5 or 10 times, before finally being exhausted. These cycles need not 

happen continuously, but could involve a series of starbursts. 

This leads to an interesting coincidence. The star formation time for forming stars in the 

spheroidal components of protogalaxies is inferred to be similar to the timescale observed in 

starbursts today, namely ~ 10 s yr. This is already suggestive that the starburst phenomenon 
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may be related to galaxy fol'mation. The inference from the star formation timescales that massive 

stars nmst have formed early and rapidly leads to an important consequence, namely that there 

must have been rapid and efficient enrichment of gas in the protogalaxy. This leads to various 

further ramifications. 

First of all, consider dwarf galaxies. One implication of the formation of massive stars in 

dwarf galaxies is that so much energy and momentum is transferred to the gas once it has been 

somewhat enriched by the first massive stars that the bulk of the gas is subsequently expelled as a 

wind. Low surface brightness remnants would be left behind to be identified as dwarf elliptieals. 

This should also produce an intergalactic medium enriched in heavy elements, and enriched 

moreover in the primary elements produced by the massive stars, rather than by the lower mass 

stars. One would expect, for example to find that intergalactic gas has an excess of oxygen and 

sulphur relative to iron and nitrogen. It is possible that this gas, once galaxy clustering is initiated 

today, cools, clumps, and is accreted by existing galaxies to provide fuel for renewed bursts of star 

formation, involving pre-enriched gas. One can imagine that the accumulation of this enriched 

gas could be a source of recent extragalactic HII region-like activity. 

The fact that one has this massive star forming mode in the early phases of galaxies leads 

both to early enrichment and to considerable dust formation. Protogalaxies should therefore be 

rather dusty objects and the dust within these protogalaxies should reemit most of their radiation 

and provide an important contribution to the" far infrared background. 

In addition to the massive star mode, it is quite possible that there are systems which make 

exclusively low mass stars, below a few solar masses. Another outstanding problem involves 

trying to understand how globular clusters formed their stars. These are objects which are not 

very massive, but we very compact. If they are self-enriched, globular clusters must have formed 

stars extremely rapidly, within a crossing time (,,- 10 6 yr) if they had a normal initial mass 

function, otherwise they would have blown themselves apart due to the ionizing photon input 

from OB stars. However the low dispersion in metallicity within practically all globular clusters 

argues against self-enrichment, k possible explanation of the formation of globular clusters could 

involve colder pre-enriched clouds in the outer protogalaxy in which the tow mass star forming 

mode dominated. 

6. P R I M E V A L  G A L A X I E S  

What actually did primeval galaxies look like? The bottom-up scenario predicts that a 

protogalaxy was a collection of clumps merging together by a redshift of 1 to form a very regular 

looking galaxy by today. Protogalaxies are clumpy, low surface brightness objects. One interesting 

aspect of this scenario is that, if star formation occurred in little bits and pieces of the protogalaxy, 

rather than in one coherent object, the luminosity evolution would have been quite different. The 

requirement that in both situations the same amount of heavy elements were synthesized means 

that the clumpy formation model has a lower peak luminosity which occurred at a more recent 

epoch, than in a model with a unique formation epoch. This would lead to the expectation that 

because much of this activity is happening recently, there could be a considerable number of star 

forming, or recently post-star-forming, galaxies at low redshift. 
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It is likely that  star formation bursts are triggered by mergers, in protogalaxies as well as in 

luminous IRAS systems. Once galaxy clustering commences, even more mergers between gas-rich 

protogalaxies will occur. The gas supply will be long-lived, because in the small units that  are 

envisaged for the clumps ( < 10aM®), star formation is likely to have been very inefficient. During 

the initial collapse of galaxy groups and clusters, prior to virialization, one expects mergers and 

tidal interactions between protogalaxies to be frequent. Consequently, star formation should have 

been more efficient in the densest regions. Perhaps this accounts for the remarkable trend that  

in the denser par ts  of the universe, such as the cores of galaxy clusters, the early type spheroid-  

dominated galaxies predominate,  with the disk-dominated systems being more numerous in the 

lower density regions. 

One final point is that  the bo t tom-up  scenario allows the possibility of rare fluctuations 

forming very early at z > 10, when Compton cooling is important.  The cosmic microwave back- 

ground acts like a thermostat  within an ionized collapsing cloud, and should suppress supersonic 

motions between gas clumps to velocities below ~ 1 km s -1. Such an initially cold system is 

expected to collapse to a high core density, especially if fragmentation occurs early and the col- 

lapse is predominantly dynamical. This allows the possibility of making compact nuclei at high 

redshift. The protogalaxy eventually accretes around such a nucleus, rare fluctuations tending to 

be highly correlated with other fluctuations. One might imagine that the nucleus is only activated 

much later when a large galaxy has accreted at z ,.~ 1 - 2. Intriguingly, one might expect such 

activity to lead to formation of quasars and radio jets. Such jets would interact with and entrain 

protogalactic gas, and should trigger substantial  star formation in outlying regions. The rate of 

mass entrainment could plausibly exceed several hundred M e  yr -1 • 

7. T E S T S  

Ongoing searches for protogalaxies provide an important  test of some of these ideas. Figure 

3a plots the predicted number of protogalaxies per  square degree versus red magnitude, and 

various models are shown. Limits are set by deep counts that probe well below the extragalactic 

background light. Other limits are set by direct spectroscopic searches, utilizing redshifted Lyman 

alpha, but these are very model-dependent ,  only setting limits on protogalaxies at z ~ 5. It 

seems that one is not so very far from detecting protogalaxies depending on which grid of models 

one chooses. That  there is some possibility that  this already has been happening, can be seen 

from a color-redshift diagram (Figure 3b). Although nearby galaxies are rather red, one finds a 

wide range in colors at a redshift of about 1. This might be evidence for enhanced massive star  

formation at early epochs, since a solar neighborhood IMF would not redden the colors sufficiently 

by today for these galaxies to be similar to nearby elliptlcals. 

8. C O N C L U S I O N S  

The ul t imate test of galaxy formation theory is the detection of protogalaxies. These have 

not yet been discovered at high redshift, but  it may be that  rare nearby objects, such as star- 

burst nuclei, provide a glimpse of the formation process. The bimodali ty of the IMF, inferred 

for starbursts and for protogalaxies, leads one to expect that  protogalaxies should be luminous, 
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Figure  3a: Protogalaxy searches. Surface density versus red magnitude. 
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dusty objects. Resolving these objects in the far infrared is one of the greatest remaining chal- 

lenges. Since even minimal evolution yields a diffuse radiation background amounting to about 

one percent of the cosmic microwave background in energy density, the bimodal s tar  formation 

hypothesis points to a diffuse far infrared flux that could be an order of a magnitude larger. 

Quasars and radio jets may provide a means of illuminating protogalaxies at high redshift if, 

as expected in a hierarchical formation model, galaxies form "inside-out". 

ACKNOWLEDGEMENTS 

I am grateful to several of my collaborators and colleagues for many discussions that have 

helped shape the ideas presented here. These include F. Palla, R. Pudritz, A. Szalay, and R. 

Wyse. I am also indebted to NSF and NASA for support. 



G A L A X I E S  AS T R A C E R S  OF T H E  MASS D I S T R I B U T I O N  

G. Efstathiou 

Institute of Astronomy 

Madingley Road, Cambridge, CB3 0I-IA 

A B S T R A C T  

We review theoretical arguments which suggest that galaxies may be more strongly clustered 

than the mass distribution. These ideas cab be checked by testing whether the strength of galaxy 

clustering depends on the properties of the tracers (e.g. their luminosities, morphological type, 

etc.) and whether biases extend to large scales. The IRAS sample may provide strong constraints 

on large-scale clustering. We present preliminary results from a redshift survey of IRAS galaxies 

which indicate no significant correlations on scales > 15h-lMpc. 

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

Observers have traditionally assumed that bright (,,~ L*) galaxies axe accurate tracers of the 

mass distribution. If this were true, then dynamical methods such as the cosmic virial theorem 

or Virgo infall applied to optically selected samples imply a low density universe with 

a ~ 0.2 ~ 0.1. (1) 

(Davis and Peebles 1983, Bean et  al. 1983, Yahil 1985). 

The assumption that bright galaxies trace the mass is extremely difficult to verify observa- 

tionally and should therefore be viewed with great caution. There is considerable evidence that 

the strength of clustering depends on the nature of the tracer. For example, Davis and Geller 

(1976) have shown that the two-point correlation functions of galaxies in the (mpg _< 14.5) Nilson 

(1973) catalogue depend on morphological type: 

~(r) = (ro/~)  ~, ~ t h  

7 G G  "~ 1.71, roGC ~ 4.7h-lMpc, for all galaxies, 

"~EE "~" 2.10, r o E E  ,~ 6.4h-lMpc, for ellipticals, 

7 s s  ~ 1.69, r o s s  ~ 3.6h-lMpc, for spirals, 

(2) 

where the amplitudes ro have been computed from the angular correlation functions using the 

luminosity functions determined by Efstathiou et .  al. (1987). There is evidence that IRAS 

galaxies, which are mostly late-type spirals, are more weakly clustered that optically selected 

galaxies (Rowan-Robinson and Needham, 1986). Correspondingly, estimates of ~ based on the 

IRAS dipole apparently yield higher values than equation (1), perhaps compatible with fl = i 
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(see the articles by Davis and Rowan-Robinson in these proceedings and references therein). It is 

not at all obvious how to decide whether spirals and ellipticals should be assigned equal weight 

in an optical sample, or whether the IRAS sample should be regarded as a more faithful tracer 

of the mass fluctuations. 

In this article I present theoretical arguments in support of the idea that luminous galaxies 

are biased tracers of the mass distribution. If the luminosities of galaxies are closely related 

to those of the dark haloes in which they are embedded, then gravitational clustering would 

automatically lead to "biases" of the kind described above. Section (2) describes results from 

N-body simulations of gravltiational clustering from scale-free initial conditions which show that 

large clumps at any time tend to be made preferentially of the largest clumps present at earlier 

times. In Section (3) we discuss a specific model for the formation of structure, the fl = 1 cold 

dark matter (CDM) model (e.g. Blumenthal e~. at. 1984) and show that the gravitational growth 

of structure may lead to a strong bias in the distribution of galaxies. If these results are applicable 

to the real universe, the dynamical methods for estimating fl reduce to tests of the level of bias 

expected in any particular model. Further constraints will have to be derived by other means, for 

example, by determining whether galaxies are positively or negatively correlated at large scales. 

The IRAS galaxy sample may well play a key role in such tests. Preliminary results are described 

in Section (4). 

2. Gravitational Clustering from Scale-Free Initial Conditions 

Gravitational clustering evolves in a self-similax fashion if the initial power-spectrum of the 

matter fluctuations is of power-law form 16k[ 2 c~ k n and if the background cosmological model 

contains no characteristic lengths and timescales (Davis and Peebles 1977). Self-similar models 

axe clearly idealizations, although they may be applicable to the real universe over restricted 

ranges of length and time. Here I summarize a few results from a detailed N-body study of 

matter dominated f~ = 1 scale-free universes (Davis e t  al. 1987). The N-body simulations 

contain 32768 particles; three simulations were run for each of several values of n. 

Figures l(a,b) show the evolution of the multiplicity function. The multiplicity of each 

particle is defined to be m if it is part of a group (identified using a "friends of friends" algorithm) 

with more than 2 m - 1  but no more than 2 m members. The histograms in the Figure show the 

fraction of particles with different values of m for groups corresponding to regions interior to 

contours of isodensity contrast 6 p / p  ,',, 600. The multiplicity functions at different epochs have 

been scaled according to the expections of self-similar evolution; this scaling does not apply for 

m ,-~ 1, but is clearly well obeyed over a wide mass range. The shape of the multiplicity function 

depends strongly on the initial fluctuation spectrum; the more negative the value of n, the broader 

the multiplicity function. The multiplicity functions are remarkably well described by the theory 

of Press and Schechter (1974), shown as the heavy lines in Figures l(a,b). 

We now turn to the origin of biases. Group catalogues were constructed for all the simulations 

at the last 6 output times. For each ensemble and for each time except the last, we have calculated 

the fraction of particles in groups of a given multiplicity which end up in massive clumps at the 
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end of the simulation. Plots of this fraction as a function of multiplicity are shown in Figure 

l(c,d). The definition of "massive clump" for each value of n was varied to ensure that such 

clumps contained about 1/6 of the total mass. The actual fraction contained is shown by the 

horizontal lines in the Figure. 
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Figure 1. In (a,b) we show multiplicity functions for two values of the spectral index n. The 

numbers denote the cosmological scale-factor R (Ri = 1). In (c,d) we show the fraction of 

particles in groups of a given multiplicity which end up at the final epoch in massive clumps 

containing 1/6 of the total mass. 

If the material of the massive clumps were randomly chosen from the clustering distribution 

at earlier times, all the curves in Figures l(c,d) would coincide with these horizontal lines. In 

fact, the more massive a group at early times, the more likely it is to be incorporated in a massive 

clump at the end. These bias effects become stronger with decreasing n. The characteristic 

mass of clustering grows by a factor of 2.46 between output times, and so by a factor of ,-~ 100 

between the first time plotted in Figures l(c,d) and the end of the simulations. If the more 

massive groups at earlier times are identified as the sites of galaxy formation, "galaxies" would 

be overrepresented relative to the mass in the final "galaxy clusters". This is a manifestation of 

natural biasin 9 resulting from the properties of hierarchical clustering (Frenk e~. al. 1987, White 

et al. 1987). 
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3. T h e  G a l a x y  D i s t r i b u t i o n  in t he  Cold  D a r k  M a t t e r  M o d e l  

A flat, cold dark matter dominated universe with scale invariant initial conditions can provide 

a remarkably good description of observed structure, but only if bright galaxies are biased tracers 

of the mass distribution (Davis et. al. 1985). In previous discussions, the required bias has 

been inserted "by hand" without any strong physical justification, though plausible astrophysical 

biasing mechanisms have been discussed (e.g. Rees 1985; Dekel and Silk 1986). Here t summarise 

some results on natural biasing derived from a set of N-body models in which we have simulated 

cubes of side 2500 km/s in a CDM universe using 262144 particles (White et. al. 1987). The 

initial amplitude of the fluctuation spectrum, and the cosmological parameters (f~ = 1, Ho = 

50km/s/Mpc) were chosen to match our previous work on flat CDM models (Davis el. al. 1985; 

White et. al. 1986). 

The simulations follow the evolution of the collisionless dark matter  component only, and so 

do not allow us to study the behavior of the dissipative gas from which galaxies must form. We 

have therefore included galaxy formation and merging in a way which, although plausible, remains 

somewhat adhoc. At various stages during the evolution of a a model we locate the most strongly 

bound particle in each dark matter halo. These are labelled "galaxies" and are assigned a circular 

speed Vc = ( G M ( r ) / r )  1/2, where M(r )  is the mass contained is a sphere of mean overdensity 

500 centred on each "galaxy". We then adopt simple algorithms to model galaxy mergers and to 

avoid multiple galaxy formation within each halo. The results described below are not especially 

sensitive to these procedures thus the details of these algorithms, which are somewhat technical, 

will not be repeated here (see White e~. al. 1987). The spatial autocorrelation functions (~(r)) for 

"galaxies" with Vc > 250 kin/s, Vc > 100 km/s and for the mass distribution are shown in Figure 

2. The galaxy autocorrelation functions are steeper than that of the mass and have a larger 

amplitude which increases for larger rotation speeds. Over the range of separations shown in 

Figure 2 the mean correlation enhancement is ,-~ .8 for Vc > 100 km/s and ~ 5 for Vc > 250 km/s. 

For Vc > 250 km/s  the correlations are comparable to those of observed galaxies (represented in 

the Figure by the dashecl line of slope -1 .8) .  This level of natural bias is evidently strong enough 

to reconcile the dynamics of galaxy clustering with a flat universe. The model predicts (via the 

Tully-Fisher (1977) relation) that the strength of galaxy clustering should depend on luminosity. 

There is little evidence for this in present samples, though good statistics are available for only a 

narrow range of luminosities. 

The natural bias described above depends on the assumptions that a galaxy condenses in 

every halo, that the brightness of the galaxy reflects the depth of the halo potential well, and 

that galaxy merging is not strong enough to prevent the formation of galaxy clusters. The 

Tully-Fisher relation relates the luminosity of a spiral galaxy to the observed rotation velocity. 

Since the rotation curves of spirals are flat and at large radii are likely dominated by a dark 

halo component, we infer that the luminosities of spirals are indeed strongly correlated with the 

properties of their halos. Of course, it remains to be seen whether this observation, the small 
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scatter in the Tully-Fisher relation, the morphological dependences summarised in equation (2) 

etc. can be explained with plausible astrophysics. The advantage of the argument presented 

above is that such uncertalnities are largely bypassed. 
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Figure 2. Two-point correlation functions in CDM simulations. The solid line shows the mass 

correlations, open triangles and filled circles show correlation functions for "galaxies" identified in 

the simulations with Vc > 100 km/s and 250 km/s respectively. The dashed line shows the power- 

law ~(r) = (r /10Mpc) - : ' s  (Ho = 50 km/s /Mpc)  which approximately describes the clustering of 

bright galaxies. 

4. La rge -Sca l e  C l u s t e r i n g  of  I R A S  Ga lax i e s  

The precise nature of the biases described above depend on the specific theory for the forma- 

tion of galaxies and large-scale structure. As a consequence, we must expect that interpretations 

of large-scale structure in the Universe will necessarily be model dependent. Nevertheless, it 

is easy to think of tests which would impose stringent constraints on acceptable theories. For 

exampl% it would be extremely important if galaxies (whatever their  intrinsic properties) were 

found to be clustered on scales > 20h-lMpc.  It is also important to check whether biases in 

the clustering properties of galaxies, such as those implied by equation (2) extend to large scales 

where ~ << 1. 

Studies of the IRAS galaxies will certainly prove to be of interest in this regard. The IRAS 

Point Source Catalogue allows the delineation of a complete sample of gala~xies over a wide area of 

sky that is deeper and more homogeneous than any available optical sample covering a comparable 

solid angle. It is therefore suitable for a study of the large-scale clustering of galaxies. Here I 

describe preliminary results results from a redshift survey of IRAS galaxies (Efstathiou, Ellis, 

Frenk, Kaiser, Lawrence, Rowan-Robinson and Saunders, in preparation). The flux range is 

0.6 - 2 Jy and we have sampled galaxies at a rate of I in every 6. Figure 3 shows the distribution 

of galaxies in the Northern hemisphere for which we have measured measured redshifts . The 
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analysis described below is restricted to the complete region at b > 40 ° containing about 240 

galaxies. The median redshift of the sample is ~ 8500 km/s, thus it covers an extensive volume 

of space and is suitable for measuring ~(r) at large scales. 

The sparse sampling strategy is specially designed to give smM1 errors in ( at large scales 

(Kaiser 1986). If ~ ~ 0 at large r, the uncertainty in the estimate for the M'th bin is 

1 + 4rrffiJ3 / 
6(M 

where fi is the mean density of galaxies, f is the fraction of objects sampled and Np(M) is the 

number of distinct galaxy pairs counted in the M'th bin. In practice, the luminosity function 

introduces a variable sampling rate with depth. We therefore estimate ( in redshift space using 

the estimator 

DD 
: D---R - 1, (4) 

where DD is the weighted pair count of the data points and DR is the weighted pair count 

between data points and a set of random points distributed in redshift according to the selection 

function, p(r) -- f ¢ ( L ) d L ,  determined from the IRAS luminosity function (Saunders eL al. in 

preparation). The variance in ~ at ( << 1 is then minimised by weighting each point by 

1 
w : 1 + 4~fp(r)J3" (5) 

Adopting 4r  J3 ~ 13000h-3Mpc 3 as a rough estimate, we find that 4rrfp(r)J3 ~ 1 at Hot .~ 5000 

km/s for our survey. 

Figure 3. Distribution of IRAS galaxies in our sample with measured redshifts. The outer circle 

shows b = 20 °. 
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Figure 4. Two-point correlation function "n redshift space for IRAS galaxies from our redshift 

sample. The dotted line shows ~(r) for spiral galaxies (equation 2). 

The redshlft space correlation function for the IRAS sample is shown in Figure 4. The error 

bars in this Figure have been computed from a set of Soneira-Peebles (1978) simulations. On 

scales > 15h - I M p c  the correlation function is consistent with zero. This agrees with results from 

optical samples (Davis and Peebles 1983, Shanks et. al. 1983), though the IRAS data yield more 

accurate limits. These results are also consistent with the angular correlation function for the 

Lick sample (Groth and Peebles, 1977). On scale < 10h-lMpc,  our estimate of ~(s) is higher 

that ~(r) for spirals, though the statistical significance of this is marginal. This could be due to 

peculiar motions which can distort the redshift space estimate ((s),  or perhaps a manifestation of 

the kind of biasing effects effects described above, since our weighting scheme favours luminous 

galaxies. These results will be substantially improved when our survey is completed. It will then 

be possible to apply more detailed tests of theories of large-scale structure. 
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YOUNG GALAXIES 
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ABSTRACT 

Several kinds of extragalactic systems have been suggested to be galaxies which 

are very young in evolutionary terms. The evidence is reviewed, and we conclude 

that it is most likely that the rare but very powerful IRAS galaxies with 

> lol2Le are young with ages less than 109 years. luminosities 

I. INTRODUCTION 

In this paper we discuss what sorts of evidence for young galaxies might be 

found, since there are several kinds of observations which have lately been claimed 

to provide evidence of galaxies seen at an early age. 

We start by defining what we mean by young galaxies. In the conventional 

evolutionary eosmologies, it is always supposed that the gaseous condensations out 

of which galaxies form arise from density fluctuations at very early epochs. 

Protogalaxies may be detected in the form of absorbing gas clouds. However galaxies 

can only be detected directly if they form stars and emit radiation. Young galaxies 

are galaxies in which only the first few generations of stars have formed and are 

evolving. Since it is likely that massive stars are the first ones which form, 

young galaxies can probably be detected when their ages are less than 109 years. 

2. YOUNG GALAXIES AT HIGH REDSHIFT 

Many quasi-stellar objects with redshifts of 3 or greater have been detected 

(of. Hewitt and Burbidge 1987) and many radio galaxies with redshifts of from i to 2 

(Spinrad et al 1986) are known. Provided that the redshifts are of cosmological 

origin, objects at high redshiftS are being detected at much earlier epochs in the 

universe, so that they may be much younger than nearby objects. 

Ly= regions have been detected near to two QSOs, PKS 1614+051 (z=3.218) and 

2016+112 (z=3.273) (Djorgovski et al 1985; Schneider et al 1986). The key question 
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is whether or not there is a continuum associated with the Ly= emission which may be 

due to a population of young hot stars. In further studies of the structure near 

PKS 1614+051, Djorgovski et al (1987) have'concluded tentatively that there is such 

a continuum. However, Hu and Cowie (1987) cannot see a continuum and conclude that 

the extended object is a gas cloud photo-ionized by the QSO. This is very similar 

to that seen in low-redshift OSOs. Following the discovery of such features around 

3C 48 (gampler et al 1975), 4C 37.43 (Stockton 1976), and 3C 249.1, (Richstone and 

0ke 1977), Stockton and McKenty (1987) have shown that about 25% of 47 low redshift 

OSOs show such extensions when images using the [0 III] 5007 line are obtained. 

It appears to us that these phenomena are evidence that gas is ejected from the 

QSOs. There is no strong evidence that stars are forming. 

In the radio galaxies there is by now a considerable body of evidence showing 

that gaseous emission is often found outside the nuclei and in the directions of the 

radio axes. 

Large redshift objects such as 3C 368 (z = 1.132) (Djorgovski et al 1987) and 

3C 326.1 (z = 1.82) (McCarthy et al 1987) have been studied. In 3C 326.1 through 

the method of imaging (broad band and Lye) and long slit spectroscopy, it has been 

concluded that we are observing a very powerful H II region galaxy containing 

clusters of hot stars, i.e. a young galaxy. In the case of 3C 386 it is argued that 

the system is only about 3 x 109 years old, and that it is undergoing a merger with 

extensive star formation occurring. 

Recently McCarthy et al (1987) have shown that there is a strong correlation 

between the radio and optical morphologies of powerful radio galaxies. Heckman et 

al (1986) found that a large fraction of the smaller redshift (less powerful) radio 

galaxies has peculiar optical morphology. Narrow-band imaging of these systems has 

shown that they also contain extended optical line-emission regions. It has been 

argued by Heckman et al and by Djorgovski et al (1987) that what we are seeing here 

are collisions or mergers between galaxies, leading to extensive star formation. 

These authors suggest that it is the interactions which trigger the violent activity 

in the center. 
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In our view the argument that we are seeing mergers, and that it is these 

mergers which give rise to violent activity in the centers is not likely to be 

correct. We shall come to the question of whether or not mergers are a common event 

later. Here we simply want to make the argument that all of the evidence points to 

the view that it is the violent activity in the centers which gives rise to the 

extended activity around those centers and not the other way around. 

When evidence was first presented that violent activity often takes place in 

the centers of galaxies and is responsible for many types of non-thermal phenomena 

(Burbidge, Burbidge and Sandage 1963) it was realized that ejection was the key 

phenomenon. This conclusion has been completely borne out by many subsequent 

observations, i.e. various observations of Centaurus A and Minkowski's object, which 

suggest that star formation in the direction of the radio axis takes place following 

the ejection of matter and radiation from the center. Also the alignments of 

discrete objects e.g. the jet in M87 lying along the line joining M87 to M84, which 

has been known for more than 20 years, and has been supplemented by the observations 

of Arp that the X-ray sources in M87 are also aligned along the direction of the 

jet. Alignments such as these, and the alignment of the radio axis of Centaurus A 

with the other galaxies in that weak group, suggest that the activity starts in the 

center. 

These kinds of alignments and extended activity are almost certainly what are 

being observed at larger distances by McCarthy et al and by Heckman et el. 

Thus we conclude that these results bear out the original thesis that activity 

in a very small nucleus is responsible for all of the external activity, and not the 

other way around. 

3. YOUNG GALAXIES AT LOW REDSHIFT 

A number of proposals have been made concerning objects at low redshift which 

may be young galaxies. Obvious cases of this kind observed at optical wavelengths 

are so-called extragalactic H II region galaxies which are clearly being excited by 

young stars. In the 1960s Burbidge, Burbidge and Hoyle (1963) proposed that the 

remarkable system NGC 2444-45 (VV 144) was a young galaxy forming in the presence of 
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an old system. In those days it was considered that the steady-state cosmology was 

a viable alternative to the evolutionary model, and thus we argued that this 

discovery supported the steady-state hypothesis, since in that cosmology galaxies 

have to be formed continuously, and the average age of a galaxy is only (Ho-l)/3 

an average age of ~(Ho-l) which is usually assumed for big bang rather than 

cosmologies. Sandage (1963) immediately attempted to rebut our conclusion that NGC 

2444 was a young system by measuring the continuum, and concluded that it was not 

distinguishable from the stellar continuum of the Large Magellanic Cloud which 

contains stars ~I0 I0 years old. 

More recent work on H II region galaxies identified by Arp and Zwicky and 

studied by Sargent, Kunth and others suggests that they may be genuinely young 

systems. They have low metal to hydrogen ratios indicating that the enrichment of 

the initial gas by stellar nucleosynthesis has only recently begun. 

However, we believe that the most promising candidates for genuinely young 

galaxies are the most luminous IRAS galaxies, those emitting radiation dominated by 

the far infrared flux (~I00~), at a level equal to or greater than lol2L . 
o 

Why is this? It is because we believe that the first stars to form, (the 

so-called Population III stars), are massive. If this is the case then they will 

generate very high luminosities, and evolve very rapidly both by mass loss and by 

the burning of hydrogen and helium. The most massive stars known to be evolving in 

this way at the present epoch have masses close to lOOMs, and a prototype of such a 

star in our own galaxy is N Carinae. This star is both ejecting mass in the form of 

heavy elements, and ejecting the material which condenses into dust. If enough dust 

is ejected from an aggregate of massive stars the ultraviolet radiation will be 

absorbed and re-radiated in the far infrared. 

One of us (Burbidge 1986) has made a model based on these ideas which will 

explain the high luminosity and the far infrared flux from the high luminosity IRAS 

galaxies such as Arp 220 and NGC 6240. If we suppose that the mass range of the 

stars formed lies between 20M ° and 120M ° it is easily shown that, for a variety of 

mass functions, the total mass in the stars needed to provide the luminosity 
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(~IOI2Lo) is 107 - I08Mo, and i0 - I00 generations of such stars, each with a 

~10 6 years, will be required to produce enough dust (~108Mo) to give lifetime rise 

to the far infrared flux. Thus it seems perfectly reasonable to suppose that such 

galaxies are young, with ages less than 109 years. There are several observations 

that can be made to test this hypothesis. First, there should be no evidence for 

the presence of old stars (with ages of i0 I0 years), and second, we might expect 

that the chemical abundances both in gas and dust will be highly anomalous, in the 

sense that the abundances of the heavy elements with respect to hydrogen will be 

higher than they are in well-evolved galaxies where all of the elements made in the 

Pop. III stars have been well-mixed and diluted throughout the whole of the galaxy. 

We end with a final remark on the subject of mergers. In the model just 

described, as in others, the onset of massive star formation is attributed to tidal 

interactions with some outside galaxy. A merger is not necessarily required. There 

is a tendency in this field to call almost every irregular system which is a 

powerful IRAS source a merger, though the evidence for such an event is practically 

always absent. Tidal interactions of the kind orginally investigated by Toomre and 

Toomre may very well give rise to enhanced star formation. Also the case for a few 

bright peculiar galaxies being the results of mergers between previously separate 

galaxies has been made extremely strongly, and extremely persuasively by Schweizer. 

However the fact remains that for most of the distant IRAS galaxies, and the 

very faint radio galaxies, the kind of evidence required to demonstrate a merger is 

not available. Increased activity, nuclear activity and the like are not enough to 

demonstrate that a merger has taken place. There are many other possible 

explanations. And sometimes we should not be afraid to say "I do not know." 
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ABSTRACT 

Infrared and optical observations of 4 complete samples of radio galaxies are reviewed in the light of 

the most recent observations. Evidence is found for evolution of the stellar populations of the 

galaxies in all the samples. The most recent data on a 0.1 Jy  sample of radio galaxies selected at 

2.7 GHz are used to show that (i) the optical-infrared colours indicate the presence of a very old 

stellar population; (ii) all radio galaxies exhibit some star formation activity after the initial formation 

epoch; (iii) there is a significant dispersion ip the amount  of star formation activity at any epoch. 

1. INTRODUCTION 

Radio galaxies are the only objects which can at present be observed in reasonable numbers at 

redshifts greater than  one and in which the light is the integrated emission of stars. As such they 

are at the moment  the only tools which we can use to explore directly how the stellar populations 

and other properties of galaxies have changed with cosmic epoch. The  obvious problems to be 

addressed are: (i) how typical are their properties of galaxies in general? (ii) does the fact that the 

galaxy is a strong radio source influence the properties of its stellar population in some direct or 

indirect way? We have been attempting to address some of these problems by studying well-defined 

complete samples of radio sources. Our collaborators in this project include John Peacock, 3eremy 

Allington-Smith, Hy Spinrad, Bruno Guiderdoni and Brigitte Roeca-Volmerange.  

2. H/STORY OF T H E  PRESENT PROGRAMME 

The story began about 7 years ago when it was appreciated that,  in order to understand the 

evolutionary history of the radio source population, it was essential to embark upon a major 

endeavour to identify complete samples of radio sources and then to obtain for the identifications 

optical and infrared photometry and optical spectra from which redshifts could be determined. It 

was known from the work already completed on the brightest radio sources that many of the 

identifications would be with very faint objects and that it would be a very major  undertaking to 

attempt to obtain the optical spectra of objects which could be as faint as 24 or 25 magnitude. 
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This programme has been much more successful than we would have predicted thanks to a number of 

pieces of pure astronomical luck. First, sensitive optical and infrared detectors became available at 

exactly the right t ime to enable these difficult programmes to be undertaken in a reasonable time. 

Second, mainly through the heroic efforts of Hy Spinrad and his colleagues, it has been found 

possible to measure  the spectra and redshifts of many of the very faintest radio galaxies because they 

turn out to have extremely strong narrow emission lines in their spectra. It is important to 

emphasise that these strong narrow emission line spectra have a very different origin from the strong 

broad and narrow emission line spectra observed in Seyfert galaxies and quasars. In these cases, the 

strong emission lines originate close to the nucleus and are excited by the non- thermal  nuclear 

continuum radiation. In contrast, the strong narrow emission lines observed in the spectra of the 

radio galaxies with redshifts greater than one seem to be associated with diffuse regions of ionised gas 

which can extend to distances of up to about 100 kpc from the nucleus of the galaxy. It is likely 

that these regions are similar to standard HII regions in which the excitation of the gas clouds is 

associated with energy sources such as young stars distributed throughout the gas. These topics are 

discussed in the publications of Spinrad and his colleagues (see e.g. Spinrad 1988). 

The complete samples of radio sources which have been studied are as follows: 

COMPLETE RADIO GALAXY AND RADIO QUASAR SURVEYS 

L O W  FREQUENCY 
(178 and 408 MHz) 

HIGH FREQUENCY 
(2.7 GHz) 

S178 ~, 10 Jy 

173 radio sources (3CR sample) 

Laing, Riley and Longair (1983) 

$2. 7 > 2 Jy 

233 radio sources (2.7 GHz 
all-sky survey) 

Wall and Peacock (1985) 

I x< $408 ~ 2 Jy 

59 radio sources (1 Jy sample) 

Allington-Smith (1982) 

$2. 7 > 0.1 Jy 

178 radio sources (0.1 Jy 
sample) 

Downes, Peacock, Savage and 
Carrie (1986) 

It is important to recall that one of the prime motivations for studying these samples was to 

understand more  about the astrophysical evolution of the radio source population. The  importance of 

using both low and high frequency samples is to investigate the properties of both the flat and steep 

spectrum radio sources. This .simple spectral division results in two very different classes of radio 

source, the flat spectrum objects being compact sources associated with the nuclear regions of the 

radio galaxies whereas the steep spectrum sources are extended radio sources, the radio emission in 

general originating from regions very much larger than the parent galaxy. As is well known, the flat 

spectrum sources are poorly represented in the low frequency samples but are much more common at 
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Figure 1. Comparison of various 
redshift distributions for radio sources 
in the 3CR sample. The hatched 
histogram shows the redshift 
distribution of sources with S178 ~, 
25 Jy. The dashed histogram shows 
the redshift distribution predicted at 
10 Jy from that observed with S178 
1~ 25 Jy assuming a uniform 
Friedmann model with t3 = 2 (qo = 
1 ). The redshift distribution 
observed for sources with S178 ~ I0 
Jy is shown by the solid line. The 
predicted numbers of sources agree 
well with the observed numbers in 
the low redshift bins, z ~; 0.2, but 
there is a large excess at all larger 
redshifts. 

Figure 2. The infrared K magnitude 
- redshift diagram for 3CR radio 
galaxies (Lilly and Longair 1984). 
The dashed lines show the relations 
expected for standard giant elliptical 
galaxies observed through a fixed 
aperture in world models having fl = 
1 (qo = ~) and fl ~ 0 (qo = 0). 
The solid line is a best fit to the 
data, consisting of Friedmann world 
models with fl = 0 - 1 and 
including evolution of the stellar 
population of the galaxy with cosmic 
epoch. 

Figure 3. The V magnitude - 
redshift relation for 3CR galaxies and 
other selected samples. The points 
at redshifts greater than 0.5 are 
almost exclusively 3CR galaxies. 
Details of the parameters of the 
Bruzual models used to fit the data 
are included on the diagram (Spinrad 
and Djorgovski 1987). 
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high frequencies. Of particular interest are the surveys at 1 Jy at 408 MHz and 0.1 Jy at 2.7 GHz 

because it is at these flux densities that the greatest divergence between the observed numbers of 

sources and the expectations of the uniform world models is found. 

3CR Survey The complete sample of 173 sources defined by Laing, Riley and Longair (1983) has 

been the most intensively studied of all samples. It consists of all the bright sources in the northern 

hemisphere in directions away from the Galactic plane at low frequencies. Thanks to the efforts of 

many workers, the identification and redshift content of this sample is now essentially complete. 

These data can be used to demonstrate how radio astronomers have been assisted by the effects of 

cosmological evolution in finding objects with large redshifts. In Figure 1, the observed distribution of 

redshifts for radio galaxies having S178 ~ 25 Jy is shown. From this, it is a straightforward task to 

work out, for any of the standard world models, the redshift distribution which would be expected at 

10 Jy and this is shown by the dashed line. This can be compared with the observed redshift 

distribution at 10 Jy shown by the solid line. It can be seen that vastly larger numbers of radio 

sources with redshifts greater than 1 are observed than would be expected. It is this enormous 

excess which is attributed to the effects of cosmological evolution of the properties of the radio source 

population. 

The 2.7 Gt-Iz All-sky Survey This survey is the high frequency counterpart of the 3CR survey. 

There is considerable overlap between it and the 3CR survey in the northern hemisphere for steep 

spectrum sources. One of the important aspects of this survey is that it contains many very luminous 

fiat-spectrum quasars which, in conjunction with similar sources in the deeper 0.1 Jy survey, enable 

strong constraints to be set on the high redshift behaviour of this class of object. 

The 1-Jy  and 0.1 Jy Samples The 1-Jy sample was the first of the deeper surveys to be studied in 

detail. It was selected at a flux density at which the excess of faint radio sources approaches its 

maximum value. The 0.1 Jy sample performs the same role as the I - J y  sample but is considerably 

larger and now includes both the steep and fiat spectrum sources. It is the results of this last survey 

which form the principal new material of this paper. 

3. INFRARED AND OPTICAL OBSERVATIONS OF THE 3CR AND 1-Jy  SAMPLES 

Most of the identification work has been carried out in the optical waveband although it was realised 

in the early 1980s that the infrared waveband, 1 - 2.2/an, had a number of important advantages for 

this type of study. First, if the spectral energy distribution of a giant elliptical galaxy is redshifted to 

redshifts of 1 or more, the galaxy becomes relatively a much stronger emitter in the 1 - 2.2 #m 

waveband rather than in the optical. This is because the spectral energy distribution of a giant 

elliptical galaxy at zero redshift peaks at about 1 /an. It is partly for this reason that it has become 

possible to identify distant galaxies as easily in the near infrared as in the optical waveband. The 

second important point is the fact that the stars which contribute most of the light of the giant 

elliptical galaxy in the near infrared waveband are derived from the old stellar population of the 
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galaxy. The light is dominated by the emission of stars on the red giant branch whose progenitors 

are roughly solar mass stars which have completed their evolution on the main sequence. 

3CR Survey These ideas were first tested in detail on the 3CR sample. Lilly and Longair (1984) 

analysed the infrared and optical properties of a complete sub-sample of radio galaxies from the 3CR 

sample. Similar results have been found by Eisenhardt and Lebofsky (1987). By selecting only the 

radio galaxies in which there was no contamination from non-thermal nuclear emission, they showed 

that the infrared colours of the galaxies were entirely consistent with the (H-K) v redshift and (J-K) 

v redshift relations expected if the spectral energy distribution of a giant elliptical galaxy is redshifted. 

Interestingly, once account was taken of the observational uncertainties in each point, the intrinsic 

scatter in (H-K) colour was the same at all redshifts. 

Perhaps the most striking result was the K magnitude - redshift relation (K-z relation) for 3CR radio 

galaxies (Figure 2). It can be seen that the dispersion in absolute K magnitudes remains the same at 

low (z ~ 0.3) and high (z ~ 1) redshifts. However the diagram is interpreted, it is clear that there 

is some systematic behaviour in the evolutionary history of these galaxies with redshift. Since the 

diagram is produced from a complete sample of radio sources selected according to radio selection 

criteria, it has the advantage that the Malmquist bias which dogs optical studies of the 

redshift-magnitude relation is eliminated. The lines on the diagram show various predicted relations 

once account is taken of the fact that the observations are made through a fixed aperture. Standard 

world models with 12 = 0 to 1 are a poor fit to the data and only if 12 were as large as about 7 

would it be possible to achieve an adequate fit. Our preferred model is indicated by the solid line 

which takes into account the evolution of the stellar populations of the galaxies. This analysis can be 

undertaken in a reasonably modeI-independent way because by far the dominant contribution to the 

stellar evolution is simply the fact that when a galaxy was younger, the rate of evolution of stars off 

the main sequence was greater than it is today. Since we are only concerned with a relatively 

narrow range of stellar masses over look-back times to about one third the present age of the 

Universe and since the giant branches are not expected to be very different for stars of about 1 M C. 

the correction for the effects of stellar evolution are not very sensitive to the precise model adopted. 

All the models predict that the galaxies should be about a magnitude brighter at a redshift of 1 

relative to their present luminosities. The best fitting line shown in Figure 2 involves using a world 

model with 12 ~ 0 - 1 and a simple correction for the stellar evolution of the luminosity of the 

galaxy. There are several new points to be made about the analysis of the 3CR data 

(i) It is interesting to compare Figure 2 with the corresponding diagram using optical magnitudes 

(Figure 3 - from Spinrad and Djorgovski 1987). There are two important differences (cf Figures 3 

and 4 of Spinrad and Djorgovski 1987). First, there is a significantly greater dispersion in the optical 

absolute magnitudes of the radio galaxies at redshifts greater than z ~ 0.5 as compared with their K 

magnitudes. Second, the predicted V magnitude-redshift relation is much more sensitive to the model 

for the evolution of the stellar population of the galaxies than the K-z  relation. In both cases, the 

root cause of the problem is the fact that the visual luminosities of the galaxies are much more 

sensitive to the presence of young stars in the stellar population. This makes the determination of 
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the underlying evolution of the galaxies and the dynamics of the Universe much more difficult in the 

optical as compared with the infrared waveband. 

(ii) One of the factors which could cause a bias in the K-z relation is if there were a correlation 

between radio and optical luminosities of the members of the 3CR sample. Yates, Miller and 

Peacock (1986) have carried out such an analysis for the radio galaxies in the 3CR sample. A weak 

positive effect has been found although it is rather sensitive to the presence or absence of a few data 

points. Our interpretation of this result is that the influence of any correlation between radio 

luminosity and the absolute magnitude of the galaxies is not as strong as the effects of the stellar 

evolution of the stellar content of the galaxies. 

(iii) A consequence of the greater dispersion in the optical as compared with the infrared Hubble 

diagram is that there must be a dispersion in the optical-infrared colour-redshift diagrams. In the 

analysis of Lilly and Longair (1984), there were few points available to compare with the models but 

even then the results were suggestive (Figure 4). At redshifts greater than 0.5, the dispersion in 

(r-K) colours increases markedly. A comparison was made between the observations and various 

models. The NE model results from simply redshifting the energy distribution of a standard giant 

elliptical galaxy. The passive evolution (or C-model) model is more physical in that it incorporates 

the evolution of the stellar populations of a model galaxy in which all the stars form in an initial 

burst and the subsequent evolution simply reflects the life and death of these stars. The model is 

constrained to produce the correct spectral energy distribution at zero redshift. The third model, the 

#-model, corresponds to Bruzual's model with # = 0.5 in which there is an exponentially decreasing 

rate of star formation. As a result, there is ongoing star formation at redshifts z ~ 1 which accounts 

for the fact that the model galaxy is "bluer" (i.e. smaller r-K) than in the other cases. It is 

significant that all the points lie on or below the C model which can be regarded as a reasonable 

null hypothesis. The dispersion below that line probably reflects different amounts of star formation 

going on in these galaxies and the dispersion is greater than the uncertainties in the estimates of the 

optical-infrared colours. This was one point in which the analyses of Spinrad and ourselves has 

differed. He found that he could represent his optical data with a single ~-model whereas, when the 

infrared data are taken into account, a real dispersion is found. 

(iv) One of our reasons for believing in the reality of this dispersion to the blue of the C-model 

was the fact that there seemed to be a weak correlation between the "blue-excess" in the galaxy, i.e. 

its colour excess with respect to the C-model, and the strength of the [OII] lines. This made 

intuitive good sense in that both could be associated with star formation within the galaxies. This 

picture is consistent with the beautiful new results of Spinrad, Djorgowski and their colleagues (e.g. 

Djorgovski et al 1987, McCarthy et al 1987b) who have shown that the narrow emission lines 

originate from very extended regions which can exceed the size of the galaxy itself and which are 

likely to be excited by young stars. 

The 1-Jy  Survey It was fully expected that the 1 Jy sample would be biassed towards larger 

redshifts than the 3CR sample and this was reflected in the fact that the 1-Jy galaxies turned out to 



332 

be on average about a factor of 5 fainter as infrared emitters than 3CR radio galaxies (Figure 5). 

Over 50% of the 1-Jy  galaxies now have redshifts but naturally the easier, brighter objects have been 

the prime targets for spectroscopy. Nonetheless, a number of faint large redshift galaxies have been 

measured and the new points all lie within the envelope of points in Figure 2. These results give us 

confidence that the K-z  relation for powerful radio galaxies is very well defined out to K = 17.5 and 

can be used to make estimates of redshifts. We note, however, that the 3 1-Jy galaxies with K > 

17.5 for which redshifts have been measured all lie close to the upper envelope of the 3CR K-z 

diagram. This might suggest that the very faintest 1 Jy galaxies (i.e. K ~ 18) may not be extreme 

high redshift counterparts of the 3CR galaxies but simply intrinsically fainter galaxies at z ~ 1.5. 

An intriguing part of the analysis of these data was the extrapolation of the K-z relation to large 

redshifts using the passive evolution models which give a good representation of the infrared data. 

These extrapolations clearly depend upon the age of the Universe (and hence on H0) and also upon 

the epoch when the galaxies first formed. The calculations which were presented by Lilly, Longair 

and Allington-Smith (1985) are no more than indicative of what might be learned from this type of 

data. We know that the radio galaxies must lie along the observed K-z relation at redshifts 0 < z 

< 1.5. It is therefore possible to constrain the evolutionary behaviour at larger redshifts depending 

solely upon the redshift at which the galaxy formed. The results of some of these calculations are 

shown in Figure 6. If the galaxies formed at a relatively low redshift (z F = 3.5 is shown in Figure 

6), the galaxy is expected to be very bright through the redshift interval 1.5 < z < 3 before it joins 

the observed redshift-magnitude relation. In fact, the models suggest that if the formation redshift 

were low, the radio galaxies would never be much fainter than K = 18. On the other hand, if the 

epoch of formation were large (z F = 20 in Figure 6), the apparent brightness of the galaxy decays at 

large redshifts and they would be expected to be as faint as K = 19 at a redshift of 2.5. The 

observed magnitude distribution is displayed on the ordinate of Figure 6 in which it can be seen that 

there is a group of galaxies at magnitude 18 and a tail of fainter objects which extends to K = 19. 

It is not clear whether or not these are galaxies at very large redshifts or, as the few available 

redshifts suggest, simply a low luminosity tail of the radio galaxy luminosity function. The nature of 

these galaxies is of the greatest interest. 

In view of the incompleteness in the redshifts of the 1-Jy sample, we have plotted the 

(optical-infrared) colour v K magnitude diagram in Figure 7 with an estimated redshift scale along the 

upper abscissa based upon the mean redshift-magnitude diagram of Figure 2. The solid line is the 

expectation of the C-model and again it can be seen that there is a significant scatter of points to 

the blue side of this relation. The crosses on this diagram show the location of the 3CR points and 

it is clear that roughly the same distribution of "blue-excess" is observed in the 1 - Jy  sample. Of 

particular interest is the clump of points with (r-K) ~ 6 and K ~ 18. Interpreted literally, these are 

galaxies which appear to be undergoing passive evolution at a redshift of about 1.5 or possibly 

greater. More measurements of these galaxies are very important to obtain better colours and, if 

possible, redshifts. These points are difficult to explain in terms of p-models with /z ~ 0.5. 
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4. THE 0.1 Jy  SAMPLE 

The optical and infrared observations of the radio sources in the 0.1 Jy sample have been carried out 

over the last 2~ years. Of  the 178 sources in the sample, complete infrared and optical photometry 

is currently available for about two thirds of the sample which forms an unbiased complete 

sub-sample  of the data. These results are presented in a preliminary form here. 

One of the most important results is that it is possible to identify essentially all the objects in the 

sample in the infrared waveband. This is illustrated in Figure 5 which shows that the peak in the 

magnitude distribution for these identifications occurs well above the limit to which observations could 

be made. The apparent  K magnitude distribution is similar to that of the 1 Jy sample suggesting 

that they are spanning a similar range of redshifts. 

Even more surprising was the fact that it has proved possible to identify essentially all the objects in 

the optical B and R bands as well. These results are presented as a set of colour-redshift  diagrams, 

the redshifts being estimated redshifts on the basis of the K-z  relation of Figure 2. Figures 8 (a) 

and (b) show the basic data as well as two reference models. In our new work, we have used the 

models of galaxy evolution of Guiderdoni and Rocca-Volmerange (1987). These models are similar to 

those of Bruzual but incorporate a number  of refinements and improvements in the computational 

procedures. Specifically, they include new data on the the ultraviolet spectra of  different stellar 

populations and utilise stellar spectra of higher resolution. Other  improvements include a 

mass--dependent giant branch and the introduction of post-giant branch evolutionary stages. 

For the reference models, we have taken the stellar energy distributions which result from evolving 

what Rocca-Volmerange and Guiderdoni (1987) describe as "UV-hot"  and "UV--eold" elliptical galaxy 

models to the present day. These spectra provide excellent fits to the observed range of optical and 

ultraviolet spectra of nearby elliptical galaxies, those with a strong ultraviolet excess being termed the 

UV-ho t  ellipticals and those with only a weak ultraviolet continuum the UV--cold ellipticals. From 

the point of view of the evolution of the galaxy models, the UV-ho t  ellipticals correspond closely 

with the end point of evolution of a # -model  with /~ = 0.3 while the UV--cold elliptical corresponds 

to the end point of evolution of a #-model  with # = 0.6. 

Figure 8(a) illustrates the expected (R-K) - z relations if the UV-ho t  and UV-cold elliptical galaxy 

spectra at the present day are redshifted. These illustrate clearly why it was exciting that the 

galaxies were not only detectable in the K waveband but also in the R waveband. Both the UV-hot  

and UV-cold ellipticals would have been far too red in (R-K) to be detected at 24th magnitude in 

the optical waveband. The reference model is not particularly physical since it involves simply 

redshifting a standard spectrum. However, an interesting point arises when the optical colours (B-R) 

of the galaxies are plotted against redshift (Figure 8(b)). The UV-cold elliptical galaxy is too red to 

explain the observations but the UV-hot  elliptical galaxy spectrum passes more or less through the 

centre of the optical colours of the galaxies. This can account for the fact that some authors have 
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UV-cold spectra; Figure 9: Burst model and UV--cold evolving model; Figure 10: Young UV-hot and 
UV-cold evolving models; Figure 11: burst model plus continuous star formation. 
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claimed that it is not necessary to invoke evolution of the properties of the galaxies to explain their 

optical colours at high redshift. 

It is already apparent from this comparison that there are problems in simultaneously accounting for 

both the optical and infrared data sets. To illustrate the nature of the problems, we show some 

comparisons of various evolving galaxy models with the data. An interesting comparison is that of 

models similar to those used previously in Figure 4. The closest correspondence is obtained for what 

we term a burst model, similar to the C-model of Figure 4, and the UV--cold model corresponding 

to a /z-model with /z = 0.6 (Figure 9(a) and (b)). We have used the galaxy models of 

Rocca-Volmerange and Guiderdoni who kindly provided us with the results of their computer codes. 

As in Figure 4, these loci provide a reasonable description of the upper bound to the distribution of 

points in the (R-K) v z diagram although there are a few points which lie above this locus. One 

important point is that, because the model chosen has a long age, it can account for the reddest 

points on this diagram. In the case of the (B-R) colours, the burst model does not provide a 

satisfactory fit and the cold model scarcely makes the galaxies blue enough. 

Figures 10 (a) and (b) show the predictions of models involving stronger evolution at more recent 

epochs. The epoch of formation of the galaxies has been brought forward to a redshift of 5 and 

both the UV--eold and UV-hot  models compared with both sets of data. It can be seen that the 

galaxies never become red enough in (R-K) although they span nicely the range of (B-R) colours. 

The basic problem with Figure 10(a) is that the stellar populations are not old enough. This is a 

feature which has already been noted by a number of authors - to obtain red galaxies at a redshift 

of one, it is necessary for the simple evolution models to have enough time for the bulk of the 

population to be well-evolved. 

It is too early to know how severe this problem is but there are many possible solutions. If we 

maintain the assumption that the stars are born with the same initial mass function at all epochs, we 

could, for example, argue that the underlying models correspond to behaviour similar to the burst or 

old UV-cold models superimposed upon which there are bursts of star formation which make the 

galaxy very much bluer in (R-K) and (B-R). In any case, there must be considerable variation in 

the evolutionary history of the radio galaxies to account for the considerable dispersion in eolours at 

any redshift. Another possible variant is shown in Figure 11 (a) and (b) in which we show the 

expected distribution if, in addition to the initial burst, we assume that there is a constant low rate of 

star formation throughout the history of the galaxies, the rate adopted being that needed to account 

for the UV properties of giant elliptical galaxies at the present day. These models indicate how the 

arbitrary inclusion of star formation can help to account simultaneously for the redness of the (R-K) 

v redshift diagram and the relative blueness in the (B-R) v redshift diagram. 

Our preliminary conclusions from this work are therefore as follows. First, we require the bulk of 

the stellar population to be rather old in order to fit the red envelope of the (R-K) diagram (i.e. to 

achieve R-K ~ 6 at z = 1). In the simple models of galaxy evolution, this means present day ages 

of ~ 17 Gy and hence i2 ~ 0 and H o ~ 50 km s -1 Mpc -1. It should of course be noted that this 
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timescale is ultimately tied to the globular cluster ages and hence this is not an independent argument 

for long cosmological timescales. Second, the (B-R) v redshift diagram illustrates that ALL the radio 

galaxies have undergone some star-formation activity after the initial burst, since the C-model which 

fits the upper envelope in the (R-K) - redshift diagram is then too red to fit the upper envelope of 

the B-R diagram. The old UV-cold model with age ~ 17 Gy provides a reasonable description of 

the upper envelope in both diagrams. Third, we need to account for the scatter blueward of the red 

envelope in both the R-K and B-R diagrams. This could either be the consequence of a range of 

star formation histories or a range of formation redshifts. 

5. IMPLICATIONS FOR TIlE EVOLUTION OF THE RADIO SOURCE POPULATION 

The success in identifying completely the 0.1 Jy sample has important implications for the 

determination of the evolution functions which describe how the comoving space density of radio 

sources of different radio luminosities have changed with cosmic epoch. For most of the quasar 

candidates in the sample with flat radio spectra, redshifts have been determined. For the radio 

galaxies, the programme is at a much earlier stage, particularly for the very faint identifications. 

However, the tight K-z relation for the radio galaxies enables us to make reasonable estimates of 

their redshifts and these data have been included in the most recent estimates of the evolution 

functions for both the steep and flat spectrum source populations. The procedures adopted were the 

same as those described by Peacock (1985) but incorporating the new data on the 0.1 Jy survey and 

the new identification and redshift data on the brighter surveys. Figure 12 shows the variation with 

cosmic epoch of the comoving space density of radio sources with radio luminosities 1027 and 1026 W 

Hz -1 sr -1 for the case of an Einstein-de Sitter world model (fl = 1). The pairs of lines indicate 

the statistical uncertainties in the determination of the comoving space densities. The evolution is 

found to be strongest for the most luminous sources and similar evolution functions are found for 

both the steep and flat spectrum sources. Both classes of source exhibit a cut-off at look-back times 

of about 75% of the present age of the Universe. This result had been established previously for the 

fiat spectrum radio sources (Dunlop et al., 1986) but the result is now found for the steep spectrum 

sources as well. The most important new pieces of data which contribute to this result are the 
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Figure 12. Examples of the evolution functions for radio sources with steep and flat radio spectra 
following the procedures of Peacock (1985). In each case, the pairs of lines indicate the range of 
likely comoving source densities as a function of look-back time. 
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infrared identifications of all the sources in the 0.1 Jy  sample. The latter result is important in that 

it indicates that both classes of radio source exhibit a cut-off  in their evolutionary behaviour with 

cosmic epoch at large redshifts. In the case of the new data we have now identified with galaxies 

objects at about the epoch of maximum high-energy astrophysical activity, making them of special 

interest for spectroscopic studies. 

6. ASTROPHYSICAL CONSIDERATIONS 

A wholly new dimension has been added to these studies by the recent work of Spinrad and his 

collaborators on the nature of the diffuse narrow emission line regions found in the radio galaxies at 

large redshifts (Spinrad 1988). There are now three independent pieces of information about the 

evolution of the properties of the radio galaxies used in these studies. 

(i) The  probability of radio source activity changes rapidly with cosmic epoch. As illustrated in 

Figures 12, there is between a factor of 10 and 100 increase in the probability of strong radio source 

activity between redshifts of about 0.5 and 2. Notice that we do not attribute any specific physical 

origin for this evolution which could be attributed to the changing luminosities of the sources or to 

changes in the probability with which they oceur with cosmic epoch or to some combination of these 

and other factors. 

(ii) There  are significant changes in the infrared and optical luminosities of the stellar components of 

the radio galaxies with cosmic epoch. The  evolution of the infrared luminosity of  the galaxy is 

consistent with the decay of the underlying old population of stars but superimposed upon this there 

must be star formation activity which produces the much bluer optical-infrared colours observed at 

large redshifts in all the samples studied. 

(iii) There is a very much larger probability of finding extended strong narrow emission line regions 

in large redshift radio galaxies than in their counterparts at low redshifts. Indeed, in some cases, it 

appears that a significant fraction of the galaxy population may be forming within these diffuse 

emission line regions (Spinrad 1988). In many of the cases studied, the extended region coincides 

roughly with the optical image of the galaxy suggesting that star formation is taking place throughout 

the body of the galaxy. Spinrad and his colleagues show that the excitation of these large emission 

regions can be reasonably accounted for by enhanced star formation rates within the galaxy. 

The key questions are whether or not these different types of evolutionary phenomena are related and 

what their significance is for the evolution of galaxies in general. A number  of scenarios can be 

envisaged. For example,  a simple picture would be one in which the burst of star formation 

throughout the galaxy results in the diffuse emission line region and the consequent enhancement  of 

the optical relative to the infrared stellar luminosity of the galaxy. Some of the gas liberated finds 

its way down into the nucleus of the galaxy where it acts as the source of fuel for the black hole in 

which, by means as yet poorly understood, the radio source activity is generated. Many sources for 

the enhanced rate of star formation in the past could be envisaged - mergers between galaxies, late 
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formation of a significant fraction of the stars in the galaxy, galaxy formation at late epochs, etc. 

This picture would result in a direct causal relation between the rate of star formation in these 

galaxies and the resulting properties of the radio source. 

A major spanner may have been thrown into this picture by the recent work of McCarthy et al 

(1987a) who show that there is a correlation between the axis of the double radio sources and the 

major axis of the extended emission line regions. The full significance of this result has yet to be 

understood but it raises the possibility that exactly the opposite of the process described in the last 

paragraph may occur, namely that the radio jets compress the gas through which they pass and this 

stimulates star formation activity in the disturbed regions. This work raises a whole host of new 

possibilities and undoubtedly will be the subject of much further study. The data discussed here 

provide the basis for a deeper understanding of the relation between the evolutionary properties of the 

host galaxies of strong radio sources and the occurence of radio source activity within them. 
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A B S T R A C T  

The data from approximately 20 hours observation of the 4- to 6-square degree field surrounding 
the North Ecliptic Pole have been combined to produce a very deep infrared survey at the four 
IRAS bands. Scans from both pointed and survey observations were included in the data analysis. 
At 12 and 25 microns the deep survey is limited by detector noise and is approximately 50 times 
deeper than the IRAS Point Source Catalog, PSC. At 60 microns the problems of source confusion 
and galactic cirrus combine to limit the deep survey to approximately 12 times deeper than the 
PSC. These problems are so severe at 100 microns that we only quote flux values for locations 
corresponding to sources selected at 60 microns. In all, 47 sources were detected at 12 microns, 
37 at 25 microns and 99 at 60 microns. Here we describe the data analysis procedures and discuss 
the significance of the 12- and 60-micron source count results. 

1. I N T R O D U C T I O N  

The sensitivity limit of the IRAS all-sky survey was set by detector noise and the requirement that 
each source be observed on several different scans. Most of the sky was scanned six times resulting 
in an average of 12 detections per source. By combining the data together before selecting the 
sources the sensitivity limit can be lowered significantly. This is being done in the IRAS Faint 
Source Survey to be published in 1988. By increasing the number of scans of a given region 
the sensitivity limit can be further lowered. Because of the IRAS orbital geometry the areas 
surrounding ecliptic poles were scanned on nearly every orbit. In addition the location of the 
IRAS secondary flux standard, NGC 6543, is very near the North Ecliptic Pole so large number 
of calibration scans were made of the region. The Large Magellanic Cloud is very near the South 
Ecliptic Pole so that data set is not appropriate for a deep survey of the type discussed here. 

2. D A T A  

The North Ecliptic Pole is located at 18 hr +66 ° (£ = 97 ° and b = 30°), 10-arc minutes from 
the position of NGC 6543. The deep survey at 12 and 25 microns covers the 4.3-square degrees 
surrounding the pole. At 60 and 100 microns the survey covers 6.3-square degrees. In all, 488 
survey scans and 838 calibration scans have been combined to produce a very deep survey at 
the North Ecliptic Pole. Individual survey scans were 1/2-degree wide and crossed the field at 
virtually every location along a wide range of position angles. The calibration scans were typically 
1/2 degree wide by 1- to 1 3/4-d'egrees long and roughly centered on NGC 6543. They too were 
aligned along a wide range of position angles. Because the calibration scans were too short to cross 
the entire survey field, there is uneven coverage of the field. It is therefore important to keep track 
of the coverage or equivalently the noise in the maps in constructing number count diagrams. Two 



341 

sets of maps were generated by separately combining the intensity mode and point source filtered 
data. The intensity mode maps for 60 and 100 microns show strong extended emission arising 
from dust in our own Galaxy, infrared cirrus. Source extraction was performed on the point- 
source-filtered maps. A point source was selected at 12 and 25 microns if it had an amplitude 
greater than five times the noise in the surrounding region of the map. At 60 microns, because 
of source confusion and the effects of cirrus, it was further required that the selected source have 
a detected flux > 50 mJy and that its appearance on the 60-micron point-source-filtered-contour 
map closely resembled the contours for other nearby point sources. The results of the point source 
selection are summarized in Table I. The details of the data analysis, source selection and the 
complete source list are presented by Hacking and Houck (1987). 

TABLE I 

A Total 
Microns Number* Stars Galaxies Unidentified 

12 46 41 5 0 
25 36 18 17 1 
60 98 0 ~ 90 ~ 8 

*In addition to NGC 6543. 

2.1. 12-Micron  Sources  

The source selection process resulted in the detection of 47 sources. Of these 41 are clearly asso- 
ciated with stars visible on the POSS prints, five are associated with galaxies and the remaining 
object is the planetary nebula NGC 6543. Most of the detected stars are K-type giants without 
significant circumstellar shells. Stars with thick shells which dominate the sources observed at 
high flux values are absent from the faint survey because their implied distances, given their 
high luminosities, would place them well outside the Galaxy. We have compared the number of 
detected stars at 12 microns with the predicted number counts based on an optical model of the 
galaxy (Bahcall and Soneira 1980) and the transformation from optical magnitudes and colors to 
the 12-micron magnitude given by Waters, Cot~ and Aumann (1985). The resulting comparison 
is shown in Figure 1. The dotted line is a power law fit, 

ns>so = {109+~°}S~°'74±°'l~stars/sq. deg. 

where S is measured in mJy. The slope of the power law is consistent with the model; however, 
the magnitude of the observed counts is 30% higher than predicted by the model, a difference 
which is marginally significant. The difference can be removed by increasing the number of stars 
in the model by 30 percent or by increasing the scale height for giants from the assumed 250 pc 

to 270 pc. 

2 .2 .  6 0 - M i c r o n  S o u r c e s  

Most and perhaps all of the 60-micron sources are galaxies. Approximately 80% of the sources 
have obvious counterparts on the POSS prints. We have secured five-minute CCD images of 
all the fields using the Palomar 60- inch telescope and the fraction of objects that are clearly 
extragalactic rises to 90 or 95%. The remaining few sources do not show obvious candidates but 
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often show a relatively dense cluster of up to 25 faint galaxies. The number counts are shown in 
Figure 2. Number  count results at higher flux levels from the PSC are also shown. The  curves 
were derived using the local luminosity function from the PSC data  (Soifer et al. 1985). A very 
similar luminosity function has been independently derived by several other authors (see Soifer et 
al. 1987 and references therein).  The  luminosity function was first converted into a local visibility 
function and then into number counts correcting for source motion and including a luminosity 
dependent  K correction t e rm (see Hacking et al. 1987). The curve labeled "No Evolut ion" assumes 
that  the local luminosity function is appropriate  for all distances represented in the survey. The 
curve labeled "Evolution" assumes that  the  luminosity function evolves in a fashion similar to 
that  found for radio sources (Condon 1984). The  deep counts appear to fall above the  no evolution 
curve but  not  as high as the  evolution curve. The  excess in the numbers at low flux levels, if 
real, could be due to evolution or the presence of a statistically significant f luctuation in the 
form of a cluster of galaxies at some modest  redshift. Although there is no obvious evidence 

on the POSS prints for the existence of a cluster, it may reveal itself as a spike in the redshift 

distribution. 
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ABSTRACT 

Cosmological evolution of actively star-forming galaxies on timeseales "- 20 + 25% of the IIubble 

time has been recently called for by Danese et al. (1987) to explain the radio source counts at 

mJy and sub-mJy levels. Owing to the tight correlation between far-IR and radio emissions from 

these sources, the IRAS survey data provide a direct test of such models. Hints of evolution 

consistent with the model predictions already emerge from the redshift distribution of galaxies 

brighter than 0.5 Jy at 60 #m. The model also provides a good fit to the recent deep IRAS 

counts, which are consistently higher than expected in the absence of evolution. The predicted 

contribution of galaxies to the 100 #m background amounts to only a few percent of the intensity 

tentatively estimated by Rowan-Robinson (1986). 

1. I N T R O D U C T I O N  

The IRAS survey has presented a new view of the universe, emphasizing objects endowed with 

intense star formation activity. Thus the far-IR survey data are particularly well suited to study 

the cosmological evolution of bursting galaxies and to explore the early phases of galaxy formation. 

In view of the tight correlation between far-IR and radio emission of disk galaxies (de Jong 

et al., 1985), it is particularly useful to analyse IRAS data in conjunction with those provided 

by recent VLA surveys. As shown by Danese et al. (1987), Starburst/Interacting (S/I) galaxies 

evolving on time scales of order of 20 + 25% of the ttubble time can account for the upturn of 

deep radio source counts at mJy and sub-mJy levels both at t.4 GHz and at 5 Giiz  (Windhorst,  

van Heerde & Katgert  1984; Fomalont el al. 1984; Partridge, IIilldrup & Ratner 1986), as well 
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as for their identification statistics and their preliminary redshift distributions (Windhorst  et al. 

1985; Windhorst ,  Dressel ~= Koo 1987). 

We explore here the implications of the models by Danese et al. on IRAS counts and related 

statistics. We stress that  no free parameters come in: the models fitted to the radio data  are 

directly translated into the far-IR band exploiting the observed distributions of far-IR to radio 

luminosity ratios. 

2. B R I G H T  F A R - I R  S A M P L E S  A N D  L O C A L  L U M I N O S I T Y  F U N C T I O N S  

To understand the evolutionary properties of far-IR selected galaxies we need i) to distinguish 

among those classes of sources in which basically different astrophysical processes are operat ing - 

since their evolution is also likely to be different - and ii) to determine reliable local Luminosity 

Functions (LFs) for each class. To this end we have exploited the rich information content of a 

complete sample of 1671 galaxies selected from the UGC catalogue, with almost complete redshift 

data,  observed at 1.4 GHz by Dressel & Condon (I978) and cross-correlated with the IRAS Point 

Source Catalogue (see Franceschini et al., 1987 for details). Separate 60/zm luminosity functions 

have been derived for the following classes of sources: a) E + SO galaxies; b) Spirals + Irregulars; 

e) Seyferts; d) S/ I  galaxies (including non-Seyfert Markarians and galaxies classified in the UGC 

as peeuliars, distorted, interacting). As shown by Fig. 1, the global LF at 60 #m,  sum of 

contributions from the various classes, is generally in very good agreement with that  of IRAS 

selected galaxies (Soifer et al. 1987; Lawrence et al. 1986). 
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F i g u r e  1. Comparison of 60 p.m luminosity functions. Filled circles are from Soifer et al. (1987), open 
triangles from Lawrence el~ al. (1986). The upper limit at high luminosities comes from an analysis of the UGC 
sample. Curves a and b are the local LFs of Seyfert and Starburst/Interacting galaxies, respectively. Curves c 
and d are the LFs at z=0 and z=0.25. The latter is approximately the mean redshift of the highest luminosity 
sources in the sample of Lawrence et al. (1986); note that the associated LF matches their space density. 

On the other  hand, the UGC sample is not deep enough to allow a direct evaluation of the 

space densities of galaxies with Ls0 > 10Z2L®. It yields, however, an upper limit, consistent 

with the estimates by Soifer et at. (1987) but below those by Lawrence et al. (1986). As noted 
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by Soifer et al., taking into account that their sample is shallower (maximum redshift ~ 0.08) 

than that of Lawrence et al., the difference between the two luminosity functions may be ascribed 

to evolution. Our results, based on an independent, optically selected sample, strengthen their 

conclusion (cf. Fig. 1). 

3. T H E  D E E P  I R A S  S U R V E Y  

The model used to interpret the deep radio source counts assumes that the LFs of E + SO and 

Spiral + Irregular galaxies do not change with cosmic time, while S/I and Seyfert galaxies undergo 

luminosity evolution: ¢[L(z),z] = ¢[L(0),0], L(z)  = L(O)e ~'~l~, r (z )  being the look-back time 

and ~¢-] the evolution time scale in units of the Hubble time (fits to the radio data yield ~ = 4.3 

for a density parameter f~ = 1, ~ = 5.1 for ~ = 0). This simple recipe, in combination with the 

observed distribution of far-IR to radio luminosity ratios and with the observationally determined 

far-IR K-corrections, allows us to reproduce all available IRAS survey data. 

In Fig. 2, the predicted counts at 60 #m (curve a) are compared with those from the deep 

IRAS survey by Hacking & Houek (1987); curve (c) in the same figure shows the contribution of 

evolving S/I galaxies. In the absence of evolution the counts of the latter sources would be given 

by curve (d) and the total log N - log S by curve (b). The X 2 test rejects this possibility with a 

high confidence (> 99%): the reduced X~ for the five faintest bins is _~ 5 (see also Hacking et al., 

1987). 

OA 

~ -0,4 

_o 
-1.2 

-1.6 

- 3  

d ° ~ ' ~ ' ~ ° ~  

i "  

J f , , I i I 
- 2  - 1  0 

log $60 ( d y )  

Figure  2. Differential counts  at 60 ftm normalized to 600 $6-: 's J y - l s r - 1 .  Data  points at  $60 <0 .7  Jy are 
from Hacking & Houck (1987), those at brighter  flux levels by Rowan-Robinson et al. (1986). Curves (a) and (b) 
are the predicted total  counts  calculated for the cases of evolution and no-evolution of the S t a rbu r s t / In t e r ac t i ng  
galaxies. The separate  contr ibut ions of the lat ter  class are shown as curves (c) and (d) for tile cases of evolution 
and no-evolution, respectively. 

Although, in the present scenario, the evolution timescale of S/I galaxies is comparable to 

those of QSOs and of powerful radio sources, the predicted counts are never as steep as are 

observed to be in other wavebands: actually, they are slightly flatter than euclidean for Ss0 > 0.1 

Jy and decline significantly at fainter fluxes. Two factors contribute to keep the log N - log S 

quite flat: 
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i) non-evolving Spirals and Irregulars outnunlber S/I galaxies: the surface density of the 

latter approches that of the former only at S~0 < 0.1 Jy, where also the counts of S/I galaxies 

start converging. 

ii) The very steep K-correction flattens down effectively the log N - log S of S/I galaxies 

themselves. Note, in this respect, that source counts at ~ 300/~rn should be particularly effective 

in emphasizing the cosmological evolution of this population. Such counts could be provided by 

tile Far Infrared and Submillimeter Space Telescope (FIRST) under study by ESA. 

The contributions to the 60 #m counts of normal and radio loud E + SO galaxies and of 

QSOs (both radio loud and radio quiet) are always small. 

Primeval galaxies re-radiating in the far-IR the bulk of energy released in the production of 

a solar metallicity at z _< 2.5 should show up in the counts at S~0 < 0.02 Jy and could then be 

detected by the Infrared Space Observatory (ISO), to be launched be ESA in 1993. 

In the present framework the 60 #rn counts of galaxies are expected to start converging 

shortly below 0.1 Jy. Correspondingly, the 60 #rn diffuse background component due to galaxies 

is predicted to be quite modest: ~ 2 104 Jy sr -1 from both S/I and Spiral + Irregular 

galaxies, ~ 0.5 104 Jy ar -I  from Seyferts and, possibly, _~ 1 104 Jy  sr -1 from primeval galaxies 

(ellipticals and SOs yield a negligible contribution). A conservative extrapolation to 100 #m gives 

0.2 M J y  sr -1 , i.e. only a few percent of the diffuse background intensity tentatively estimated 

by Rowan-Robinson (1986). 
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A B S T R A C T  

The IRAS dipole is calculated for a new complete and reliable 60pro galaxy catalogue compiled 

from the IRAS Point Source, Small Scale Structure, and Large Galaxy Catalogs. The catalogue 

covers 81.8 % of the sky and includes 17,710 sources. The dipole direction and amplitude agree 

well with those of the earlier study by Yahil et M (1986). If IRAS galaxies trace the overall 

matter distribution, ~0 ~ 1. 

1. I N T R O D U C T I O N  

The IRAS all-sky survey at 60/~m has given us the first unambiguous demonstration of the cause 

of the dipole anisotropy in the cosmic microwave background radiation (CBR). Yahil, Walker and 

Rowan-Robinson (1986, YWR) have analyzed the surface brightness distribution of IRAS 60/~m 

sources in spherical harmonics and found that the direction of the dipole component agrees well 

with that of the CBR dipole. With a simple analytical approximation to the 60#m luminosity 

function of Lawrence et a/ (1986), YWR calculate the gravitational acceleration acting on the 

Local Group due to matter distributed like IRAS galaxies within 200(50///0) Mpc. Hence they 

derive a value for the cosmological density parameter due to such matter, f~ = 1.0 + 0.2. 

The failure of earlier optical studies to derive a convincing value for the velocity of the 

Local Group of galaxies with respect to the cosmological frame probably lies in the well-known 

problems of maintaining a homogeneous calibration of galaxy magnitudes over the whole sky 

and of allowing for the effects of interstellar extinction. In a novel approach, Lahav (1987) has 

constructed an all-sky diameter-limited catalogue and, using the square of the angular diameter 

in place of flux, has carried out an analysis similar to that of YWR. His dipole direction differs by 

only 21 ° from the IRAS dipole, though by 47 ° from the CBR dipole. A more careful analysis by 

Lahav, Rowan-Robinson and Lynden-Bell (1987), correcting for systematic differences between 

the ESO and UGC catalogues and with improved correction for interstellar extinction, yields a 

dipole direction in good agreement with the CBR. 

The analysis of YWR was subject to a number of limitations : (1) The mask used to exclude 

contamination by interstellar dust emission (infrared "cirrus") was severe, excluding 53 % of 

the sky. Meiksin and Davis (1986) excluded a much smaller fraction of the sky (24 %) in their 

analysis of the dipole component of the number-density of IRAS sources. This led to significant 

contamination by cirrus, especially in their faintest quartile (Rowan-Robinson 1987), though 
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their dipole direction is close to that of YWR. (2) Version 1 of the IRAS Point Source Catalog 

overestimates the fluxes of sources which are weak or of low flux-quality (sources not detected 

on all occasions observed). Although this is not a serious problem for the high flux-quality 

sources above the completeness limit used by YWR, it is obviously desirable to take advantage 

of the release of Version 2 of the PSC, in which this problem is fixed (Chester et M 1987). 

(3) The fluxes of sources extended with respect to the IRAS beam are underestimated in the 

PSC and in some cases such sources were not detected by the point-source recognizer. This 

could lead to an underestimation of the contribution of nearby galaxies to the gravitational 

acceleration experienced by the Local group. (4) The approximation to the luminosity function 

used by YWR was not the best fit to the data of Lawrence et M (1986). This problem has been 

discussed by Villumsen and Strauss (1987) and Lahav, Rowan-Robinson and Lynden-Bell (1987). 

(5) The sample of YWR contained a small number of sources due to stars with circumstellar dust, 

whose colours satisfied the condition $25 < 3S60. The latter condition was extremely effective in 

eliminating most stellar sources. 

All these problems are fixed in the present study. No correction has been applied for photon- 

induced detector responslvity enhancement ("hysteresis"). The magnitude of this effect for 60pro 

point-sources is small except within 5 to 10 ° of the Galactic plane (Whitlock 1987). Similarly, no 

correction has been applied for the residual effects of the South Atlantic Anomaly or the Polar 

l]orns of the radiation belts, the effects of which are believed to be small (YWR, Rowan-Robinson 

1987). 

2. A C O M P L E T E  A N D  R E L I A B L E  ALL-SKY 60pro G A L A X Y  C A T A L O G U E  

The goal of this study is to create a 60#m galaxy catalogue which covers a large fraction of the 

sky and which, within the area covered, is highly complete and reliable. Specifically the aim is 

that the fraction of true IRAS galaxies brighter than the completeness limit which are excluded, 

and the fraction of sources included which are not galaxies, should be less than 1%. 

The excluded area obviously includes the 4 % of the sky which failed to achieve two hours- 

coilfirmed coverages. In addition I have excluded areas flagged as of high source-density in any 

band. There axe two reasons for this. Within such areas we found it necessary, during the  

preparation of the IRAS Point Source Catalog, to introduce additional constraints for acceptance 

of a source into the Catalog (IRAS Explanatory Supplement 1984), with the result that the 

completeness limit in such regions varies in a complex way with the environment. The high 

figures for completeness and reliability quoted for the IRAS PSC (Rowan-Robinson et al 1984, 

Chester et M 1987), and on which the possibility of cosmological studies depends, apply only 

outside regions of high source-density. The second reason is that the majority of 60#m sources 

in such areas are clearly Galactic. The total area of the sky remaining in the study is 10.28 sr 

(81.8 % of the sky). 

The excluded area includes half a dozen or so 1 ° x 1 ° bins in which the high source-density 

flag has been set in the 100pro band due to a high density of galaxies. While the exclusion of these 

will have a negligible effect on the calculation of the IRAS dipole, their exclusion may introduce 

a slight bias into clustering studies. I am looking for ways of including such bins on an objective 
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basis but the remaining conditions applied below would allow through large numbers of Galactic 

sources, so for the moment these 30 or so galaxies are excluded. 

The catalog is then prepared from Version 2 of the Point Source Catalog, the Small Scale 

Structure Catalog (Helou and Walker 1985), and the IRAS Large Galaxy Catalog (Rice et M 

1987), as follows: 

(1) Po in t  Source  Cata log .  Sources which do not have counterparts in the SSS Catalog are 

included provided they are detected at 60#m (flux-quality flag > 1), have $60 >__ 0.5 Jy, and 

satisfy : 

(a) log(S6o/S2s) > -0.5.  If the source is not detected at 25/~m, the condition is imposed 

with the quoted upper limit in place of $2~. No catalogued galaxies violate this condition, while 

the overwhelming majority of stars do. 

(b) If the source is detected at 25#m, then log($25/$12) < 1.0, unless the source is identified 

with a catalogued galaxy. If the source is not detected at 12~um, the condition is imposed with 

the quoted upper limit in place of $12. This condition is needed to exclude planetary nebulae. 

Only two catalogued galaxies violate it, Arp 220 and NGC 4418 (both obviously interesting and 

unusual objects). There are no other sources violating the condition at Ibl > 10 °. 

(c) If the source is detected at 12~um, then iog($6o/$12) > 0.0. This excludes a few additional 

stellar sources, but no catalogued galaxies. 

(d) log(Sloo/S6o) < 0.6 , unless the source is identified with a catalogued galaxy. If the 

source is not detected at 100/~m, the condition is imposed with the quoted upper limit in place 

of $100. This condition excludes cirrus sources very effectively. However many nearby, low 

luminosity galaxies have cool 60 - 100pm colours similar to the cirrus in our Galaxy and it 

is clearly important to include the contribution of these normal galaxies. Most galaxies with 

log(S~oo/S6o) > 0.6 have log(L6o/L®) < 9.0 (Rowan-Roblnson et M 1987) and so can only be 

in this sample if their distance D < 30(50/H0) Mpc. From consideration of the range of 60tim 

to blue luminosities for such galaxies (Rowan-Robinson et aJ 1987), I estimate that few such 

galaxies will have mpg > 15, so that virtually no cool, normal galaxies will fail to be in an optical 

galaxy catalogue and therefore have been excluded by the above condition. 

Finally, PSC sources are excluded if their sole identification is with a star, a planetary nebula 

or a star cluster. PSC (and SSS) sources are excluded if they are associated with Local Group 

galaxies. 

(2) SSS Cata log.  If sources in the PSC axe flagged as confirmed small extended sources and 

have corresponding entries in the SSS Catalog then the SSS fluxes are used, provided these are 

greater than the PSC fluxes and provided there is an association with a catalogued galaxy. Sources 

which appear in the SSS Catalog and which have an association with a catalogued galaxy are 

also included even if there is no corresponding PSC entry. However SSS Catalog sources with no 

galaxy association are not included. An investigation of galaxies in the SSS Catalog shows that 

very few lie at distances greater than 30(50///0) Mpc. If we assume that a source must be at 

least 1 ~ in diameter to be flagged as extended at 60#m, this corresponds to few galaxies having 

far infrared diameters > 10 kpc. Since no cases are known of galaxies with infrared diameters 

greater than their optical diameters, and since all galaxies with optical diameters > 1 ~ should be 
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in existing galaxy catalogues, I conclude that very few of the unidentified 60pm sources in the 

SSS Catalog are galaxies. 

A sample of sources in the PSC which are flagged as confirmed small extended sources but 

which do not appear in the SSS Catalog have been examined in coadded raw IRAS data by John 

Crawford using the IPMAF line COADD facility. In all cases the PSC flux was found to be a 

good estimate of the total flux and the overwhelming majority are bona fide point sources. I 

conclude that for most such sources the PSC flux is an accurate representation of the source flux. 

Several unidentified PSC sources flagged as extended but not appearing in the SSS Catalog fell 

in the samples studied by Lawrence et a/ (1986) and by the QMC-Cambridge-Durham redshift 

survey (A.Lawrence, M.Rowan-Robinson, G.Efstathiou, N.Kaiser, R.Ellis, C.Frenk). In all such 

cases the sources were found to be identified with faint galaxies. Table 1 gives the numbers of 

SSS galaxies in my sample as a function of SSS flux down to the SSS Catalog 60/tm flux-limit 

of 1 Jy. I estimate that within the coverage area of my sample, 20 galaxies are extended with 

respect to the IRAS beam and have total fluxes in the range 0.6 - 1 Jy, and so may either have 

been omitted or have had their fluxes underestimated. 

Table 1: Flux distribution of SSS Catalog galaxies in present sample 

log S ( Jy )=  0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 

number 8 11 20 34 39 32 25 10 22 14 13 6 5 6 1 5 

(3) Galaxies  in  the  I R A S  Large Ga laxy  Catalog.  Rice et M (1987) have estimated fluxes 

from coadded raw IRAS data for 83 galaxies with optical diameters > 8q Where their 60#m fluxes 

are greater than 0.5 3y, I have used the LGC fluxes in preference to either PSC or SSS fluxes. 

Fig 1 shows a comparison of LGC and SSS Catalog fluxes for 21 galaxies in common. Apart 

from the discrepant case of NGC 4945, where the SSS flux lies well below both the LGC and 

PSC fluxes, the fluxes are in remarkably good agreement and the mean value of log(SLGc/Ssss) 
is 0.01 4- 0.03. For an individual source the dispersion in this quantity is 0.12, so that the SSS 

fluxes appear to be accurate to Jz30% for extended sources. Although it is desirable to obtain 

accurate fluxes by eoaddition of raw data for the remaining extended sources in my sample, it 

seems unlikely that this will lead to any significant modification of the IRAS dipole. 

The complete sample consists of 17,710 60pm sources brighter than 0.5 Jy, at a source-density 

of 0.525 per sq deg. 14,341 have S~0 _> 0.6 Jy, the completeness limit, i.e. a source-density of 

0.425 per sq deg. Differential source-counts for different ranges of Galactic latitude show that 

there is (i) incompleteness at 0.5 - 0.6 Jy, at all Galactic latitudes, (ii) contamination by Galactic 

sources at Ib[ < 5 °, Ss0 > 2 Jy, and (iii) incompleteness at Ib[ < 5 ° in the range 0.6 - 1 Jy. I 

estimate that ,-, 240 spurious Galactic sources brighter than 2 Jy are present in the sample at 

Ib[ < 5 °, and that ~ 140 sources are missing at [b I < 5°,0.6 < $60 < I Jy. Study of Sky Survey 

plates may help to identify which sources at [b[ < 5 ° axe genuine galaxies, though high interstellar 

extinction may limit the effectiveness of this approach. 

Table 2 shows the distribution of the 60#m correlation coefficient with a point-source tem- 

plate, CC, as a function of the cirrus flag, CIRRI,  for sample sources which are not in the SSS or 

LGC Catalogs. There is no evidence for degradation of the 601tm data in cirrus regions. Only 347 
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Fig. 1. Comparison of fluxes from IRAS Small Scale Structure and Large Galaxy Catalogs for 

23 galaxies in common. 

Table 2: Distribution of CC as a function of CIRR1 

CIRR1 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

total  C C =  1.00 0.99 0.98 0.97 0.96 0.95 0.94 0.93 0.92 0.91 

number  

7986 %= 35.8 40.6 16.7 5.4 1.2 0.2 0.1 0. 0. 0. 

3755 35.3 41.2 15.3 5.8 1.8 0.4 0.1 0. 0. 0. 

1770 36.1 40.5 16.1 5.6 1.3 0.2 0. 0.1 0.1 0. 

1097 34.6 41,3 15.8 5,9 1.1 0.6 0.2 0.4 0.1 0, 

782 33.9 40.4 18.4 5.4 1.2 0.6 0. 0.1 0. 0. 

531 39.7 37.9 15.8 4.5 1.3 0.6 0.2 0. 0. 6. 

430 41.6 38.4 14.7 3.0 1.6 0.2 0.2 0.2 0. 0. 

310 34.5 36.8 19.0 6,1 2.3 0.6 0.3 0. 0.3 0. 

224 38.4 38.4 14.7 2.7 2.7 1.8 0.4 0,4 0. 0.4 

524 35.1 39.3 14.9 7.1 1.7 1.30 .2 0.2 0.2 0. 
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sources have CC < 0.97, indicating noisy or extended data, and of these 241 have C I R R I  < 1 

and so are not in regions of bad cirrus. Figs 2 a,b,c show the distribution of the 17710 catalogue 

sources on the sky. Figs 3 a,b,c show the distribution of the masked areas. 

3. S U R F A C E  B R I G H T N E S S  D I P O L E  

YWR have shown that the dipole moment of the surface brightness distribution, a_(S), of a 

population of sources with a luminosity function, ¢(L), in which the total space density of sources 

follows the total mass-density, is related to the peculiar gravitational acceleration acting on the 

Local Group due to matter out to radius r ,G(r) ,  by 

o o  

: / (1) 

0 

where 

o o  

3 / r' 
G(r) = ~ D(r') ~ dar ' 

0 

and D(r_) is the relative total mass-density at r , i.e. 

D(~) =P(~)/p0 

where p0 is the total mean mass-density. 

To take account of the masked areas, the spherical harmonic components are calculated over the 

unmasked areas (YWR). The orthogonality matrix for the spherical harmonic components ceases 

to be diagonal. The true spherical harmonic components, on the assumption that the sky behind 

the mask is similar to that in the unmasked area, are then calculated by matrix inversion. 

Figure 4 shows the 3 components of the 60/zm surface brightness dipole as a function of flux- 

density, together with their uncertainties. Table 3 gives the mean dipole amplitude and direction, 

with statistical uncertainties, calculated by weighting the values of the components in each flux- 

bin by the inverse square of the uncertainties. The first llne in Table 3 shows the dipole calculated 

for 0.63 < S~0 < 31.6 Jy, and areas with ]b I < 5 ° added to the mask, which is my best estimate 

of the surface brightness dipole for the present sample. Other lines in Table 3 show the effect of 

varying the extent of the mask and flux range used: the variation of the dipole amplitude and 

direction with these assumptions is small. Going from the Y'WR data to that of the new galaxy 

catalogue (Version 2 of the PSC, correction for extended sources) , with the same n = 1 mask 

as used by YWR, changes the dipole direction by only 2.0 °. Extension of the sky coverage from 

47 % to 79 % changes the dipole direction by only 7.8 °. The latest microwave background dipole, 

for an assumed solar motion of 300 km s -x towards (l,b) -- (90,0), corresponds to 600 km s -1 

towards (l, b) = (268, 27) (Lubin and Villela 1986). The IRAS dipole differs from this by only 21 °. 

Table 4 gives the quadrupole components corresponding to the solution in the first line of Table 3. 

A significant quadrupole is seen and the magnitude of the components is similar to the dipole 

components. This reflects the fact that the actual distribution of matter is far from dipolar. 
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Fig. 2. Distr ibut ion of 17,710 IRAS 60 /~m sources in the galaxy catalogue described in the 
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T a b l e  3. T h e  I R A S  60  # m  d i p o l e  

s a m p l e  m a s k  a a r ea  f lux- range  no.  o f  d ipole  
(sr)  (ay)  sources  a m p l i t u d e  

p re sen t  b a s i c  9 . 9 4  0 . 6 3  - 3 1 . 6  1 2 4 4  1 3 4 2  J y  
+lb l  < 5 ° -t-148 

" " " 0.63 - 31.6 c 12448 1425 

" " " 0 .63-  200 c 12495 1323 

" " " 0.63 - 63 12480 1347 

" " " 0.5 - 31.6 16694 1430 

" " " 1.0 - 31.6 6126 1468 

" " " 2.0 - 31.6 2285 1656 

" basic 10.28 0.63 - 31.6 12950 1320 

" only 

" bas ic  9.28 0.63 - 31.6 11715 1408 

" +Ibl < l O  ° 

" bas ic  7.63 0.63 - 31.6 9698 1375 
" +Ibl < 2 0  ° 

" C I R R 1  > 1 5.94 0.63 - 31.6 7089 1513 
" C I R R 1  > 1 5.94 0.5 - 31.6 9521 1518 

Y W R  C I R R 1  > 1 5.94 0.5 - 31.6 9903 1550 

~basic m a s k  is coverage  gaps  + h igh  source  dens i ty  b ins  

bCBR d i rec t ion  t a k e n  as (l ,  b) = (268, 27) 

es t ra ight  average  o f  f lux  b ins  ( res t  a re  e r ro r -we igh ted  averages)  

l 
(o) 

2 4 8 . 2  
~ 9 . 6  

252.1 
233.8 
246.3 
239.3 
247.9 
245.5 

241.2 

249.2 

256.9 

250.6 
248.8 

248 

b 
(o) 

3 9 . 5  
4-9.6 

45.7 
48.9 
41.2 
40.6 
44.1 
48.7 

40.6 

37.0 

37.7 

31.9 
38.1 
4O 

0~BR 
( o )  

20.7  

22.5 

34.3 

22.8 

27.3 

23.6 

27.8 

26.0 

18.1 

14.2 

16.0 

19.6 

21.0 

T a b l e  4.  S p h e r i c a l  H a r m o n i c  c o m p o n e n t s  

Component  

1 
cos b cos l 
cos b sin l 
s in  b 
1.5 sin 2 b - 0.5 
s in 2b cos l 
sin 2b s in l 
cos 2 b cos 2I 
cos 2 b sin 21 

magni tude  

(0.63 - 31.6 J y )  (1 - 31.6 JY) 

8561 ± 92 6944 

--384 ± 157 --389 

--961 ~ 153 - 9 8 2  

854 ~ 143 1044 

557 ~ 217 656 

615 ~ 159 430 

--1092 ~ 154 - 8 6 4  

632 ± 181 359 

--1636 ± 177 -1832  
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4. C A L C U L A T I O N  O F  T H E  G R A V I T A T I O N A L  A C C E L E R A T I O N  

Lahav, Rowan-Robinson and Lynden-Bell (1987) have discussed the inversion of the integral eqn 

(1) to determine the peculiar gravitational acceleration acting on the Local Group, _G(r), generated 

within a distance r. The analysis of YWR  is equivalent to the assumptions (i)¢(L) = C L  -2 for 

L1 < L < L2, and (ii) the dipole is generated within the distance range ( r l , r2) .  Then  (1) gives 

independent  of S, for 

4~s~_(s) = C_G(r=) 

L1 L1 
- - < S < - -  
47rr22 4rrl 2 

since G( r l )  = 0 

A simple approach is to analyze the relative density, D(r_) , in terms of spherical harmonics 

D(r_) = 1 + a(r).~_ + . . .  (2) 

in which case dG_/dr = a(r) ,  independent  of higher order terms in (2). The simplest model for 

_a(r) is a shell model (Villumsen and Strauss 1987) in which 

a( r )  = AS_ for rx < r < r2 

= 0 otherwise (3) 

where A is the density ampli tude and ~_ is a fixed vector, in which case _G = A(r2 - r l  )~ for r > r2. 

A fit to the data  of Fig 4 of the form (3), using the luminosity function calculated by Lawrence 

et a/ (1986, column (5) of their Table 2) yields a mimimum chi-square fit with 

2ngn+sz0 km s -1,  I = 251.1 °, b = 46.3 °, A(r2 - r l )  . . . . .  2So 

250 +1°° km s -1,  r2 "mnn+11~° km s -1,  (4) r l  ~ --250 ~ ~ v v v - - 1 2 0 0  

which is i l lustrated in Fig 4. Distances have been given in km s -1 (i.e. r m e a n s / / o r )  since the 

Hubble constant  plays no part in this analysis. 

5. E V A L U A T I O N  O F  T H E  D E N S I T Y  P A R A M E T E R ,  fl0 

Peebles (1980) has shown that in linear theory G is related to the peculiar velocity of the Local 

G r o u p ,  u , by 

~ = ~0°'6_G/3 (5) 

where G is measured in units  of km s -1 . 

Since the misal ignment of the IRAS and CBR dipoles is negligible, we can subst i tute  for G from 

(4) and use the CBR dipole value for u of 600 km s -1 , which gives 

~ 0  13 ~-4-0.13 . . . . . .  o.i~" (6)  
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Fig. 4. Components of the 60 #m surface brightness dipole 4n'So'(S). x is towards the Galactic 

Centre and z is towards the Galactic pole. The solid curve is the model give by eqn (4). 

However we do not expect that linear theory will give us a precise estimate for I20. YWR estimated 

that this method may underestimate I20 by 15 %. Villumsen and Strauss (1987) estimate that this 

non-linear correction may lie in the range 3 to 24 %. Vittorio and Juszkiewlcz (1987) conclude 

that for a particular model for initial density fluctuations (which is not, incidentally, consistent 

with the distribution of IRAS galaxies), G is dominated by galaxies with distances < 10(50//-/0) 

Mpc and that ~20 is indeterminate. The first of these conclusions is certainly inconsistent with 

the results of this paper and of Strauss and Davis (1987). Probably the non-linear correction to 

(6) can only be estimated by an n-body simulation that mimics the distribution of IRAS galaxies. 

6. D I S C U S S I O N  

We now compare our results with those of some other recent studies. Harmon, Lahav and Meurs 

(1987) have discussed the IRAS dipole for a colour-selected galaxy sample based on Version 2 of 

the IRAS Point Source Catalog. Their basic sample consists of 10554 galaxies with S60 > 0.7 

Jy covering an area similar to that of the present study. For comparison, my catalogue includes 

11~500 sources brighter than 0.7 Jy, so the Harmon et a/ colour conditions have rejected about 

10 % of the sources accepted in the present study. The galaxies rejected are mainly those with 

log(S100/S~0) > 0.6 and / or log(S,0/S~5) > 1.0, i.e. cool normal gala~es. Harmon et 

have made no correction for extended sources. These two factors combine to underestimate the 

contribution of nearby~ normal galaxies. Because no discrimination against planetary nebulae 
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is employed, a number of these will be present in the Harmon et M sample, especially at lower 

Galactic latitudes. Planetary nebulae probably account for the band of excess source-density seen 

at Ib] < 5 ° in their Fig 1: 

These factors may explain why their flux-weighted dipole, calculated for a fairly conservative 

mask excluding 34.2 % of the sky, differs in direction so markedly from those found by YWR and 

the present study. They find (l, b) = (228.1, 22.3). The fact that dropping the flux-weighting (i.e. 

by calculating the dipole of the number-density distribution instead of the surface brightness) 

brings the dipole close to that of the CBR does not seem a good reason for abandoning the whole 

principle of the approach of YWR and the present paper, by which the gravitational acceleration, 

G G, and f~0 are estimated. 

Strauss and Davis (1987) have carried out a redshift survey for IRAS 60#m sources with 

$6o/$1~ > 3, ]b I > 10 ° and $60 > 1.936 Jy. They find that the bulk of the dipole is generated 

at velocities between 1000 and 3500 km s -1.  The values for r l ,  r2, derived in eqn (4) above are 

consistent with this. The dipole amplitude and direction derived by Strauss and Davis using PSC 

fluxes are also consistent with the values of eqn (4). The procedure of doubling the fluxes for all 

sources flagged as confirmed SSS sources to correct for extension however, seems dubious. Most 

of the sources flagged as confirmed SSS, but not in the SSS Catalog, are not truly extended and 

were flagged because of the generous threshold adopted for the SSS recognizer. 

The dipole direction derived here, (/, b) = (248.2, 39.5), differs by 20.7 ° from the latest CBR 

dipole, (268, 27). Is this difference significant ? It is not clear that any further analysis of 

IRAS data will lead to a significant shift in the flux-weighted dipole or the derived value of G. 

The substantial revisions made here resulted in a surprisingly small shift in dipole direction and 

amplitude from the YWR value, only 1 °. The estimated direction of the CBR dipole has in fact 

shifted by a larger amount, 8 °, over the same period of time. The difference of 20.7 ° between the 

acceleration and velocity vectors is not statistically very significant, but there is no a priori reason 

why these dipoles should be perfectly aligned, since the matter contributing to the acceleration 

vector today has changed its relative positions due to peculiar motions over the period of time 

that the velocity was generated. The comparison of the IRAS and optical dipoles is the subject 

of a separate paper by Lahav, Rowan-Robinson, and Lynden-Bell (1987) and I do not propose to 

discuss this subject here. Suffice it to say that the dipole directions now agree quite well and that 

the significant differences in the amplitude of the derived gravitational accelerations are probably 

attr ibutable to bias in the galaxy-formlng process. Either early-type galaxies are biassed towards 

high-density regions ( in which case ~0 ~ 1) or spirals are biassed to low-density regions (in which 

case ~0 ~ 0.1). 

7. F U T U R E  W O R K  

There is little prospect of extending the sky coverage using IRAS data much beyond the 80 % 

or so achieved here. Some regions flagged as high source- density at 100/~m only may be usable 

at 60#m with further work, But in most high source-density regions, confusion results in the 

survey completeness limit being much higher than in the present sample. It would be valuable 

to reanalyze the IRAS raw data for regions outside the mask used in the present paper which 
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are at Ibl < 5 °, correcting for the effects of hysteresis and the time-delay in the noise-estimator. 

Identification programmes may help to eliminate the remaining Galactic sources in the catalogue. 

It will also be desirable to obtain accurate fluxes by coaddition of the raw data for all sources 

flagged as extended or which have poor correlation coemcient at 60pro. Despite the crudity of 

the SSS recognizer, however, the SSS fluxes seem on average to be remarkably accurate. 

N-body simulations are needed to estimate the non-linear correction to the estimate of 

given here. Studies of biased galaxy-formation scenarios may help to explain the difference in 

amplitude of the gravitational acceleration estimated from optical and far infrared samples. 
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A B S T R A C T  

We have completed a redshift survey of approximately 2200 IRAS galaxies, flux limited at 60/~. 

The survey covers 76% of the sky and has a characteristic depth of ~-- 6000 km s -1,  making 

it ideal for large scale structure studies requiring whole sky coverage. We have calculated the 

gravitational acceleration on us due to the inhomogeneous distribution of galaxies in the sample by 

summing the dipole acceleration in successive shells centered on us. The acceleration converges at 

4000 km s -1 and we derive density estimates in the range 0.4 < ~ < 0.9. We discuss the various 

biases of the sample in detail: the paucity of elliptical galaxies, the problem of extended sources, 

and hysteresis, and suggest ways to accommodate them and thus decrease the uncertainty in ~.  

Finally, we discuss the use of the survey to make predictions for the peculiar velocity fiowfield in 

space. 

1. I N T R O D U C T I O N  A N D  S A M P L E  S E L E C T I O N  

The IRAS database offers a unique opportunity to study the large-scale structure of the distri- 

bution of galaxies over large solid angle. It is estimated that the Point Source Catalog (hereafter 

PSC) contains some 20,000 galaxies (Soifer et M. 1987) that have been selected in a uniform way 

over the sky. Moreover, because galactic extinction is negligible in the IRAS bands, galaxies can 

be selected very close to the plane, at least until confusion makes the PSC unreliable. Meiksin 

and Davis (1986) and Yahil, Walker and Rowan-Robinson (1986) were the first to make galaxy 

catalogs from the PSC, and showed that the angular distribution of galaxies has a dipole moment 

that  points very close to the peculiar velocity of the Local Group, as inferred from the dipole 

anisotropy of the Cosmic Microwave Background. This result has been confirmed now with two 

more careful analyses of the IRAS database,  by Rowan-Robinson (1987, this conference), and 

Harmon, Lahav and Meurs (1987) (see also Villumsen and Strauss 1987). The implication is that  

the IRAS galaxies at least approximately trace the matter  that  gives rise to our peculiar motion. 

On large scales where linear perturbat ion theory applies, an object 's  peculiar velocity is 

directly proportional to its peculiar gravity where the constant of proportionali ty depends solely 

on ~,  the cosmological density parameter.  A redshift survey of an unbiased subsample of the 

IRAS galaxies offers the possibility of measuring fl on the scale of the material  giving rise to 

our peculiar velocity. The analysis of the peculiar gravity can determine the coherence length of 

expected peculiar velocities if the radius of convergence of our acceleration can be determined. 
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Finally the survey can be used to construct the peculiar gravity field out to considerable distance. 

We have extracted a sample of 2407 objects from the PSC (first version) based on the Meiksin 

and Davis (1986) criteria: f6o/f12 > 3, Ib] > 10 °, and f60 > 1.936 Jy. The galactic lat i tude limit 

is imposed to avoid excessive contamination from galactic sources, to avoid problems of confusion 

at 60#, and to avoid problems of hysteresis after plane crossings (see, e.g., the IRAS Explanatory 

Supplement 1984). In addition, a few high-lati tude star-forming regions, such as Orion and 

0phiuchus, are excluded. The flux limit corresponds to the brightest quartile of the original 

Meiksin and Davis sample. The resulting sky coverage is 9.55 steradians, 76% of the sky. 

In collaboration with John Huchra, Amos Yahil, and John Tonry, we have obtained optical 

spectra of the ~ 60% of these objects that  did not have redshifts in the literature, using telescopes 

at Cerro "1"ololo, Lick Observatory, and Mount Hopkins. Approximately 8% of the objects turn 

out not to be galaxies, but  rather planetary nebulae, T Tauri stars, cirrus clumps, and other 

members of the galactic zoo. 

We have included in our observing lists an additional 498 objects satisfying our color criterion, 

but with f60 < 1.936 Jy, and flagged as extended, weeks-confirmed, in bands 1, 2 or 3. As we 

discuss below, these objects have point source fluxes that  are underestimates of their true flux, and 

thus these objects may make it into our catalog. The IPAC people are currently ADDSCANing 

these sources for us, and we hope to have results by the end of the summer. 

Finally, we axe start ing to observe galaxies in the unconfused regions of the excluded zones 

and in the region 5 ° < Ibl < 10 ° in an a t tempt  to extend the survey to still greater sky coverage. 

2. T H E  S P A C E  D I S T R I B U T I O N  A N D  O U R  P E C U L I A R  G R A V I T Y  

In Figure 1, we present the distribution on the sky of the 2176 extragalactic objects in the 

survey as a function of redshift. Note how the level of anisotropy decreases markedly as a function 

of distance. All the well known clusters within 5000 km/s  are identifiable in the distribution, but 

they axe not as conspicuous as in an optically-selected catalog, because the IRAS galaxies are 

more loosely distr ibuted than optical galaxies. A redshift-space correlation analysis of the IRAS 

galaxies shows that  f(s)  is virtually identical to that  of late type galaxies in the CfA survey for 

s > 2h -1 Mpc. We find f(s)  = (s/so) -'t with so = 5h -1 Mpc and ~, = 1.8 to be consistent with 

the data. On smaller scales the IRAS galaxies appear  to be less clustered than typical spirals, 

but here the statistics are poor. These results are not surprising because the majori ty of IRAS 

galaxies are a dilute and apparently random subsample of all late type galaxies (Soifer et a/. 1987). 

Peebles (1980) gives the relation between peculiar velocity of an observer and the dipole 

moment of the mat te r  distribution around him when linear growing modes predominate: 

V -  H°aO'-------~s d3r6(r) (1) 
41r 

where 6(r) is the mat ter  overdensity. In practice, we compute 

Vf~_0. ~ _  H0 ~ 1 f'i2 (2) 
47rnl ~ .  ¢(r~) r i 
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where the sum is over all galaxies sufficiently lmninous to be observable to a redshift of 4000 

km s -1, n 1 is the mean density of these gala.-des, and ¢(r) is the selection function, which 

is just the proportion of the luminosity function sampled at a given depth in the magnitude- 

limited sample (see Davis and Huchra 1982), and r is calculated assuming pure Hubble flow, 

after correcting redshifts for Virgocentric infall with a non-linear spherical model (Meiksin 1985). 

Our infall velocity was taken to be 250 km s -x, although our results are rather insensitive to 

this. The absolute magnitude limit imposed implies ¢(v < 4000 km s -1) = 1 and we find 

¢(8000 km s -~) ~ 0.1, which is as distant as we dare go in deriving results of cosmological 

significance. Finally, we must add a small correction to (2) to remove the dipole contribution of 

the excluded zones. It is important to note that our procedure is not a flux weighted sum; instead 

the sum is weighted by a function of the distance of each galaxy to correct for the fact that our 

sample is not volume limited. We assume implicitly that the IRAS galaxies roughly trace the 

mass and that their luminosity distribution is approximately independent of environment. 
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In Figure 2 we plot the three components of what we will call the "peculiar acceleration", 

Vf~ -°'6, as given by Eqn. (2), as a function of the limiting distance of the summation (solid 

pentagons). The z-axis points to the North Galactic Pole and the x-axis points to the Galactic 

Center. Our peculiar acceleration converges quite well at a distance of 4000 km s -1, with the 

bulk of the remaining fluctuations being consistent with a random walk induced by Poisson shot 

noise of the limited number of galaxies per shell. 

The peculiar acceleration points in the direction l = 255 °, b = 54 °, only 26 ° from the 

microwave dipole direction. Assuming IV I = 600 kin/s, as implied from the observed microwave 

dipole anisotropy, the inferred value for f~ is 0.83. However before we quote this as a conclusion, 

we must understand any and all sources of systematic error in the method. The first of these is 

the problem of extended sources. Any galaxy with an angular size greater than ~ 100" at 60# 

will be resolved by IRAS, and thus the 60# flux listed in the PSC will be an underestimate of the 

true flux. In a first attempt to correct for this problem, we looked for matches in the SES Catalog 

of all sources flagged in the PSC I as extended in one of the first three bands. Unfortunately, only 

1/3 of these sources had matches. As an alternative, we are having the IPAC people ADDSCAN 

each of these 900-odd sources. Until we have results from them, we will use the simple kludge of 

multiplying the Point Source flux of each extended source within a redshift of 5000 km s -1 by a 

factor two, a number based on our admittedly limited experience with ADDSCANing. 

There are additional complications with the extended sources. There are certainly sources 

in our sample that will violate our color criterion once accurate fluxes are known for them. 

Similarly there must be numerous sources not in our sample which belong, rejected only because 

the inaccurate PSC fluxes do not satisfy the color criterion. Finally, a large number of the sources 

flagged as extended turn out to be quite distant galaxies (v > 5000 km s- i ) ,  with angular size 

<< 100". These are extended because they are viewed through a foreground of Galactic cirrus, 

because they are in a group of infrared-bright galaxies, or because of some glitch in the/B.AS 

processing. In any case, it is not yet clear to us how to treat these objects. The open pentagons in 

Figure 2 show the peculiar acceleration with the additional factor of two in flux for the extended 

sources. The curves have essentially the same shape as before, but the more numerous foreground 

galaxies increase the peculiar acceleration, resulting in a reduction of the inferred f~ to 0.67. The 

direction of the calculated peculiar acceleration is now 20 ° from the microwave vector and the 

convergence radius is approximately the same. Clearly, it is very important to properly account 

for extended sources! 

Another bias in our sample is the fact that very few early type galaxies are included. The 

IRAS sample definitely gives low weight to cluster centers. Clusters such as Coma are completely 

invisible in the IRAS distribution, and the maps of Figure 1 show weaker concentration toward 

cluster centers than in equivalent optically selected samples. We have addressed this problem 

in two ways. First we considered an analysis of the peculiar gravity only in the 1.83 steradians 

of sky covered by the original CfA survey. The comparison of the z-component of the optical 

to IRAS "gravity" in this region of sky is shown in Figure 3. The two are remarkably similar, 

suggesting that the IRAS galaxies trace the large-scale distribution of optically-selected galaxies 
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very well, although the agreement is not perfect. A test of the robustness of our results is to add 

the missing cluster cores by hand, as it were. Early type galaxies comprise typically 20% of the 

objects in optically selected magnitude-limlted samples and are more clustered than late types. 

Therefore we simply double-counted the 25% of the IRAS galaxies that  had the most companions 

within 7h -1 Mpc (5 or more companions). This again results in a larger peculiar gravity (open 

triangles in Fig. 2) and reduces ~ to 0.39. The convergence radius remains nearly unchanged, 

but the convergence is more pronounced. The gravity vector moves to l = 258 °, b -- 44 °, only 

16 ° from the microwave vector. This shows that  indeed our results are sensitive to the addition of 

early-type galaxies. We are currently investigating other ways to quantify this systematic effect. 
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Figure 3. A comparison of the z-component of the peculiar gravity of the CfA survey (solid symbols) 
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3. T H E  P E C U L I A R  V E L O C I T Y  F L O W  F I E L D  

The completeness of sky coverage of the IRAS redshift survey allows us to extend the com- 

putat ion of the peculiar acceleration to observers at other points in space. For instance, we could 

put an imaginary observer at the center of the Virgo Cluster, and ask what her expected peculiar 

velocity is, due to the IRAS galaxies, by carrying out the sum in Eqn. (2). We have carried out 
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this analysis for a grid of observers distributed over the sky, and have made maps of the expected 

peculiar velocity field. As above, we doubled the fluxes of sources flagged as extended. We added 

424 random sources in the excluded zones, using the same selection function, to generate a cat- 

alog of sources with 100% sky coverage. Thus we are assuming that there are no large over- or 

under-densities lurking behind the Galactic Plane or 0phiuchus. The analysis was applied on a 

grid of points in latitude and longitude, on spherical shells centered on us. Figures 4a and 4b show 

the results, on shells at 2000 and 4000 km s - I ,  respectively. Beware of the Mercator projection 

of these plots; they can be misleading! 

Figure 4a is on the far side of Virgo, and thus we see strong infall with V~ negative, centered 

at l = 290 °, b -= +70 °. We also see the effect of the Centaurus and Hydra clusters at 3000 km s -1 

in the outflow with large shear centered at l = 300 °, b -- +30 °. 

Figure 4b is a slice just in front of Perseus, and the flow field is very strong there. The radial 

field in this region is dominated by the backwards pull of Hydra and Centaurus. The transverse 

fields in this region are rather jumbled, however; perhaps this is telling us something. 

4. T H E  W O R K  T H A T  LIES A H E A D  

Clearly, we are far from finished with this project. We have described above our first crude 

attempts to deal with two of the more blatant systematic effects of our sample, namely the 

problems of extended sources and of the paucity of early-type galaxies. The problem of hysteresis 

has not yet been addressed. We have recently discovered a strong anti-correlation between the 

Point Source Correlation Coefficient (CC) (IRAS Explanatory Supplement 1984) and the ratio 

of ADDSCANed to PSC flux; there is a large number of point sources with poor CC's, but not 

flagged as extended. Should all of these be ADDSCANed as well? We should also remake our 

sample based on the new version of the PSC; undoubtedly the galaxy list will change slightly. 

The relatively short radius of convergence of the peculiar gravity implies that we do not expect 

large amplitude bulk flows with coherence length larger than this. The apparent disagreement of 

our peculiar gravity results with the velocity field measurements (Rubin, 1987; Collins et al. 1986; 

Dressier et M. 1987; Lynden-Bell et al. 1987) is very intriguing and must be investigated further. 

We have assumed pure Hubble flow throughout this discussion, while our results in Figures 4 

clearly show this to be an inadequate assumption. Perhaps we can use these results to correct 

our observed redshifts for peculiar motions, and iterate. Over the next year we hope to reconcile 

the reported large scale velocity fields to the IRAS gravity field. 

Current models of the nature of the dark matter pervading the Universe give definite predic- 

tions for the nature of the flowfleld on different scales. The convergence radius inferred for our 

data is consistent with the currently popular Cold Dark Matter model, for instance. 

Finally, we point out that we have perhaps the world's largest collection of spectroscopic 

data on the IRAS galaxies. We have just begun to study their emission-line properties, and hope 

to do detailed comparison with optically-selected samples of galaxies. A great deal of work lies 

ahead in digesting the mountains of data we have. The known systematic errors in the catalog 

appear to be treatable, and in a few month's time we hope to reduce the uncertainty in fl and to 

better understand the limitations of the data base. 
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ABSTRACT 

There is a dramatic impact of infra-red astronomy on the cepheid distance criterion: not 

only the effects of absorption and reddening are much lowered in H-band, but also those 

of chemical composition variations and temperature differences across the instability 

strip. 

The impact on the Tully-Fisher distance criterion is not so obvious. It is shown that 

the Malmquist bias and the cluster incompleteness bias, which have been underestimated 

or even ignored, are the predominant effects. 

1. INTRODUCTION 

An accurate determination of the extra~lalactic distance scale is needed in order to obtain: 

(I) a good determination of the expansion rate of the universe: the Hubble constant is one 

of the fundamental cosmological parameters and when compared to independent 

determinations of the age of the universe, it puts some constraints on the cosmological 

constant. 

(2) informations for deviations from uniform Hubble flow For instance, (i) the mass 

concentration in Virgo cluster exerts a gravitational influence on the motion of the Local 

group, (ii) the observation of the dipole anisotropy in the microwave background leads to 

important implications regarding the large-scale mass distribution in the universe. 

The accuracy needed is twofold. Firstly, we need a good linearity of the distance scale 

(particularly important for studying the velocity field) and secondly a good calibration 

which gives the accuracy on H o. 

At the time being, the various estimates of H o are in the range 50 - 100 km s-iMpc -I. 

It is widely assumed that the distance determinations suffer mostly from an uncertainty 
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on the  zero  poin t  a n d  t h a t  poss ible  n o n - l i n e a r i t i e s  a r e  sma l l  enough  so t h a t  the  i n d i v i d u a l  

distance determinations allow a good study of the kinematics of the nearby universe. 

The extragalactic distance scale is built on (at least) two steps, the so-called primary 

and secondary distance indicators. 

The primary calibration relies on individual stars which are well studied in our 

Galaxy and recognized in nearby ones. It is assumed that similar stars - whose 

similarity is recognized from directly observable parameters - have the same intrinsic 

luminosity wherever they are observed. The calibration of the intrinsic luminosity relies 

on stellar distances within our Galaxy. 

These primary indicators have generally sound physical basis, related to our good 

knowledge of stellar properties and evolution, but they fail at large distances (except for 

the supernovae), when individual stars are no more observable. 

A second kind of indicators is thus needed: they involve global properties of galaxies. 

They are calibrated from the properties of the previous sample whose distances have 

been obtained from primary calibration. Their physical basis are not so well understood, 

due to the limited knowledge of galaxies evolution, but they have a larger range, up to 

i00 Mpc. 

There have been mainly two different approaches: Sandage and Tammann have choosen 

at each step what seemed to be the best indicator, putting "all the eggs in the same 

basket", while de Vaucouleurs had preferred to spread the risks, using at each step the 

largest number of (rather) independent indicators. An extensive study of the various 

primary and secondary distance indicators, including their physical basis, their accuracy 

and a comparison of their advantages, is given by Rowan-Robinson (1986). 

2. PRIMARY CALIBRATION 

2 .1 .  T h e  v a r i o u s  c a l i b r a t o r s  

(I) The RR Lyrae variable stars are a good indicator, but due to their low luminosity, 

they are observable only in the Magellanic Clouds and, recently (Pritchett and van den 

Bergh, 1987a), in MSI. They provide a good check of the other indicators. 

(2) The novae are observable at larger distances, up to the Virgo cluster (Pritchett and 

van den Bergh, 1987b) and the theoretical understanding of their phenomenon is well 

improved. However, they show a large range in their observed properties. 

(5) The supernovae have the greatest potential, because they are observable at very 

large distances. In practice there remains much difficulties considering both their 

theoretical understanding and the calibration of their absolute magnitudes. There are two 

different approaches. The first one involves the applicaton of the Baade-Wesselink method 
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to type II supernovae. The main problem relies on the deviation from the black body 

radiation. The second approach relies on type I supernovae taken as standard candles. 

The criterion must be restricted to early type galaxies in order to avoid difficult 

extinction problems. However, their origin is still under debate and it appears that a 

significant fraction of them are of a peculiar nature, with different luminosity 

characteristics. 

(4) The cepheid variable stars are the most promising of the primary indicators: (i) 

they are rather luminous, (ii) the period-lurninosity-colour relation is on secure 

theoretical basis and (iii) considerable improvements are coming from near IR 

photometry. 

2 .2  T h e  i m p a c t  o f  IR a s t r o n o m y  o n  t h e  c e p h e i d  d i s t a n c e  c r i t e r i o n  

Much of the uncertainty in broad-band optical studies relies on the difficulty to account 

for the effects of interstellar extinction and chemical composition variations among 

cepheids in different galaxies. The main advantages in the near IR compared to the visible 

are the following: 

(!)  the effects of absorption and reddeninz are much lowered: the attenuation of 

starlight in the H-band is lower that in B-band by a factor of 6 

(2) U B V magnitudes and colours are relatively sensitive to chemical composition 

variations, due to the importance of stellar absorption lines in the blue part of the 

spectrum. These effects are drastically reduced at shorter wavelengths where the 

density of metallic absorption lines is low. 

(3) Temperature differences across the instability strip give rise to a finite 

m a g n i t u d e  w i d t h  in the (P,L) relation, at constant P. A three parameter (P,L,C) 

relation is thus needed to characterize the properties of an individual cepheid. It is not 

easy in the blue to disentangle this effect from differential extinction. Because the 

monochromatic flux is less sensitive to the temperature at longer wavelength, the width 

of the (P,L) relation at H is only one third of the width at B. In addition the amplitude of 

the lignt curve of an individual cepheid, which is due primarily to temperature 

variations is reduced in the IR', thus, random IR observations are competitive with 

time-averaged B-band photometry. 

The r.m.s, dispersion of the (P,L) relation among a sample of about 40 LMC cepheids, 

when using either random B, time-average B, random H or time-average H magnitudes is 

0.65, 0.46, 0.27 and 0.15 respectively (Me Gonegal et al., 1982). Welch et al. , (1985), using 

time-averaged H magnitudes obtained (~ = 0.19 for a sample of galactic, LMC and SMC 

cepheids. 

The technical limitation comes from the lack of spatial resolution. Due to the spatial 
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s w i t c h i n g  me thod ,  some II~ emiss ion  could a r i s e  f r o m  opt ical ly  f a in t  IR sou rces  in  each  of 

t he  --- 5" beams .  

An a l t e r n a t i v e  m e t h o d  uses  CCD detec tors  in  BVRI band  p h o t o m e t r y .  The b a c k g r o u n d  is 

s u b s t r a c t e d  b y  us ing  profi le  f i t t ing t echn iques ,  t h u s  r e m o v i n g  the  p rob l em of 

c o n t a m i n a t i o n  due  to the  chopping. However ,  t he  ex t inc t ion  h a s  to be cor rec ted ,  bu t  it is 

l o w e r  a t  I ( F r e e d m a n  et al. ,  1985). 

F u t u r e  p ro j ec t s  and  i m p r o v e m e n t s  are :  

(1) H-band  o b s e r v a t i o n s  w i t h  p a n o r a m i c  detectors ,  

(2) detect ion of n e w  cepheids  in n e a r b y  galaxies (see for  example  the  d i s c o v e r y  of 

cepheids  in M101 by  Cook et al. ,  1986), 

(3) a good c a l i b r a t i o n  of the  (P,L) r e l a t i on  f r o m  galactic cepheids.  The c a l i b r a t i o n  re l ies  

p r e s e n t l y  on the  t e c h n i q u e  of c l u s t e r  m a i n  sequence  f i t t ing a n d  t h u s  on the  d i s t ance  of 

the  Hyades. Cepheid p a r a l l a x e s  a r e  expected f r o m  the  ESO sate l l i te  HIPPARCOS. 

3. SECONDARY CALIBRATION 

The following relations are examples of secondary calibrators: 

-M = a log V m + b (I) 

-M = a log (I v + b (2) 

- M  = a A c + b (3)  

They  give the  abso lu te  m a g n i t u d e  of a ga laxy  as  a f unc t i on  of the  m a x i m u m  c i r c u l a r  

ve loc i ty  V m in  d isk  galaxies [ T u l l y - F i s h e r  r e l a t i on  (1)], of the  i n t e r n a l  ve loc i ty  d i spers ion  

a v in  bulge galaxies  [ F a b e r - J a c k s o n  r e l a t i on  (2)] or the  l u m i n o s i t y  index A c [de 

V a u c o u l e u r s  r e l a t i o n  (3)], w h i c h  applies for d i sk  galaxies.  The f i r s t  two  r e l a t i o n s  a r e  the  

express ion  of a m a s s  l u m i n o s i t y  r e l a t i on  and  all of t h e m  h a v e  the  genera l  s h a p e  

-M = a p + b (4) 

w h e r e  p is a d i r e c t l y  obse rvab le  p a r a m e t e r .  

It is g e n e r a l l y  cons idered  t h a t  the  T u l l y - F i s h e r  (1977), h e r e a f t e r  TF, r e l a t i o n  is the  

mos t  a ccu ra t e ,  w i t h  a d i spers ion  0.4 - 0.5 m a g  a t  g iven p = log Vm, and  t he  fol lowing 

d iscuss ion  w i l l  c o n c e n t r a t e  on it. 

3 , 1  C a l i b r a t i o n  of  t h e  TF r e l a t i o n ,  

The m a x i m u m  c i r c u l a r  v e l o c i t y  V m is deduced from the width of the 21-cm line 

observed in a galaxy seen as a point source by the radio telescope, after correcting for 
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incl inat ion ef fec ts  and  for n o n - c i r c u l a r  mot ions  w h i c h  tend to w i d e n  the line (Bottinelli et 

al.,  1983). This  las t  cor rec t ion  is con t rove r t ed  by some au tho r s .  

Two m a i n  s y s t e m  of m a g n i t u d e s  have  been used: the  BT° s y s t e m  of de Vaucou leu r s  

e t a l .  (1976) and  the  H_ 5 s y s t e m  of Aaronson  et al. (1979). The BT° magn i tudes  h a v e  the  

advan tage  of being total,  but  t hey  a re  sens i t ive  to ext inct ion effects;  on the  c o n t r a r y  the  

H_ 5 m a g n i t u d e s  a r e  not sens i t ive  to the  ext inct ion effects,  but  t h e y  a re  m e a s u r e d  w i t h i n  

an  a p e r t u r e  w h i c h  is one t h i r d  of the  b l u e  pho tomet r i c  d i a me t e r  a25. This h a s  two  

consequences:  f i r s t l y ,  t hey  do not m e a s u r e  the  s a m e  f rac t ion  of the  total light, depending 

on the bulge to disk  ratio,  and  secondly t h e y  involve  B-band  d iamete r s ,  w h i c h  a re  

subjec t  to light ext inct ion.  For these  r easons ,  l - b a n d  s tudies  a r e  being developed as an 

a l t e r n a t i v e  (Bothun and  Mould, t986). 

The c a l i b r a t i o n  of the  TF re la t ion  needs  the  d e t e r m i n a t i o n  of 2 p a r a m e t e r s ,  the  slope 

a, using e i the r  local ca l ib ra tors ,  or c lus te r  data  or k inema t i c  dis tances,  and the  zero 

point, b, w h i c h  is d e t e r m i n e d  f rom local ca l ib ra to rs .  

3 . 2 .  P r o b l e m s  u n d e r  d i s c u s s i o n  

(I) The slope depends on the system of magnitudes and also, to a smaller extent, to the 

system of line-widths, corrected or not for non-circular motions. It is in the range of 6 

at B and 10 at  H.. This s teeper  va lue  in H-band  w e a k e n s  the  a c c u r a c y  of the  method,  

because it r e f l ec t s  m o r e  wide ly  on the magn i tude  the  e r r o r s  on log V m. 

(2) It has  been suggested tha t  the  slope a n d / o r  the  z e r o  point could depend on the  s a l a x y  

t y p e ,  The p romis ing  method of "sosie" galaxies, in t roduced  by  Pa ture l  (1984), ove rcomes  

these  p rob lems  

(3) Because w e  a r e  dealing w i t h  magn i tude  l imited samples ,  these  samples  a r e  sub jec t  to 

a M a l m q u i s t  b i a s ,  w h i c h  has  been gene ra l ly  u n d e r e s t i m a t e d  

4.  M A L M O U I S T  AND CLUSTER INCOMPLETENESS BIAS IN TF RELATION. 

4 . 1  F i e l d  s a l a x i e s .  

4 . 1 . 1 .  T h e  M e t h o d .  

The bias arising when determining distances from a magnitude linited sample using 

relation (4) has been studied by Teerikorpi (1984). Its main properties can be understood 

f r o m  fig. 1. 
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Fi6ure I: (a) only the galaxies more luminous than the absolute limiting magnitude M I, i.e. above the 

limiting curve, are observed; the more distant the galaxy, the more severe the cut-off. For a given 

v a l u e  of p, the  l u m i n o s i t y  f u n c t i o n  is m o r e  s e v e r e l y  cu t  a t  the  l a r g e r  d i s tance ;  (b)  for  a c l a s s  of l o w e r  

l u m i n o s i t y  ga l~xles ,  c h a r a c t e r i z e d  by p '<p ,  t he  b ias ,  a t  t he  s a m e  d i s t ance ,  is l a r g e r .  

We consider first a class of galaxies characterized by se same value of p = log V m. 

Through the TF relation their mean absolute magnitue IMp is kno%vn (-IMp = a p + b) and 

the individual magnitudes are distributed around Mp. We assume this distribution to be 

gaussian, with dispersion gMp' If the sample is cut at the apparent limiting magnitude 

ml, it results an absolute limiting magnitude at distance d, Ml(d) = m I -5 log d - 25. 

When d increases Ml(d) becomes brighter, the mean absolute magnitude <M> of the 

sample selected becomes more luminous and the bias AM d = -(<M>-M(d)) increases. For 

a larger m I the limiting absolute magnitude is less luminous and the bias is smaller. 

If 2 different samples of galaxies, characterized by p and p' (p'<p) are considered, it is a 

easily seen that the bias is stronger for the p' class, ~vhich is the less luminous. Thus: 
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- a t  g i v e n  m I a n d  s i r e n  p,  t h e  b i a s  i n c r e a s e s  w i t h  t h e  d i s t a n c e  

- a t  g i v e n  m I a n d  d i s t a n c e ,  t h e  b i a s  i s  s t r o n g e r  f o r  s m a l l e r  p 

- a t  g i v e n  p a n d  d i s t a n c e ,  t h e  b i a s  i s  s m a l l e r  f o r  l a r g e r  m 1, 

The shapes of the bias curves are shown in fig 2 

Figure 2:3 bias curves, obtained for 3 dilferent values of parameter p, "~'ith pl < p2< P3, are 

represented; the other parameters, m I and oMp are the same. 

- For a given class of galaxies (p) the bias is negligeable up to a threshold and then it 

increases with distance 

-The threshold depends on p: it is larger for larger p 

- When considering a sample of galaxies with all p, it results a cloud of points, 

distributed around the various curves and the remaining plateau is the smallest one. As 

a consequence, the bias is not conspicuous. 

In order to overcome these problems, Bottinelli et al. (1986a> have introduced the concept 

of n o r m a l i z e d  d i s t a n c e :  

d' = d x dex[-0.2a(2.7 - log Vm] 

where d is the kinematic distance, which is an unbiased estimate of the distance. At 

same d', all galaxies with different p suffer from the same amount of bias, if all these 

subsamples are characterized by same m I and O'Mp. All the plateau data are also selected. 

4. I. 2 Results. 

This method has been applied to B-band TF distances, with line widths corrected for 

non-clrcular motions (Bottinelli et al., 1986a) and to H-band TF relation with 

non-corrected line widths (Bottinelli et al, 1987b). The main results are the following: 
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Figure 3:  H vs. normalized distance rot (a) the B-band sample, cur+ at the limiting magnitude BT ° = 12 and 

(b) the H-band sample, cut, at, the timting magnitude H 5 = 10. 
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- both samples  a r e  affected by a s t rong  bias <Fig 3) 

- the p la teau data  give a mean  va lue  of the Hubble constant ,  in de Vaucou leu r s  local 

scale, H o = (72 + 3) k m  s -1 Mpc -1 in both B-band  and H-band, w h i c h  is s ign i f ican t ly  

d i f f e ren t  f r o m  the  va lues  of H o p rev ious ly  de t e rmined  f rom s imi la r  s a mp l e s  (de 

Vaucou leu r s  e t a l , ,  1981, Aaronson and  Mould, 198S) 

4 . 1 . 3 .  D i s c u s s / o n .  

Giraud (1985) claims that he has brought to light a type effect in the zero point of the 

TF relat ion.  When  plotting H agains t  k inema t i c  distance,  he f inds  a segregat ion of the  

morphological  types:  at  a given dis tance,  H is l a rger  on the m e a n  for late type (Scd, Sd) 

galaxies t h a n  for  e a r l y  type ones (Sab, Sb). In fact,  this  has  nothing to do w i t h  a type 

effect,  but  is ac tua l ly  expected f r o m  the  bias, because late type galaxies are ,  on the 

mean ,  less l uminous  than  e a r l y  type  ones and t h u s  expec t ed  to su f fe r  f rom a l a rge r  bias. 

(Bottinelli e t a l . ,  1986b). Moreover,  th i s  so-cal led  type  effect is not conspicuous in H-band  

data;  it should h o w e v e r  not be concluded tha t  th is  has  someth ing  to do w i t h  a be t te r  

qua l i ty  of the  H-band  data. This comes essen t ia l ly  f r o m  the  const i tu t ion of the  samples  

(fig. 4) w h e r e  the  l imit ing magn i tude  is l a rger  for low luminos i ty  galaxies ( smal l  p). 

Thus  the t w o  d i f f e r en t  effects,  of m I and  p r e s p e c t i v e l y ,  on the resu l t ing  bias compensa t e  

each o ther  

Some a u t h o r s  ( T a m m a n n ,  1986; fi iraud, 1986) have  considered the bias a r i s ing  in the 

who le  sample  ( including all p) w i t h o u t  a n y  normal iza t ion ;  it has  been seen p rev ious ly  

tha t  the bias is m u c h  difficult  to put  in evidence and tha t  the unbiased da ta  a r e  not so 

easi ly  recognized. Moreover,  f i i raud has  t r ied  to compute  the expected bias , he comes to 

the conclusion tha t  t he re  r e m a i n s  an  i n t r i n s i n c  inc rease  of H w i t h  k inemat i c  d is tance  

a f t e r  cor rec t ing  the  bias, w h i c h  should explain only  one t h i r d  of the effect. In fact  th is  

me thod  is a s tep  b a c k w a r d  in compar i son  to the  me thod  using the normal ized  d is tance  

and  rel ies  on a s t rong  a s s u m p t i o n  concern ing  the  luminos i ty  funct ion.  The sepa ra t e  

curves of fig. 2 indicate  h o w  galaxies in d i f f e r en t  logV m in t e rva l s  populate the d iagram.  

In o rde r  to calculate  the average  dependence  of the  biased H on d one m u s t  k n o w  h o w  

c r o w d e d  each  c u r v e  is by galaxies. The expected bias depends  on the m e a n  absolute  

magni tude  and ¢~M of the  global l uminos i ty  func t ion  of galaxies, w h i c h  is a s s u me d  to be 

gaussian.  When  dealing w i t h  a s u b s a m p l e  of galaxies w i t h  s a m e  va lue  of IogVm, the  

m e a n  unbiased absolute  magn i tude  of the  sample  is k n o w n  f rom t h e  TF relat ion.  It is not 

the case here ,  w h e r e  it is d e t e r m i n e d  by Giraud f r o m  a p p a r e n t  magni tudes  and ( b i a s e d  

!) dis tances.  Moreover  the choice of the l imit ing magni tude ,  on w h i c h  the bias is s t rong ly  

dependent ,  ha s  not been discussed,  by  G i r a u d  For all these  reasons ,  it is difficult  to give 

a n y  credit  to h is  conclusions. 
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4 . 1 . 4  Conclusions 

The main conclusions are thus the following: 

(i) the bias is the predominant effect. It is much more important than the compared 

accuracies of BT ° or H_.5 magnitudes or the effects of non circular motions. 

(2) the bias does not depend only or predominantly on the observed dispersion of the 

relation but also strongly on the limiting magnitude of the sample. It results that, 

contrary to a common statement, when comparing different distance criteria, the best 

one is not necessaryly characterized by the smallest scatter and the bias at a given 

distance is not necessaryly stronger for a criterion with larger dispersion 

(3) Is the determination H o = 72 + ~ in de Vaucouleurs primary calibration only local 

(because of possible local motions) or global ? There are two ways for answering this 

question. The first one is to increase the sample, thus m I and the plateau threshold. The 

second relies on cluster data. 

4 .2 .  Cluster incompleteness bias. 

Contrary to a general statement, a bias is also expected within a cluster. 

4 . 2 . 1  M e t h o d .  

The bias arising when determining distances from a magnitude limited sample of galaxies 

within a cluster, using relation (4), has been studied by Teerikorpi (1987). It is 

illustrated in fig. 5. The bias expected at small p is larger because the luminosity function 

of galaxies with same value of p is more severely cut. A bias decreasing with increasing 

p and negligeable at large p (plateau region) is thus expected. 

4.2.2. Results. 

The bias arising in a sample of iO clusters with velocities ranging from 4000 to 11 000 km 

s -I plus Virgo cluster has been studied both in B-band and in H-band (Bottinelli et al., 

1987 a, b). A normalized log V m taking into account the clusters distances and limiting 

magnitudes has been used in order to put all the cluster data together. The data (fig. 6) 

shows clearly the trend expected. The plateau data in B-band lead to H 0 = 73 + 4 in de 

Vaucouleurs primary calibration, adopting an infall velocity of 220 krn s -I for the Local 

group. This result is in remarkable agreement with the value obtained from the field 
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Figure 5: apparent magnitude vs p = log Vxn diagram in a cluster having a distance modulus m and 

observed up to a limiting magnitude m I (hatched line) The straight line stands for the TF relation. It *s 

seen that the luminosity function is more severely cut at Plthan at P2 (Pl < P2) 

sample. The limiting magnitude of the H_.5 sample is bright, leading to a very small 

number of plateau data. Using a sample of 19 galaxies including biased data near the 

threshold and an iterative method for computing the bias, a similar value of H o is 

obtained, in the range 70 - 75. 
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Figure 6: H vs. normalized log V m for I0 clusters. The Virgo cluster points (*} have been added, 

adopting an infall velocity of the Local group equal to 220 km s -I. 
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5. CONCLUSIONS 

(i) The impact of IR data on the primary calibration is quite obvious. The same 

conclusion does not apply to the TF secondary calibration, where the effect of the 

Malmquist bias and the cluster population incompleteness bias have been strongly 

underestimated or even ignored. 

What we need before all, are large samples which are complete up to a large limiting 

magnitude. Under this respect the BT° system is presently the best one. 

(2) As a general comment, any physical property obtained statistically from a biased 

sample must be considered with great care. Examples are: 

- type effect in TF relation (in fact a differential Malmquist bias) 

particular physical properties of cluster galaxies giving a different slope of the TF 

relation (the cluster population incompleteness bias predicts a shallower slope) 

- all the kinematic studies performed with biased distances (de Vaucouleurs and Peters, 

1986; Aaronson et al., ]986). 

REFERENCES 

Aaronson, M., Bothun, G., Mould, J., Schommer, R.A., Cornell, M.E., 1986 Astrophys. 

J. 312, 536 

Aaronson, M., Huchra, J., Mould, J., 1979, Astrophys. J. 229, i 

Aaronson, M., Mould, J., 1983, Astrophy~_. J. 265, 17 

Bothun, G.D., Mould, J., 1986, Astrophys. J. 313, 629 

Bottinelli, L., Gouguenheim, L., Paturel, G., de Vaucouleurs, G., 1983, Astron. 

Astrophys. 118, 4 

Bottinelli, L., Gouguenheim, L., Paturel, G., Teerikorpi, P., 1986a, Astron. 

Astrophys. 156, 157 

Bottinelli, L., Gouguenheim, L., Paturel, G., Teerikorpi, P., 1986b, Astron. 

Astrophys. 166, 393 

Bottinelli, L. Fouqu~, P., Gouguenheim, L., Paturel, G., Teerikorpi, P., 1987a, 

Astron. Astrophys. 181, I 

Bottinelli, L., Gouguenheim, L., Teerikorpi, P., 1987b, Astron. Astrophys, submitted 

Cook, H.K., Aaronson, M., lllingworth, G., 1986, Astrophys. J, 301, L45 

De Vaucouleurs, G., de Vaucouleurs, A., Corwin, H., 1976, Second Reference 

Catalog of Bright Galaxies, University of Texas Press (RC2) 

De Vaucouleurs, G., Peters, W.L., Bottinelli, L., Gouguenheim, L., Paturel, G., 

1981, Astrophys. J. 248, 408 



383 

De Vaucouleurs, G., Peters, W.L., 1986, Astrophys. J. 303, 19 

Freedman, W L ~  Grieve, G.R, Madore, B.F., 1985, Astrophys. J Suppl Set. 59, 

311 

Giraud, E., 1985, Astron. Astrophys. 153,125 

Giraud, E., 1986, Astron. Astrophys. 1.74, 23 

Mc Gonegal, R,, Mc Laren, R.A., Mc Alary, C.W., Madore, B.F., 1982, Astrophys. J., 

257, L33 

Pature], G., 1984, Astrophys. J. 282, 582 

Pritchett, C.J., van den Bergh, S., 1987a, Astrophys. J. 31&, 517 

Pritchett, C. J, van den Bergh, S., 1987b, Astrophys. J 318, 507 

Rowan-Robinson M., 1986, The Extragalactic Distance Ladder W.H. Freeman and Co. 

Tammann, G. A., 1986, IAU Syrup. n ° 124, p. 151 

Teerikorpi, P., 1984, Astron. Astrophys. 141, 407 

Teerikorpi, P., 1987, Astron. Astrophys. 173, 39 

Tully, R.B., FisherJ.R., 1977, Astron. Astrophys. 54, 661 

Welch, D.L., Mc Alary, C.W., Mc Laren, R.A., Madore, B.F., 1985, in "Cepheids, 

Theory and Observafions", ed. B.F. Madore, Cambrige Univ. press 



C O N F E R E N C E  S U M M A R Y  

Martin Harwit 

Astronomy Department 

Cornell University 

Ithaca, New York 14853-6801 

and 

National Air and Space Museum, Washington, D.C. 20560 

A B S T R A C T  

To do justice to so many interesting contributions, both in the form of papers presented as talks 

and posters represented only by titles in these proceedings, will be difficult. Rather than attempt- 

ing to list contributions from the individual areas in a representative fashion, I will attempt to 

see how a few of the striking contributions fit into, or alter, our views on major questions we have 

been trying to answer during the past few decades - questions dealing with the structure and 

evolution of the universe, the formation of galaxies and stars, and the origins of the solar system, 

in short everything from Comets to Cosmology - though I will reverse the order, starting here 

with cosmological questions and ending up with comets, or rather with zodiacal dust. 

1. I N T R O D U C T I O N  

Joseph Silk and George Efstathiou in their papers pointed to what may be the most fundamentally 

pressing cosmological problem to which observations almost assuredly will provide answers, if we 

only work hard enough. It concerns the formation of galaxies, clusters and other large-scale 

condensations in the universe. Of course, there are many other cosmological problems of equal 

interest, particularly questions relating to the very earliest epochs. But it is not as clear there 

how those can ultimately be tackled through observations. 

The problem of large-scale condensations in this: The isotropy of the microwave background 

does not seem to allow significant condensations to have occurred before the era during which 

radiation decoupled from matter, in a standard expanding cosmological model. At least these 

isotropy observations don't permit radiation to have significantly coupled to such condensations. 

Otherwise, the microwave background radiation would show greater spatial fluctuations. 

In order to make headway, one then postulates conditions in the early universe, consistent 

with the uniformity of the background, but able to evolve into the structures seen today. So 

far such models are n o t  entirely successful. If and when they succeed, they also may turn out 

not to be unique. But ultimately they may provide us with a hint about the makeup of the 

early universe, and we might then be able to apply physical arguments to decide whether or 

how such a cosmological model might make sense. To do that, however, we will need to make 

further observations with the Cosmic Microwave Background Explorer (COBE) and with a whole 
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series of other future facilities, particularly the Infrared Space Observatory (ISO) and the Space 

Infrared Telescope Facility (SIRTF) - for, much of the information needed can be sought only 

through sensitive infrared observations. Such observations include number counts and statistical 

approaches such as those described at this meeting, by Davis, Houck, Longair, Rowan-Robinson 

and de Zotti, on behalf of their co-authors. 

2. T H E  B A C K G R O U N D  R A D I A T I O N  

Matsumeto (these proceedings) has noted a background radiation feature at 2#m which he at- 

tributes to redshifted Ly-a radiation, possibly from early stages of galaxy formation at z ~, 20. 

He and Paul Richards (also these proceedings) similarly refer to an excess submillimeter flux in 

bands at 15 and 22 cm -1 comprising roughly 10 percent of the total microwave energy density. 

We take these two background fluxes up in turn. It is interesting to see the extent to which such 

fluxes put a strain on plausible sources of energy in the universe: 

1) The background due to young galaxies was studied by Partridge and Peebles (1967). If an 

amount of energy Ae is generated at red shift, z, in what today is measured as a unit volume, then 

today's radiation energy density will be Ae/( l+z)  and the integr~tted flux-crossing unit surface 

per solid angle will be 
e A~ 

[ _ _ _ - -  
4~ (1 + z) 

Taking today's baryonic mass density to be po, a fraction f = Ae/poc2~7 = 4r i (1  + z)/pc3r7 
of the mass density would have had to be converted into radiation at epoch z, to provide the 

observed flux, provided the mass was converted into energy with efficiency 17. Let po correspond 

to 12 = 0.1 where 12 is the baryonic density in units of the closure density 3H2/8rG, where G is 

the gravitational constant, and H = 75 km/sec Mpc = 2.5xl0-1asec -1. Then po ~ 10-3°g cm -3. 

For hydrogen-to-helium conversion r /=  7x10 -3. We can then write 

fpo~C s 
I =  

4~'(1 + z) 

3 H2 f12r/c 3 

32~r2G(1 + z) 
(1 + z) ~ r/ erg cm-2sr- l sec  -1 

and 

I c m - 2 $ r  ~ 1sec -1  

For (1 + z) ~ 20 as Matsumato's curves suggests for the 2#m flux which they give as 

5 × lO-Serg cm-2sr- lsec  -1,  

/ = 5 X 1 0  -5 ~ ~-~ ~ ~ erg cm-2sr- l sec  -1 

2) If the FIR flux has been redshifted by a factor ( l+z )~  10 from 60 to 600 #m and we have 

one-tenth the integrated microwave flux in this component, then 
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)( ,o ) 
0.1 = 10-4erg -2 cm-2sr -1 = 10 -4 ~ ~ 

From these two estimates we see that roughly one-fifth the helium believed to have been 

formed by now, namely about 5% of the hydrogen mass, could have sufficed to produce either 

flux provided 12 is as high as 0.1. If it is less, f would have to correspondingly rise. 

That would be true if the heating had been produced indirectly through inverse Compton 

scatter as well, as long as the ultimate source of energy was hydrogen-to-helium conversion. 

Production at a more recent epoch (l+z) < 10 would also alleviate the difficulty of accounting 

for so much energy. Annihilation of matter in the formation of recent black holes could also help, 

since then 77 can be of order 10% instead of 7 x 10 -3. The distortion of the submillimeter spectrum, 

however, cannot have been produced at decoupling since the efficiency of thermalization then was 

high. 

We see then that if either or both of these fluxes are cosmological - a question which, 

as Stefan Price pointed out in discussion, is not clear, since the near-infrared flux conceivably 

could still somehow be caused by zodiacal dust scatter or emission - the helium content of the 

cosmos needs to be re-evaluated. The standard cosmological models suggest that ~24% of the 

hydrogen was converted into helium during primordial times. That appears reasonably consistent 

with observations of the atmospheres of early stars, though admittedly such measurements are 

difficult. If as much as another 10% of the hydrogen had been converted into helium since then, 

could we have failed to notice it, could it still be bottled up in low-mass stars, or would it have 

been returned to the interstellar medium by massive evolved stars? 

It is too early to tell, but we do know that stars have been shining for a long time; and that 

energy must now be contributing to a background flux at some wavelengths, perhaps precisely 

where Matsumoto and Richards were telling us. 

3. E X T R E M E L Y  L U M I N O U S  F A R - I N F R A R E D  S O U R C E S  (ELFS)  

A number of traits seem common to extragalactic sources whose 60#m luminosities exceed 101 ~ Lo" 

a) They predominantly appear to be colliding or at least peculiar looking sources. 

b) Their optical luminosities often are orders of magnitude below the FIR luminosities. 

c) Their radio fluxes are proportional to the FIR fluxes and the proportionality ratio is the 

same as for galaxies of far lower luminosities and comparable to that of HII complexes. 

d) Their molecular hydrogen contents are high ~ 10 l° M®, both as judged from CO, 2.6 mm 

data and from dust emission at millimeter wavelengths (Young et aL, 1986; Krt~gel et al., 1987). 

e) The infrared emission, at least at 10 and 25/zm where it can be spatially better resolved 

through ground-based observations (of Becklin's contributions in these proceedings) tends to come 

from the center of the sources. That appears to be true of the CO emission and hence the H2 

concentration as well. The regions in question are perhaps _< 1 kpc in diameter, though reliable 

data exits for only a few of the brighter sources (Becklin and Wynn-Willia~s, 1987; Scoville et 

al., 1986). 
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f) The luminosity function of these sources is known and drops steeply from 1011 toward 

1013 L o. 

Other frequent, but less consistent traits, have been summarized by Harwit et aL (1987). 

Four different models have been proposed to account for the ELFS: 

1) Those who emphasize the remarkable consistency of trait (c) argue that one is dealing 

with star formation on a very massive scale; and these views are so widely accepted that the 

ELFS are often indiscriminately called starburst galaxies. 

2) Those who note the extreme compactness of the emitting region and its central location 

have argued that an active nuclear source must play a role. Trait (b) might be consistent with 

that as well. 

3) Finally, a view Harwit et al. (1987) have argued emphasizes traits (a), (b), (d) and (e) 

and insist that collisions and high gas content must be given primacy, because ELFS without 

collisions and the presence of gas do not appear to exist. 

4) Finally Burbidge (these proceedings) has argued for a model composed of a highly dense 

aggregate of 7/ Carinae-like stars. 

Quantitatively these views lead to the following concerns. 

1) Star formation in colliding galaxies is possible, and perhaps is an efficient converter of mass 

into energy. The sources can persist, and in fact must persist for many millions of years; but 

the luminosity function of stars must then be quite different from that in well-studied galaxies. 

Since L ~ 1011 to 10 ~= L O and M ~ Mg=8 ~ 10 l° M®, the mass-to-luminosity ratio typically 

needs to be ~ 100, which is very difficult to explain, though Beichman (this meeting) suggests, 

L/M ~ 10 --~ 25 is characteristic of the most massive molecular clouds. In addition, the stars are 

sufficiently long-lived and because of their required mass and luminosity would produce sufficiently 

strong stellar winds, that one would expect any enshrounding dust to be blown away before the 

stars ceased to shine. Where then is the missing optical luminosity (trait (b)) one would expect? 

Moreover, with as much gas as is seen in these sources now, even more gas must originally have 

been present from which the stars formed. That seems far-fetched. 

2) The argument for a central active source is plausible, but if traits (a) and (d) are to be 

incorporated, the active nucleus, presumabIy a black hole, needs to be fed by in-falling gas. 

Two points need to be made about this model. First, the luminosity is strongly dominated by 

the mass of the black hole, since the gaseous disk at the center of the approaching galaxy probably 

has quite normal density. The luminosity function for ELFS, which is very steep, should then 

reflect the mass distribution of the black holes in normal galaxies - a distribution currently not 

known. Second, this model also fails to explain the high correlation between luminosity and gas 

content, since primarily gas density rather than mass is crucial. 

3) The collisional model attributes the observed luminosity to the dissipation of kinetic energy 

of colliding gas masses. Harwit et hi. (1987) have shown that the peak-observed luminosities can 

be generated that way, and Harwit and Fuller (1987) have shown that the luminosity function 

can be surprisingly well filled with a model of two colliding disks. This, perhaps, is the model's 

greatest strength, as well as the circumstance that any collision of two gas-rich galaxies requires 

the dissipation of kinetic energy as a minimal requirement. One might argue, therefore, that the 
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dissipative model  should at the very least be a feature of models (1) and (2) as well as being 

possible in isolation. 

Two fur ther  points can be made. First,  Model 3 is less efficient in producing energy than 

Model 2 since the  entire gaseous disk kinetic energy must be dissipated to produce the highest 

observed luminosities, while only a fraction of the gas in Model 2 needs to fall into the active 

center. Second, it is possible that  only one galaxy needs to be gas-rich in Models 1 and 3 - as well 

as in Model 2. In Models 1 and 3, gas can collide with itself in the accretion wake of a nucleus 

and rather  high densities and energy dissipation could arise there without  the requirement of 

indigenous gas in both galaxies. 

4) Model 4 requires further investigation. Too little is known of the circumstances that  lead 

to the format ion of objects like 7? Carinae. 

4. R A D I O  A N D  I N F R A R E D  E M I S S I O N  F R O M  I N T E R S T E L L A R  D U S T  

Broadbent,  Haslam and Osborne told us about  the remarkable similarity of maps obtained at 

11 cm radio and 60 # m  infrared wavelengths. So strong is that  similarity that  deviations from 

it in the form of highly intense radio spots apparently can be reliably identified with supernova 

remnants.  Recognit ion that  the infrared and radio fluxes generally are proport ional  to each other  

in Galactic sources dates back to papers of the early 1970s, as exemplified by the work of Harper 

and Low (1971). More recently such authors as Boulanger,  Perault  and Puget  have done a great  

deal of work along these lines, but  a clear-cut rat ionale for the relationship, which appears to 

hold for a wide range of luminosities in extragalactic sources as well, is still wanting. 

In this connection it may be worth reconsidering an old idea proposed by Hoyle and Wick- 

ramasinghe which runs something like this. In equilibrium: 

mrZw ~ ~ kT 

from which we obtain 

= 2-~ = 2--~ \ m r  2 ] ~. 2.6x10 g - -  Hz 

corresponding to a 11 cm wavelength. Here w is the radial frequency and u the rotat ion frequency, 

while m is the grain 's  mass and k the Bol tzmann constant.  If the grain has a dipole moment  d = 

~er, where r / <  1, r is the radius and e is the electron charge, then the grain radiates a power 

I ( l l c m )  ~ 2 I c] 12 2 2e2r2w4c_3 4x10_24r/2erg sec-  1 

At this meeting,  Puget  told us to expect 2.4x10 -2°  erg sec -1 to be emit ted in the infrared, per 

carbon atom, or for a polyaromatic hydrocarbon molecule with mass I0 -21 g, an emission of 

roughly 10 - i s  erg sec -1 . Hence, the expected rat io of inf rared- to-radio  emission for such grains 

might be 

x ( 6 0 , m ) / I ( l k m )  ~ 2.5x10% -~ 

where, as already noted rl < 1. The actual ratio from Broadbent ,  Haslam and Osborne's  data  is 

[uF(v)]6o~,m / [ v F ( v ) ] l l c m  ~ 6x10 s 
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which is rather close to what the model of small grians with reasonable dipole moments predicts. 

Such dipole moments are quite likely to exist because the attachment of a single metal atom or 

halogen atom to a hydrocarbon molecule is quite likely to produce significant displacement of 

charges and result in a dipole moment of the required order. 

The reports, at this meeting by Deul that the emission ratio at 60#m/100tzm is often enhanced 

in regions where 21-cm hydrogen line widths are broad, suggests that grains in those regions 

are heated, at least in part, by the gas rather than by starlight. If grain temperature is the 

only criterion determining the ratio of infrared-to-radio emission, constancy for that ratio for all 

regions of one and the same color temperature would be a sign in favor of this emission model, but 

the ratio of infrared-to-radio emission could vary somewhat as the color temperature changed. 

The radio emission then would rise roughly as T 2. In all this, however, spectral data will also 

be required since some of the far-infrared emission may well be contributed by [OI] emission at 

631zm, [OIII I emission at 52 and 88~m and so forth (Harwit, Houck and Stacey, 1986). 

5. P E R S O N A L  R E C O L L E C T I O N S  

This meeting and its particular emphasis on certain topics has brought back a number of memories 

dating back more than 20 years; and it may be of some interest to cite them just to see how far 

we have come. The first day of our meeting dealt largely with the zodiacal dust cloud and how 

to model it: In particular, IRAS had mapped the zodiacal emission in a relatively narrow range 

of elongation angles, in order to see how the computed emission could be subtracted from the 

observeed emission, if one wished to recover information on the diffuse Galacti~ and extragalactic 

flUX. 

Here, it was a pleasure to see that the mid-infrared data obtained by Soifer, Houck and 

Harwit in 1971 agree so well with IRAS and other modern data - as summarized, for example, 

by Salama et al. (1987). Those observations were obtained with the first successfully flown, 

rocket-borne, liquid-helium-cooled telescope - the culmination of about seven years of rather 

difficult work in which a number of us had invented and successively built (of Harwit, Houck and 

Fuhrmann, 1969), a series of gradually improving designs, the forerunners of the cooled telescopes 

we now take for granted, IRAS, ISO, SIRTF, and so on. With the same rocket telescope, Judy 

Pipher, also at Cornell, observed the diffuse Galactic emission at one elongation from the Galactic 

center; and that value (Pipher, 1973) also is consistent with modern data. I mention this only 

because both these observations were largely ignored at the time, mainly, I believe, because there 

were no other experiments which could independently verify them. 

Similarly ignored, though for somewhat different reasons perhaps, was a paper prepared for 

the Liege symposium of 1963 and published in its proceedings (Harwit, 1964). There I had tried 

to provide a first model for the emission to be observed from the zodiacal dust cloud. And even 

though I took too low a value for the emissivity of grains - a failing that first became apparent 

through the Soifer et al. 1987 rocket observations which showed the grains to be very dark - I was 

able to show that the zodiacal emission would make any other, fainter, diffuse glow rather difficult 

to untangle, and would perhaps be an ultimate limitation on efforts of that kind. That prediction 

seems to be borne out now at this meeting; but at the time, 24 years ago, nobody really cared: 
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Since far-infrared astronomical observations didn't  even exist, why should one worry about what 

would ultimately limit them? It didn ' t  make too much sense to worry about such matters.  

Perhaps the lesson to be learned from all this - if there is any lesson there at all - is that  

scientific work needs to be not only right, if it is to be appreciated. It also needs to be done at a 

time when an appreciative set of colleagues can make use of it. 

A C K N O W L E D G E M E N T S  

It is a pleasure to acknowledge partial  support from this meeting's sponsors to defray expenses to 

attend the meeting. My research has been supported by NASA/JPL Contract 957701 and NASA 

grant NAGW-761. 

Refe rences  

Becklin, E. E. and Wynn-Williams, G. C., "Star Formation in Galaxies," ed. C. Persson, U.S. 

Government Printing Office, Washington, D.C., 1987. 

Harper, D. A. and Low, F. J., Astrophys. J., 165, L9 (1971). 

Harwit, M., Congress + Coll. de l'Universit~ de Liege, 26, 506 (1964). 

Harwit, M., Houck, J. R. and Stacey, G. J., Nature, 319, 646 (1986). 

Harwit, M. et al., Astrophys. J. 315, 2a (1987). 

Harwit, M. and Fuller, C. (1987), submitted to Astrophys. J. 

Harwit, M., Houck, J. R., and Fuhrmann, K., Applied Optics, 8, 473 (1969). 

Krfigel, E., Chini, R., Kreysa, E. and Sherwood, W., "Mm-Observations of Markarian Galaxies," 

to be published, A. A. (1987). 

Partridge, R. B. and Peebles, P. J. E. (1967) Ap. J., 148, 377. 

Pipher, J., I.A.U. Symposium ~52 (1973). 

Salama, A., et al., Astrophys. J., 92,467 (1987). 

Scoville, N. J. et al., Astrophys. J., 311, L47 (1986). 

Soifer, B. T., Houck, J. R. and Harwit, M., Astrophys. J., 168, L73 (1971). 

Wickramasinghe, N. C. and Hoyle, F., Nature, 227,473 (1970). 

Young, J. et al., (1986), Astrophys. J., 311, L17. 



P O S T E R  P A P E R S  

D . K .  A i t k e n ,  C .H .  S m i t h ,  and  S. J a m e s .  Arp 220 and NGC 6240 : active nuclei with a 
starburst  component. 

L .G.  Ba lazs  a n d  M.  K u n .  Sequential star formation in Cep OB2. 

P .Be l fo r t ,  R . M o e h k o v i t c h ,  and  M . D e n n e f e l d .  IRAS galaxies and starburst events. 

F . B e r r i l l i ,  C .Cecca re l l i ,  D . L o r e n z e t t i ,  P . S a r a c e n o ,  and  L .Sp inog l io .  IRAS observations 
of HI[ exciting sources. 

C . B i r k e t t ,  A . F i t z s i m m o n s ,  and  I . P . W i l l l a m s .  Near nucleus dust studies in Comet Halley. 

M . F . B o d e ,  E . R . S e a q u l s t ,  D .Fra i l ,  J . A . R o b e r t s ,  D . C . B . W h i t t e t ,  A . E . E v a n s ,  a n d  
J . S . A l b i n s o n .  Extended far-infrared emission around the old nova GK Persei. 

L .Bo t t i ne l l i .  Neutral and molecular gas in IRAS galaxies. 

L . B o t t l n e l l i ,  M . D e n n e f e l d ,  L . G o u g e n h e i m ,  A.M.Le  Squeren ,  J . M . M a r t i n ,  and  
G . P a t u r e l .  HI, Oi[-18 cm and Continuum study of IRAS luminous galaxies. 

K . B r i n k .  Far-infrared radiation from optically bright galaxies. 

D . P . C a r i c o ,  D .B .  S a n d e r s ,  B .T .  Soifer ,  J . H . E l i a s ,  K . M a t h e w s ,  and  G. N e u g e b a u e r .  
The IRAS Bright Galaxy Sample III  : 1-10#m observations and co-added IRAS data for galaxies 
with LxR > 1011L®. 

F . C a s o l i ,  C h . D u p r a z ,  and  M . G e r i n .  Dynamically induced star bursts in interacting galaxies. 

T . C h e s t e r .  The search for brown dwarfs in the IRAS data base. 

J . T . C l a r k e .  Near-infrared instruments for the Hubble Space Telescope. 

R . G . C l o w e s  et  al.  A north-south comparison of extragalactic IRAS point sources. 

M . J . C o e ,  L . B a s s a n i ,  N . M a n d o l e s i ,  L .Sp inog l io ,  and  B . P a r t r i d g e .  1652+395 - a previ- 
ously unidentified faint galaxy ? 

R . J . C o h e n ,  E .E .Baa r t~  a n d  J . J . J o n e a s .  OH masers associated with IRAS far-infrared 
sources. 

P . C o x  a n d  A . L e e n e .  Observational constraints on the carriers of the ultraviolet extinction 
bump as derived from IRAS data. 

J . K . D a v i e s  a n d  B . S t e w a r t .  Minor Planet 3200 Phethon; no evidence of cometary character- 
istics. 

F . X . D e s e r t ,  D .Baze l l ,  and  F . B o u l a n g e r .  The nearby molecular clouds : a complete survey. 

S .A .Ea le s ,  C . G . W y n n - W i l l i a m s ~  a n d  W . D . D u n c a n .  A search for cold dust in IRAS galax- 
ies. 

S.Eales~ D.Depoy~ and  K . A r n a u d .  X-ray observations of Mkn 231 and Arp 220, the rela- 
tionship between X-ray and far-infrared emission, and the contribution of spiral galaxies to the 
X-ray background. 

R . E d e l s o n  a n d  M . M a l k a n .  Infrared emission from active galaxies. 

R . E d e l s o n  a n d  M . M a l k a n .  Far-infrared variability in galactic nuclei. 

E . F . E r i c k s o n .  SOFIA - Stratospheric Observatory for Infrared Astronomy. 

R . F o n g  a n d  L . R . J o n e s .  IRAS cirrus and HI at the SGP. 

K . I .F r i eke ,  J .He l lw ig ,  and  W . K o l l a t s c h n y .  OPtical spectra and FIR fluxes of barred spirals. 

A . F i t t ,  P . A l e x a n d e r ,  and  M . J . C o x .  The radio--infrared correlation : interpretation in terms 
of a two temperature model. 

T .N .  G a u t i e r  I I I  a n d  F . B o u l a n g e r .  A study of small-scale structures in infrared cirrus. 

D . G e z a r i  a n d  L .Bl i tz .  Comparison of 1.0 mm continuum, CO molecular line, and IRAS data 
on the NGC 6334 complex. 



394 

R.Giovanelli  and G.Helou.  The luminosity function of faint IRAS galaxies. 

S.K.Gosh,  K .V.K. Iyengar ,  T .N .Rengara jan ,  S.N.Tandon,  R.P.Verma,  and 
R.R.Daniel .  Observations of southern HII regions in 120 - 300#m band. 

D.T.Gregor ieh ,  J . R . G u n n ,  T .Her t e r ,  ff.R.Houck, G.Neugebauer ,  and B.T.Soifer .  A 
deep far-infrared survey. 
L.Haikala,  R .Laureys ,  and J .T .Arm s t rong .  Extended bipolar molecular outflow in L1228. 

D.Halls.  Second Generation ST instrument "HIMS". 
M.G.Hause r ,  J . C . M a t h e r ,  C.L.Bennet ,  and G.F .Smoot .  The Cosmic Microwave Back- 
ground Explorer mission. 
J . H a r n e t t ,  V.Klein,  and E.Wunderlich.  Radio continuum and far-infrared emission from 
the spiral galaxy NGC 6946 
C.Heiles, W.Reaeh ,  and B.-C.Koo.  Grain sizes and interstellar shocks. 

G.Joncas  and C .Kompe .  IRAS data analysis of the HII region Sharpless 142. 

M.Kessler .  The Infrared Space Observatory (ISO). 
V.Klein,  J . I . H a r n e t t ,  and E.Wunderlich.  Radio continuum and far-infl'ared emission from 
the edge on galaxy NGC 4361 
S .G.Kle inmann,  E.E.Becklin, S.A.Eales, K.D.Kuntz ,  C .G.Wynn-Wil l i ams ,  
W.C.Keel ,  and D.Hami l ton .  The most luminous IRAS galaxy. 

T .B .H.Kuipe r ,  J.W.Fowler~ W.Rice,  and J .B.Wheelock.  Molecular clouds in the southern 
galaxy. 
J.Loveday. Angular cross-correlation of IRAS and optical galaxy catalogues. 

A.Lawrence,  M.Rowan-Robinson ,  W.Saunders ,  G.Efs ta th iou,  N.Kaiser ,  R.Ellis, and 
C.Frenk. The 60pro luminosity function for IRAS galaxies. 
K.J .Leech,  A.Lawrence,  M.Rowan-Robinson,  and M.V.Penston.  The nature of high IR 
luminosity galaxies from spectroscopic observations. 
A.Leger and L .d 'Hendecour t .  The physics of IR emission by PAH molecules. 

S.K.Legget ,  R.G.Clowes,  M.Kalafi ,  H.T.MeGil l ivray,  P.J.Puxley~ A.Sava.ge, and 
R.D.Wolstencrof t .  An infrared-optical study of IRAS point sources in the Virgo regmn. 

T.Li l jes t rom,  K.Mat t i l a ,  and P.Frlberg.  Interaction between IRAS 04325-1419 and sur- 
rounding CO gas in the nearby high latitude cloud L1642. 

R.J .Laurel js ,  G.Chelewicki,  P.R.Wesselius,  and F.O.Clarke.  Evidence for a multimodal 
distribution of dust grains in IRAS observations of diffuse interstellar clouds. 

S.R.Marley,  P .Chaloupka,  and P.L.Marsden.  Mapping of the North American Nebula using 
IRAS observations. 
A.P .Mars ton  and R.J.Dickens.  Far-infrared observations of Cen A. 

E . J .A.Meurs  and R . T . H a r m o n .  An IRAS search for galaxies near the galactic plane. 

C.Moss and  M.Whl t t le .  Star formation in cluster spirals. 

M.de Muizon, L .B.Hendecour t ,  and T.B.Gebal le .  Near-infrared spectroscopic observa- 
tions of Galactic IRAS sources and their implications for the PAtt hypothesis. 

M.de Muizon, R .Papou la r ,  and B.Pegourie.  Statistical analysis of the IRAS spectra. 

C.D.Murray.  Distribution of meteor orbits : evidence of resonant structure. 

G .Needham,  A.Lawrence,  and M.l:towan-Robinson. The clustering of IRAS galaxies. 

N g u y e n - Q - R i e u ,  N.Epchtein,  Truong-Bach ,  and M.Cohen.  New CO and HCN sources 
associated with IRAS carbon stars. 
H.L .Nordh ,  S.G.Olofsson, and P.Modigh.  A large scale infrared study of the W3--W5 
regions. 
B.Payne and M.Coe.  The infrared energy distribution of Galactic binary X-ray sources. 



395 

A.Prestwich. Near- inf rared  spectroscopy of Seyfert galaxies. 

P.J.Puxley~ C.M.Mountain~ T.G.Hawarden~ and S.K.Legget. The radio continuum emis- 
sion from an IRAS selected sample of spiral galaxies. 

P.Puxley~ R.F.Hawarden~ C.M.Mountain~ and S.K.Legget. Near-infrared spectroscopy 
of enhanced star formation in barred spiral galaxies. 

P.J .Richards and L.T.Little. The Galactic distribution of IRAS sources associated with the 
early stages of stellar evolution. 

W.L.Rice~ C.J.Persson~ G.Neugebauer,  B.T.Soifer, and E.L.Kopan. IRAS catalogue of 
large optical galaxies. 

M.Rowan-Robinson.  A physical model for infrared emission from zodiacal dust. 

A.Savage~ H.T.McGillivray~ R.G.Clowes, S.K.Legget~ and R.D.Wolstencroft .  The 
IRAS identifications in the Southe Galactic Pole - a catalogue covering 2200 square degrees. 

S.Sembay~ C.Hanson~ M.J.Coe, and R.Clement.  A mid-to-far-infrared variability study 
of a sample of active galactic nuclei. 

C.J .Skinner and B.Whitmore.  IRAS and mass loss from M supergian~s. 

C.J.Skinner and B.Whitmore.  Infrared excess and chromospheres in M supergiants. 

C.J.Skinner and B.Whitmore.  IRAS and a new way of calculating cool stellar mass loss. 

L.Staveley-Smith~ R.J.Cohen~ J.M.Chapman~ L.Pointer~ and S.W.Unger.  A system- 
atic search for Ott megamasers. 

M.Srinivasan~ S.R.Pottasch,  K.C.Sahu~ P.l:t.Wesselius~ and J.N.Desal.  Evidence for 
star formation in cometary globule 22. 

M.A.Strauss.  The peculiar velocity flow field in space as predicted from the distribution of 
IRAS galaxies. 

M.Tapia, M.Roth~ P.Persi, M.Ferrari-Toniolo~ and L.Spinogllo. Near infrared observa- 
tions of IRAS sources coincident with HII regions. 

R. I .Thompson.  A near infrared instrument for the Hubble Space Telescope. 

A.C.Van den Broek. Optical ground-based follow-up studies of an infrared complete sample 
of extreme IRAS galaxies. 

K.Vedi, B.Whitmore~ D.Walker, and M.Rowan-Robinson.  An all-sky map of the infrared 
background at 12--100pro with zodiacal emission subtracted. 

M.Werner.  SIRTF : The Space Telescope Infrared Facility. 

PI.J.Walker. Nearby IRAS 100~m cirrus clouds and their HI counterparts. 

I-I.J.Walker and M.Cohen. An investigation of the IRAS colours of several types of stars - 
normal and odd. 

B.Whi tmore  and C.J.Skinner. The circumstellar properties of catalogued carbon stars and 
newly identified carbon stars with the LRS database. 

J .G.A.Wouter lot ,  C.M.Walmsley~ and C.Henkel. NHs and CO near IRAS sources. 

M.G.Wolflre~ D.Hollenbach~ and A.G.G.M.Tielens. Physical properties of the interstellar 
medium in nuclei of luminous infrared galaxies. 

M.C.I-I.Wright~ J.E.Carlstrom~ J.M.Jackson~ K.Y.Lo~ and P.T.P.Ho. Aperture synthe- 
sis observations of staxburst galaxies. 

F.Werter,  L.Magnani~ and E.Dwek. Cirrus associated with high latitude molecular clouds. 

P.R.Wesselius and R.Assendorp.  Star formation in Cha T1. 

G.S.Wright~ R.D.Joseph~ R.Wade~ J.R.Graham~ I.Gatley~ and A.H.Prestwich.  In- 
frared spectroscopy of interacting and spiral galaxies. 

C.Xu, G.de Zotti~ A.Franeeschini~ and L.Danese. Optical and far-it luminosity function 
of Mar~rian galaxies. 



396 

C.Y.Zhang ,  R . J . L a u r e l j s ,  and  F .O .C la rk .  IRAS study of a star forming region : the Serpens 
molecular cloud. 

H.Zinnecker~ I .S .McLean~ C.Aspin~ I .M.Coulson~ J .T .Rayner~  and  
M . J . M c C a u g h r e a n .  Near-IR 2D imaging of IRAS dense cores in dark clouds : discovery of a 
double source in L1495 with IRCAM at UKIRT. 



S U B J E C T  I N D E X  

Albedo : 7, 9, 21-25, 44, 46-47, 61, 69, 118 

Asteroids : 3-26, 75 

Asteroid Belt : 4, 9, 11, 21 

Asymptotic Giant Branch (AGB) Stars : 86, 106, 144-147 

Bi-polar Outflows : 140-143, 153, 164 

Black Holes : 177, 181,270 

Bulge, Galactic : 86-88, 105-108 

Cepheids : 370, 372-373 

Charon : 74 

Cirrus, Infrared : 93, 113-121,130, 134-136, 365 

Cold Dark Matter  Theory : 298-301,315-316 

Comet Halley : 48-65 

Comets : 3, 10, 19-20, 40, 48~72, 75-76 

Cometary Dust Trails : 27-28, 66-72 

Cosmological Density Parameter : 298, 312, 330, 357-358,361, 365-366 

Cosmological Distance Scale : 370-383 

Cosmological Evolution : 332-338, 342-347 

Density Waves : 186, 188-189 

Dust, Cometary : 62-63, 69, 71-72 

Intergalactic : 273-276 

Interplanetaxy (see also Zodiacal Dust) : 27-39, 44, 266 

Interstellar : 54-57, 83, 89-95, 97, 100-101,118-119, 126-127, 130-133,225 

Temperature : 45-46, 69-71, 83-84, 100-103, 134, 137, 140,233 

Geminid Meteor Stream : 3, 10 

Galaxies, Active : 217-229 

Barred : 178, 181, 194-197, 246-252 

Elliptical : 179, 182-183 

Infrared : 173-176, 202-212, 266, 352-369 

Interacting : 173-175,178, 223-224, 234-246,253-255, 257-261 

Merging : 178, 180, 234, 236-241,246, 253, 257, 324 

Radio : 326-339 

Seyfert : 173, 178, 217-219, 230-233,236, 239 

Spiral : 188, 192, 194-201,213-216, 236 

Galaxy Clustering : 312-319 

GMaxy Formation : 182, 297-310, 332, 338-339 

Giotto : 61 

Graphite Dust Grains : 99, 131 

Herbig-Haro Objects : 153 

H I Emission : 90-95, 100, 113-117, 124-126, 198-199 



398 

H II Regions : 84, I01,122,  126, 130, 239, 246, 259 

Hirayama Asteroid Families : 3, 9, 11 

Hubble Constant : 370, 375-381 

Infrared Emission, Galactic : 40-43, 81-88, 97-104, 113-129, 156, 279 

Zodiacal : (see Zodiacal Emission) 

Infrared Background : 265-288 

Interstellar Extinction : 81 

IRAS, Calibration : 7, 28 

Dipole : 312, 348-369 

Point Source Catalog : 106, 218, 316, 350, 361 

Small Scale Structure Catalog : 350-351 

Source Counts : 340-347 

Survey : 173, 340-343,346 

Zodiacal Dust Bands : (see Zodiacal Dust Bands) 

Jupiter : 4, 9, 73, 270, 305 

Kirkwood Gap : 3, 5, 9 

Luminosity Function : 160-162, 203, 206, 209, 345 

Magnetic Fields : 187 

Mars : 16, 37 

Meteorites : 3, 5, 10 

Microwave Background : 266-268, 289-296 

Molecular Clouds : 53, 85, 100-101, 109, 122, 125-126, 128, 142, 148, 154, 159 164, 174, 186, 191 

Molecules, Cometary : 48-59 

Non-Thermal Radio Continuum : 109-112 

Novae : 371 

PAH (Polycyclic Aromatic Hydrocarbons) : 54, 83, 104, 114, 119, 130-132, 135 

Pleiades : 134-136 

Pluto : 73-74 

Planetary Nebulae : 146-147, 239 

Planetary Satellites : 74-75 

Population I I I :  268-270, 286-287 

Primeval Galaxies : 268-269, 297, 301-303,308-309, 320-324 

Protostars : 148, 150-151, 164-169 

Quasars : 174-175, 179, 182-183, 219-221 

Radio Emission, Galactic : 109-112 

Reflection Nebulae : 134-139 

RR Lyrae Stars : 371 

Scattering : 46 

Shock Heating : 143, 166 

Silicate Dust Grains : 54, 83, 99, 131 

Solar Nebula : 3, 5 

Spiral Arms : 188 



399 

Star Formation : 60, 102-103, 122, 125-126, 148-159, 164, 186-193, 198-201,241, 257, 259-260, 
297-311 

Star Forn~ng Regions : 128, 148, 154, 159, 186 

Starbursts : 177-184, 220-221,234-245, 247-256 

Supernova Remnants  : 111 

Supernovae : 371 

Tri ton : 74 

T Tauri Stars : 148-149, 152, 156, 162, 167-169 

Tully-Fisher Method : 373-379 

Venus : 37 

X-ray Emission : 227-228 

Zodiacal Dust Cloud : 3, 16, 27, 36, 42, 44-47, 89 

Zodiacal Dust Bands : 3, 7, 11-12, 15, 27-28, 36 

Zodiacal Emission : 13-15, 27-39, 40-43, 45, 82, 89-91,110-113, 115, 266, 279 



400 

A U T H O R  C I T A T I O N  I N D E X  

Aaronson, M : 198-199,374, 379, 382 Birkett,  C M : 61 

A'Hearn,  M F : 57 

Adams, F C : 151,159, 164-170 

Aitken, D A : 238 

Allamandola,  L J : 119, 135 

Allen, D A : 52, 76, 219, 224, 243 

Allen, R J : 186-187, 195 

Allington-Smith, J R : 327, 332 

Anderson, N : 104 

Antonucci, R R J : 219, 227 

Appleton,  P N : 253 -256  

Apt, J : 74 

Arp, tI A : 323 

Ashman, K M : 269 

Atherton,  P D : 186, 192 

Aumann,  H H : 37, 341 

Bag, F : 51-52 

Bahcall, J J : 341 

Bailey, M E : 182 

Bajaja ,  E : 186 

Balbus, S A : 187 

Baldwin, J A : 223, 239 

Baldwin, J E : 186 

Balick, B : 243 

Ball, R : 213-216  

Barker, J R : 119, 135 

Barucci, M A : 9 

Barvainis : 149 

Baud, B : 135 

Bean, A J : 314 

Beck, S C : 248 

Becldin, E E : 148, 174, 178, 180, 183, 
220-221,250, 387 

Beckwlth, S : 152 

Begelman, M C : 182, 270 

Beichman C A : 27, 148-158 ,  164, 218, 388 

Bender, D F : 4 

Benson, P J : 149, 165 

Bernstein, G B : 293 

Bessel, M S : 108 

Birkinshaw, M : 266 

Black, D C : 159 

Blades, C : 183 

Blamont,  J E : 44 

Blitz, L : 270 

Btumenthal,  G R : 313 

Bond, J R : 269, 273, 277, 286-287 

Boreiko, R T : 144 

Boroson, T A : 209 

Bothun, G D : 210-212 ,  213, 374 

Bottinelli,  L : 374, 377, 379-380 

Bouchet, P : 52 

Boughn, S P : 266 

Boulanger, F : 31-33, 36, 38, 98-99, 114-116, 119, 
122-129,  130-133,  135, 155-156, 210, 213, 389 

Bowell, E : 37 

Braz, M A : 154 

Broadbent ,  A : 109-112 ,  389 

Brown, R H : 74-76 

Bruzual, A G : 334 

Buie, M W : 7 4  

Burbidge, E M : 322 

Burbidge, G R : 3 2 0 - 3 2 5 , 3 8 8  

Burton,  W B : 31-32, 90, 92, 114 

Bushouse, t t  A : 255, 257-261  

Burn, R : 115 

Butchart ,  I : 52-53 

Byrd, G G : 205 

Cameron,  A G W • 269 

Campbell ,  B : 154 

Campins,  H : 52-53 

Carlberg : 180 

Carleton,  N P : 225-226 

Caxr, B J : 265-278 ,  279 

Carrls, D R : 327 

Carter ,  D : 218 

Casoli, F : 246 

Cassen, P : 165-166, 168 

Castelaz, M W : 134-139  



401 

Caux, E : 99, 102 

Ceccarelli, C : 266-267 

Chambers,  K : 182 

Chance, D : 188-189 

Chapman,  C R : 9 

Chester, T : 349 

Chini, R : 167 

Chlewicki, G : 140 -143  

Clark, F O : 140-143 ,  149, 154 

Clark, R N : 75 

Cleary, M N : 90 

Clegg, P : 152, 162 

Clemens, D : 149 

Cohen, M : 152-153, 159, 166-168 

Collins, C A : 367 

Combes, F : 180, 192 

Combes, M • 52, 54 

Condon, J J : 249, 340-343 ,  345 

Cook, H K : 373 

Cote, J : 341 

Cowie, L L : 187, 271,321 

Cox, P : 97 -104 ,  110, 156, 213 

Crane, P : 285-286, 292, 294 

Crawford, J : 98, 154, 218, 220, 223-224, 246, 
351 

Crovisier, J : 50, 54 

Cruikshank, D P : 73-77  

Cutri ,  R M : 234, 243 

D'Hendecourt ,  L B : 55, 119, 131 

Dahari,  D : 223 

Dame, T M : 129 

Danese, L : 3 4 4 - 3 4 7  

Danlelson, G E : 61 

Danks, A C : 51-52 

Danly, L : 183 

Davidson : 166 

Davies, :l K : 10, 66 

Davis, M : 301, 312-313,315, 318, 348, 358, 
359, 361-369 ,  386 

de Bernardis,  P : 267 

de Grijp, M H K : 218-219 

de Jong, T : 204, 344 

de Poly, D L : 220-221,240, 250 

de Robertis,  M M : 218 

de Vaucouleurs, G : 115, 371,379-380, 382 

de Vries, C P : 92, 114 

de Zotti, G : 344-347 ,  386 

Dekel, A : 315 

Dermott ,  S F : 3-18,  29-30, 37-38, 45 

Desert, F X : 119, 130-133 

Despois, D : 52 

Devereux, N A : 194-197,  246, 248 

Deul, E R : 31-32, 89-96,  114, 390 

Dinerstein, H L : 134 

Djorgovskii, S : 182, 320-321,328, 3304331 

Dodd, R T : 5 

Dounes, A J B : 327 

Draine, B T : 99, 104, 118, 131,212, 233, 273 

Drapatz,  S : 52 

Dressel, L L : 345 

Dressier, A : 367 

Dube, R R : 267, 283 

Dufour, R J : 192 

Dumont,  R : 37, 42, 44-47  

Dunlop, J S : 326-339 

Dwek, E : 138 

Eaton, N : 71 

Eberhardt, P : 57 

Edelson, R A : 218, 225, 232 

Edwards, S : 140, 154 

Efstathiou, G : 181,217, 314-319~ 316, 351, 
385 

Eisenhardt ,  P R M : 330 

Elias, J t t  : 159 

Ellis, R : 217, 316, 351 

Elvis, M S : 219, 227 

Elmegreen, B G : 155, 186-193 ,  196-197 

Elmegreen, D M : 186-189, 196-197 

Emerson,  D T : 186, 192 

Emerson, J P : 152, 159-163 

Encrenaz, T : 48-59, 60 

Engles, D : 106 

Epchtein N : 154 

Fabian, A C : 227, 287 



Fabbri,  R : 266 

Fazio, G G : 118 

Fechtig, H : 44 

Feierberg, M A : 75 

Fich, M : 92, 114, 154 

Fillipenko, A : 174 

Fink, U : 74 

Fischer, J : 240 

Fisher, J R : 198, 373 

Fomalont,  E B : 344 

Ford, W K : 188 

Fosbury, R A E : 219, 221 

Franceshini, A : 3 4 4 - 3 4 7  

Freedman,  W L : 373 

Frenk, C : 217, 314, 316, 351 

Frey, A : 47 

Fuller, C : 388 

Fuhrmann,  K : 390 

Galley, M J : 75 

Gallagher, J S III : 189 

Gatley, I : 138, 237, 241-242 

Gautier,  T N : 29-32, 34-35, 37, 119 

Geballe, T R : 250 

Geller, M J : 314 

Gerin, M : 192, 246 

Gerola, H : 186 

Giese, R H : 34, 42 

Gilmore, G : 105-108 

Giraud, E : 379 

Gispert ,  R : 99 

Glass, I S : 106 

Goldreich, P : 187 

Goldsmith,  P F : 153 

Good, J C : 29, 31-32, 34-38, 154-155 

Goodman,  A : 165 

Goodman,  J : 179 

Gordon, J L : 47 

Goss, W M : 186-187 

Gouguenheim, L 370-383  

Gradie, J : 6, 8 

Grasdalen, G L : 152 

Green, S F : 10 

402 

Greenberg, R : 11 

Groth,  E J : 318 

Guiderdoni,  B : 334, 336 

Guilbert,  M G : 287 

Gull, S M : 266 

Gush, A P : 267 

Habing, H J : 81-88,  90, 93, 99, 106, 108, 223 

Hacking, P : 122, 268, 340-343 ,  346 

Halliday, I : 10 

Hanner, M S : 48, 52 

Harding, A K : 116 

Harding, D S : 116 

Harmon, R T : 105-108, 358-359,361 

Harris, S : 152,162 

Hartmann, L : 169 

Hartmann, W K : 75-76 

Harvey, P N : 138 

Harwit,  M : 238, 241 ,385 -391  

Haslam, C G T : 1 0 9 - 1 1 2 , 3 8 9  

Hauser, M G : 27-29,  45, 89, 99, 138, 267, 282 

Hayakawa, S : 286 

Haynes : 109 

Hawarden, T : 214, 246-252  

Hecht : 131 

Heckman, T M : 183, 219, 234-235, 243-244, 321 

Heiles, C : 34, 40-43,  90, 93 

Heisler, J : 274 

Helou, G : 98, 135, 156, 198, 204, 210, 213, 
224, 258, 350 

Henderson, A P : 186 

Herbig, G H : 159, 161 

Herman,  J : 107 

Hernandez,  R : 38 

Hewitt  A : 320-325  

Heyvaerts,  J : 275 

Hilldrup, K C : 344 

Hively, R : 275 

Ho, P T P : 2 5 0  

Hodge, P W : 186 

Hoffman, W : 267 

Hogan, C J : 271 

Holmberg,  E : 231 



403 

Hong, S S : 35, 37 

Houck, J R : 27, 31, 45, 122, 149, 340-343, 
346, 386, 390 

Howell, R R : 75 

Hoyle, F : 322, 389 

Hrivnak, B J : 144, 146 

Hu, E : 321 

Huchra, J : 199, 362, 364 

Hughes, D W : 63 

Hughes, J D : 152, 159-163  

Hummel,  E : 203, 247 

Hunter, D A : 189 

Iben, I : 108 

Ikeuchi, S : 179, 271 

Ishibashi, S : 205 

Israel, F P : 223 

Iyengar, K V K : 198-201  

Jackson, P D : 186 

Jaffe, D T : 166 

Jennings, R E : 153 

Jensen, E B : 192 

Jeske, N A : 253 

Jewit t ,  D C : 61, 76 

Jog, C : 187 

Johnson, D G : 285-286, 291-292 

Johnson, J R : 48 

Johnson, M W : 118 

Jones, B F : 159 

Jongeneelen, A A W : 31-32 

Joseph, R D : 180, 183, 221,223, 234-245 

Joubert ,  M : 118 

Jugaku, J : 159 

Jura,  M : 285-286, 292, 294 

Juszkiewlcz, R : 358 

Kafatos, M : 189 

Kailey, W F : 219, 230-233  

Kaiser, N : 217, 316-317, 351 

Kaneda,  E : 61 

Karimabadi ,  H : 270 

Katgert ,  P : 344 

Kaufmann,  M : 186 

Kawara, K : 221 

Keel, W C : 214, 218, 223, 231,243 

Keller, H U : 61 

Kennicutt ,  R C : 186, 212, 258-259 

Kent, S M : 258-259 

Kenyon, S J : 169 

Kerr,  F J : 90, 186 

Kerr,  R A : 1 0  

Kiang, T : 60 

Kim, Y : 3-18 

Kirschner, R P : 206 

Kissel, J : 57 

Kleinmaun, D E : 148 

Knacke, R F : 52 

Knee, L B G : 153 

Kneissel, B : 34 

Koo, D C : 3 4 5  

Kormendy, J : 303 

Koski A T : 231 

Krankowsky, D : 52 

Krasnopolsky, V : 52 

Kronberg, P P : 242 

Krugel, E : 387 

Kuhi, L V : 159, 168, 242 

Kunth,  323 

Kwok, S : 144 -147  

Lacey, C G : 270 

Lada, C J : 151-154, 162-163, 165-169 

Lahav, O : 348-349, 357-359, 361 

Laing, R A : 327, 329 

Lake : 180 

Lamb, S A : 257-261  

Landau,  R : 227 

Lange, A E : 284, 293 

Langer, W D : 153 

Larson, R B : 223 

Larson, S M : 63, 75 

Laskarides, P G : 107 

Laureijs, R J : 140-143,  154 

Lawrence, A : 194, 203, 206, 217-229 ,  235, 
243, 316, 345-346, 348-349, 351,357 

Layzer, D : 275 

Le Bourlot,  J : 50 



404 

Le Poole, R S : 92, 114 

Lebofsky, L A : 19-26 ,  75, 219, 230-233 ,  330 

Lee H M : 99, 118, 131,233, 273 

Leech, K : 218, 221 

Leger, A : 54, 119, 130-132, 135 

Leggett,  S K : 246 -252  

Leinert, C : 29, 37, 42 

Leisawitz, D : 129, 156 

Lemke, D : 267 

Levasseur-Regourd, A C : 37, 42, 44-47  

Lewis, B M : 198 

Lillie, C F : 118 

Lilly, S J : 243, 328, 330-333 

Lloyd-Evans : 106 

Lo, K Y : 186, 192, 213-216  

Lockman, F J : 117, 129 

Longair, M S : 243, 326-339 ,  386 

Lonsdale, C J : 198, 210-212 ,  234, 243, 258 

Lord, S D : 189 

Loren, R B : 153 

Low, F J : 11, 15, 27, 93, 113-114, 148, 389 

Luan, L : 134-139  

Lubin, P : 353 

Lubow, S : 180 

Lumme, K : 37 

Lynden-Bell, D : 152, 165, 187, 348-349, 
357-359, 367 

Lynds, R : 253 

Magnani : 124 

Malkan, M A : 218, 225, 227,232 

Mandolesi, N : 286, 291-292 

Margulis, M : 153-154 

Marsden, B : 25 

Masson, C R : 167 

Mather, :I C : 38, 267 

Mathews, W G : 182 

Math.is, J S : 90, 99-100, 118, 128, 131-132, 
135, 273 

Matson, D L : 19-26 

Matsumoto, T : 118, 267, 279-288, 292-295, 
386-387 

Matthews, K : 174, 234 

Matthews,  M S : 159 

Matti la,  K : 118,141 

Mauret te ,  M : 5 

Mazets, E P : 63 

McAlary, C W : 234, 243 

McCall,  M L : 188 

McCarthy, P : 321,331,339 

McCord,  T B : 75 

McCray, R : 189 

McDonnell,  J A M : 63-64 

McDoweU, J C : 267, 276, 286-287 

McGonegal,  R : 372 

McKenty, J : 321 

Meiksin, A : 348, 362, 364 

Melchiorri, F : 266 

Melnick, J : 239, 244 

Mengel, J G : 107 

Meurs, E J A : 358, 361 

Meyer, D M : 285-286, 292, 294 

Mezger, P G : 97-104 ,  132, 156, 159, 178, 180, 
213 

Miley, G K : 219, 223 

Miller, G E : 159, 161-162, 241 

Miller, J S : 219, 227 

Miller, L : 331 

Miller, R H : 257, 261 

Misconi, N Y : 36 

Moosman,  A : 168 

Moroz, V I : 51-52 

Morrison : 23 

Moshir, M : 214 

Mould, J : 199, 374, 379 

Mountain,  C M : 246-252  

Mozurkewich, D : 154-155 

Mumma,  M J : 49-50 

Murdoek, T L : 29, 35, 37, 46 

Murray, C D : 4-6, 8 

Myers, P C : 149-151,153, 162, 164-165 

Needham, G : 314 

Negroponte,  J : 275-276 

Neugebauer,  G : 11,148-149, 173-176,  218, 
230 

Newton, K : 186, 192 



405 

Ney, E P : 48-49 

Nicholson, P D : 3 -18 ,  30 

Nilson, P :  314 

Noguchi, M : 205 

Nordsieck, K t3[ : 131,135 

Norman,  C A : 175, 177-185  

Norris, R P : 221 

Novikov, I D : 182 

Osborne, J L : 103, 1 0 9 - 1 1 2 , 3 8 9  

Osterbrock, D E : 218 

Ostriker, J P : 178, 181,270-271,274 

Owens, D K : 99 

Pajot ,  F : 99, 102 

Panagia,  N : 132 

Panek, R J : 240 

Parthasarathy,  M : 146 

Partridge,  R B : 269, 283, 349, 386 

Paturel ,  G : 374 

Peacock, J A : 327, 331,337 

Peebles, P J E : 178, 181,269,283,  312-313, 
318, 357, 362, 386 

Peimbert ,  M : 159 

Penston, M V : 218 

Perault ,  M : 31-32, 36, 98, 104, 114-118, 
122-129~ 130-133 ,  135, 155-156, 210, 389 

Perry, J J : 227 

Persson, S E : 98, 154, 213, 221,234 

Peters, W L : 382 

Peterson, J B : 285-286, 292-293 

Petrosian, V : 95 

Phillips, M M : 223, 239 

Pipher,  J : 390 

Plambeck, R L : 153 

Pottasch, S R : 146 

Press, W H : 313 

Preuss, E : 221 

Price, S D : 29, 35, 37, 46, 99, 387 

Pringle, J E : 152, 165 

Pritchett ,  C J : 371 

Pudritz,  R E : 154 

Puget ,  J -L : 54, 99-100, 104, 113 -121 ,130 ,  
132, 135, 275, 389 

Pux.Iey, : 246-252  

Quinn, P J : 179 

Rao, N K : 1 6 1  

Ratner ,  M I : 344 

Reach, W : 34, 40-43 

Rees, M J : 182, 270, 275, 315 

Reich : 109 

Reitsema, tt  J : 61 

Rengarajan,  T : 154, 198-201 

Renzird, A : 108 

Reynolds, R J : 124 

Rice, W L : 210 -212 ,213 ,  350-351 

Richards, P L : 267, 284, 289-296 ,  386-387 

Richstone, D O : 321 

Rickard, L J : 29, 37-38 

Rickmann, tt : 62 

Rieke, G tt  : 218-221,224, 230, 240, 242 

Riley, J M : 327, 329 

Rit t ich,  U : 34 

Roach, F E : 47 

Roberts ,  M S : 192 

Roberts ,  W W : 189, 192 

Roberts ,  W W Jn r  : 192 

Rocca-Volmerange, B : 334, 336 

Roche, P F : 238 

Rots,  A H : 186, 192 

Rowan-Robinson,  M : 34, 98, 116, 154, 157, 
217-220,224, 246, 267-268, 275-276, 312-313, 
316, 344, 347, 348-350 ,  361 ,371,386 

Rubin,  V C : 188, 367 

Rucinski, S M : 152 

Rumpl,  W : 34, 135 

Rumstay,  K S : 186 

Russell, C T : 10 

Rydgren,  A E : 152, 159, 167 

Ryter ,  C : 119, 132 

Saarinen, S : 271 

Sagdeev, R Z : 61 

Sage, L J : 180 

Salama, A : 390 

Salpeter, E E : 198 

Sandage, A R : 322-323, 371 

Sanders, D B : 100, 111 ,173-176 ,  214, 224, 
258 



406 

Sargent, A I : 152 

Sargent, W L W : 174, 225, 227, 323 

Sato, S : 284, 293 

Saunders, W : 217, 316-317 

Savage, A : 327 

Scalo, J M : 159, 161-163,241,253-254 

Schechter, P : 313 

Schmidt,  F t t  : 188 

Schneider, D P : 320 

Schwartz, R D : 153, 166-167 

Schweizer, F : 320 

Scoville, N Z : 154-155, 174, 178, 180-181,184, 
237 

Seiden, P E : 186 

Sekanina, Z : 63-64 

Sellgren, K : 54, 119, 130, 134-139 ,  238 

Serra, G : 102 

Shane, W W : 186 

Shanks, T : 318 

Shcheldnov, Y A : 269 

Shlgihara, S : 104 

Shore, S : 130 

Shu, F H : 151-152, 154, 159, 164-170  

Shull, J M : 181 

Silk, J : 182, 272, 297-302~ 315, 385 

-Simon, M : 205, 206-209~ 218 

Simpson, J A : 63 

Sironl, G : 291-292 

Smith,  B F : 257 -261  

Smith,  E P : 234, 243 

Smith,  L F : 159 

Smoot, G F : 266, 285-286, 291-292, 294 

Snell, R L : 140, 153 

Sodroski, T J : 98 

Sofue, I : 178, 180 

Soifer, B T : 74, 149, 173-176~ 206, 219-221, 
223, 243, 253, 342, 345-346, 361-362, 390 

Solomon, P M : 154-156, 178, 180, 187, 191 

Soneira, R M : 318, 341 

Spinrad, H : 61,327-328, 330-331,338 

Spitzer, L : 182 

Stacey, G J : 390 

Stahler, S W : 165, 306 

Stark, A A • 125, 188-189 

Stebbins, A : 272 

Stecker, F W : 118 

Steward, G R : 189 

Stockton, A : 321 

Strauss, M A : 349, 357-359,361-369 

Strom, K M : 167 

Strom, S E : 167, 189 

Strong, A W : 91 

Struck-Marcell C : 251-256  

Sunyaev, R A : 285 

Svensson, R : 227 

Sykes, M V : 11, 27, 66-72 

Taam, R E : 165 

Talbot,  R J • 192 

Tammann,  G A : 371,379 

Tananbaum,  H : 227 

Tedesco, E F : 2-18,  19-26 

Teerikorpl, P : 374, 380 

Telesco, C M : 237, 241-242, 249-250 

Tereby, S : 92, 114, 154, 165-166 

Terlevich, R : 218,223, 239, 244 

Tholen, D J : 6, 74 

Thonnard ,  N : 188 

Thorstensen,  J R : 269 

Thronson,  H A : 138, 154-155 

Tielens, A G G M : 119, 135 

Tilanus, R P J : 186, 192 

Tinsley, B M : 223 

Tokunaga,  A T : 52, 74 

Tomisal~,  K : 187, 189 

Tonry, J : 362 

Toom.re, A : 179, 187, 243, 253, 257, 324 

Toomre,  J : 243, 257, 324 

Tremalne,  S : 181 

Truran,  J W : 269 

Tully, R B : 198, 373 

Turner ,  J L : 140-141,250 

Urn, I K : 35, 37 

Unger, S W : 204 

Unwin, S C : 186 



407 

Vader, J P : 205, 206-209 ,  218 

Vaisberg, O : 63 

Van Albada,  G O : 135, 180, 186, 192 

Van Heerde, G M : 344 

Van Woerden,  t t  : 186 

Van den Berg, D A : 107 

Van den Berg, S : 137, 371 

Veeder, G J : 7, 19-26 ,  75 

Verma, R P : 199 

Viallefond, F : 128, 186-187 

Villela, T : 353 

Villumsen, J V : 349, 357-358,361 

Vittorio,  N : 358 

Volk, K : 144 -147  

Vrtilek, J : 29-30, 37-38 

Walker, C K : 167 

Walker, D W : 348-350, 353, 357-359, 361 

Wall, J : 218-219,327 

Wallborn, N R : 240 

Wampler,  E J : 321 

Ward, M J : 218, 225 

Warner,  P J : 186 

Waters,  L B F M : 341 

Weaver, H A : 5 0  

Weaver, H F : 90, 100 

Weedman,  D W : 219 

Weiland, J L : 92, 114, 135 

Weinberg, J L : 44, 47 

Weinberg, M D : 181 

Weintraub, D A : 167 

Welch, D L : 372 

Werner, M W : 134-139 ,  257-261 

Wesselius, p R : 140 -143  

West, R M : 63 

Whipple,  F L : 61 

Whitcomb, S E : 138 

White,  S D M : 314-315 

Whitlock, S : 349 

Whit te t ,  D C B : 159 

Wickramasinghe,  D T : 52, 77 

Wickramasinghe,  N C : 389 

Wilkes, B J : 227 

Wilking, B A : 162-163, 166-167 

Wilkinson, D : 285-286, 291-292 

Willhelm, K : 61 

Williams, D R W : 90, 100 

Williams, I P : 60-65 

WiUner, S P • 52-53 

Wilson, R W : 153 

Windhorst ,  R A : 344-345 

Wisdom, J : 5 

Witt ,  A N : 118 

Wolfe, A : 179, 182 

Wolstencroft, R D : 89-90, 202-205 ,  209, 253 

Wolven, B : 2-18,  30 

Woods R C : 52 

Wood, P R : 108 

Woody, D P : 267, 292 

Wright, E L : 273, 275 

Wright G S : 169, 219, 223,234-235, 240-243 

Wright, M C H : 186 

Wyckoff, S : 61 

Wynn-Wil l iams,  C G : 154, 174, 220-221,387 

Yahil, A : 314, 348-349,353, 357-359, 361-362 

Yamamoto,  T : 50 

Yates, M G : 331 

Yel, t t  K C : 232 

Yeomans, D K : 60, 62 

York, D G : 179 

Young, E T : 166 

Young, J S : 189, 387 

Zak, D S :152 

Zel'dovich, Y B : 182, 285 

Zellner, B : 9 

Zhang, C Y : 1 4 0 - 1 4 3 , 1 5 4  

Zuckerman, B : 167 

Zwicky, F : 323 



408 

O B J E C T  I N D E X  

W a r n i n g  : no  a t t e m p t  has  been  m a d e  to cross-corre la te  cata logue n a m e s  

A R P  18 : 237, 247 HD97048 : 162 

A R P  94 : 237-238 HD97300 : 162 

A R P  157 : 237 HL Taur l  : 168 

A R P  160 : 237 89 Her : 146 

A R P  186 : 237-238 Hildas : 6, 10 

A R P  220 : 173-176, 182-183, 204-205,219-223,  H u n g a r i a s  : 6 

225 ,227 ,  240, 250, 323, 350 H y d r a  c luster  : 367 

A R P  245 : 226, 228 IC 342 • 186 

A R P  270 : 237 IC 883 : 238 

A R P  283 : 237-238 IRAS 00148 - 3153 : 204 

A R P  284 • 237 I R A S  00275 - 2859 : 202, 204-205, 209 

B a r n a r d  5 c loud : 153 I R A S  00335 - 2732 : 204 

Beck l in -Neugebauer  ob jec t  : 148 IRAS 00406 - 3127 : 204-205 

Be ta  Pic tor i s  : 152, 156 I R A S  00441 - 2221 : 203-204 

3C 48 : 321 I R A S  00456 - 2904 : 204 

3C 273 : 176, 219, 222, 226 I R A S  01199 - 2307 : 204 

3C 249.1 : 321 I R A S  01358 - 3300 : 204 

3C 326.1 : 321 I R A S  03075 - 0953 : 207 

3C 368 : 321 IRAS 03075 - 1139 : 207 

4C 37.43 : 321 I R A S  05189 - 2524 : 173-174 

CED 110 : 140-142 I R A S  05553 + 1631 : 141-142 

C e n t a u r u s  A : 322 IRAS 08175 + 6822 : 208 

C e n t a u r u s  c lus te r  : 367 I R A S  08309 + 6433 : 207 

C h a m a e l e o n  I I  : 125-126 I R A S  08379 + 6753 : 207 

C h a m a e l e o n  cloud : 140 I R A S  10215 - 5916 : 146 

C h a r o n  : 74 I R A S  12496 - 7650 : 162 

Come t  BoweU : 76 I R A S  13416 + 2614 : 208 

Come t  Cernis  : 48 I R A S  14348 - 1447 : 173 

Come t  Halley : 48-59, 60-65, 76 I R A S  18095 + 2704 : 146 

Come t  Kobayash i -Be rge r -Mi lon  : 49 I R A S  23515 - 2421 : 204 

Comet  West  : 48 I R A S  23515 - 2917 : 204 

C r a b  n e b u l a  : 111 I R C + 1 0 2 4 0  : 146 

Cybeles  : 6 IRS4  : 153 

D G  Taur i  : 168 IRS5  : 140, 166 

130 E lek t ra  : 76 IRS7  : 53 

Eos  as tero id  fzmily  : 11 Innls f ree  chondr i t e  : 10 

E t a  Aqua r id s  : 62-63 Io : 73, 75 

E t a  Car inae  : 323 K l e i n m a n n - L o w  n e b u l a  : 148 

Gemin id  m e t e o r  s t r e a m  : 3, 10-11 Koron i s  as te ro id  fami ly  : 11, 15-16 



L1551 : 140, 142, 154, 166 

M31 : 82-85, 182, 186, 192, 222, 371 

M32 : 182 

M33 : 186, 189, 192 

M51 : 186, 189, 191-192 

M81 : 182, 186, 189, 192 

M82 : 53, 174, 180, 182, 236,242 

M83 : 186, 192, 250-251 

M84 : 322 

M87 : 322 

M101 : 186, 211,373 

M106 : 186, 192 

Magel lan ic  c louds  : 122-123, 323, 371 

Mars  : 74 

M e r c u r y  : 74 

Merope  n e b u l a  : 136 

Minkowski ' s  o b j ec t  : 322 

M k n  231 : 173-176 

Mkn 509 : 222 

M o n  OB1 mo lecu l a r  c loud  : 153 

M o o n  : 74 

Murch i son  m e t e o r i t e  : 76 

M u r r a y  m e t e o r i t e  : 76 

N G C  253 : 127, 174, 235-236, 242 ,352  

N G C  520 : 237 

N G C  628 : 222 

N G C  931 : 226 

N G C  1068 : 221 

N G C  1073 : 222 

N G C  1084 : 222 

N G C  1333 : 153 

N G C  1614 : 237-238 

N G C  2169 : 142 

N G C  2444 : 322-323 

N G C  2445 : 322 

N G C  2798 : 237-238 

N G C  2903 : 222, 236 

N G C  2992 : 226, 228 

N G C  2997 : 188 

NGC 2998 : 187 

N G C  3079 : 250 

N G C  3227 : 237-238 

409 

NGC 3256 : 237-238, 240 

NGC 3310 : 238, 247 

NGC 3395 : 237 

NGC 3396 : 237 

NGC 3690 : 238 

NGC 4088 : 237, 247 

NGC 4194 : 237 

NGC 4418 : 220, 350 

NGC 4536 : 248-249 

NGC 4945 : 351-352 

NGC 5194 : 222, 237-238 

NGC 5236 : 186, 192, 250-251 

NGC 6240 : 219-223, 237-238, 323 

NGC 7714 : 237 

N G C  7793 : 206 

N o r t h  Polar  Spur  : 94 

Nysa  as te ro id  fami ly  : 11 

2201 Ol ja to  : 10 

Oph iuchus  molecu la r  c loud : 149, 152 

Or ion  : 128-129, 148, 155-156 

Or ion  A : 125-126 

Or ion ids  : 62-63 

P K S  1614 + 051 : 320-321 

P K S  2016 + 112 : 320 

3200 P h a e t h o n  (1983 TB)  : 10-11 

P le iades  : 134-139, 142 

P l u t o  : 73, 74 

R h o  Oph iucus  : 132, 163 

S140 : 154 

$255 : 154 

S c h w a s s m a n n - W a c h m a n n  1 : 66 

Se r p en s  mo lecu la r  c loud : 154 

SR 9 : 167 

T Tauri  : 167-168 

23 Tau  : 135-136 

Taurus  molecu la r  c loud : 149 

T a u r u s - A u r i g a  co mp l ex  • 152 

Temp e l  2 : 66-72 

1980 Tezca t l i poca  : 7 

T h e m i s  a s t e ro id  family  : 11, 15-16 

T h u l e  : 6 

1685 Toro  : 7 



410 

TON 1542 : 176 

Tr i ton  : 74 

Tro jans  : 6, 10 

UGC 5101 : 174 

UGC 6527d : 258 

V1027 Cygni  : 146 

VV 144 : 322-323 

Vega : 37, 152, 156 

Virgo c lus ter  : 199, 366-367, 370-371,380-381 

W44 : 109, 112 

WL 16 : 166 

I ZW 18 : 297 

I I Z W 3 1 : 1 8 0  



S U R N A M E  
C O N F E R E N C E  PARTICIPANTS 

INITIALS INSTITUTE COUNTRY 

A'Hearn 
Abolins 
Adams 
Ade 
Adamson 
Aiello 
Aitken 
Alexander 
Allen 
Appleton 
Arnaud 
Ashman 
Bailey 
Ball 
Baxter 
Becldin 
Beichman 
Belfort 
Benson 
Bernard 
Berry 
Bhattacharjee 
Birkett 
Bode 
Bottinelll 
Boulanger 
Broadbent 
Burbidge 
Carico 
Carr 
Casoli 
Caux 
CeccareUi 
Chaloupl~ 
Chester 
Chlewicki 
Clark 
Clarke 
Clegg 
Clement 
Clowes 
Clube 
Coe 
Cohen 
Cohen 
Cong 

M° 
J. 
F. 
P.A.R. 
A. 
A. 
D. 
P. 
A.J. 
P.N. 
K. 
K. 
M.E. 
R. 
D.A. 
E.E. 
C. 
P. 
R. 
J.P. 
D.S. 
S. 
C.M. 
M.F. 
L. 
F. 
A. 
G. 
D. 
B. 
F. 
E. 
C. 
P. 
T. 
G. 
F. 
J.T. 
P.E. 
R. 
R.G. 
V. 
M. 
R.J. 
M. 
X. 

University of Maryland 
Rutherford Appleton Laboratory 
U.C. Berkeley 
Queen Mary College, London 
Lancashire Polytechnic 
University of Florence 
University College of NSW 
MRAO Cambridge 
Queen Mary College, London 
Lancashire Polytechnic 
Smithsonian Astrophysical Obs. 
Queen Mary College, London 
University of Manchester 
Caltech 
University of Cardiff 
University of Hawaii 
IPAC-Caltech 
Institut D'Astrophysique, Paris 
IPAC-Caltech 
Ecole Normale Superieure, Paris 
University of Manchester 
Queen Mary College, London 
Royal Observatory Edinburgh 
Lancashire Polytechnic 
Observatoire de Paris 
IPAC-Caltech 
University of Durham 
U.C. San Diego 
Caltech 
Queen Mary College, London 
Lab. de Physique de FENS, Paris 
CESR/CNRS Toulouse 
Frascati 
University of Leeds 
IPAC-Calteeh 
University of Groningen 
University of Groningen 
NASA Goddard 
Queen Mary College, London 
University of Southampton 
Royal Observatory Edinburgh 
University of Oxford 
University of Southampton 
JodreU Bank 
NASA Ames 
SISSA Trieste 

U.S.A. 
U.K. 
U.S.A. 
U.K. 
U.K. 
ITALY 
AUSTRALIA 
U.K. 
U.K. 
U.K. 
U.S.A. 
U.K. 
U.K. 
U.S.A. 
U.K. 
U.S.A. 
U.S.A. 
FRANCE 
U.S.A. 
FRANCE 
U.K. 
U.K. 
U.K. 
U.K. 
FRANCE 
U.S.A. 
U.K. 
U.S.A. 
U.S.A. 
U.K. 
FRANCE 
FRANCE 
ITALY 
U.K. 
U.S.A. 
NETHERLANDS 
NETHERLANDS 
U.S.A. 
U.K. 
U.K. 
U.K. 
U.K. 
U.K. 
U.K. 
U.S.A. 
ITALY 



412 

CoD.row 
Costa 
Cox 
Crawford 
Crnikshank 
d'Hendecourt 
Davidsen 
Davies 
Davies 
Davies 
De Graauw 
de Jong 
De Jonge 
de Mnizon 
De Zotti 
Dennefield 
Dermott 
Desert 
Deul 
Devereux 
Donnison 
Dunford 
Dupraz 
Edelson 
Edgington 
Efstathiou 
Efstathiou 
Elfl~ag 
Ellis 
Ellis 
Elmegreen 
Emerson 
Encrenaz 
Epchtein 
Erickson 
Farina-Busto 
Fitt 
Fitzslmmons 
Fong 
Franceschini 
~J.ller 
Gautier 
Gerin 
Gezari 
Gil 
Gillett 
Giovanelli 
Gondhalekar 
Gougenheim 
Gregorlch 
Griffin 

T. 
V. 
P. 
J. 
D. 
L. 
A.F. 
S. 
J. 
M. 
T. 
T. 
A. 
M. 
G. 
M. 
S.F. 
F.X. 
E.R. 
N. 
J.R. 
E. 
C. 
R. 
J.A. 
A. 
G. 
T. 
G. 
K. 
B. 
J.P. 
T. 
N. 
E.F. 
L. 
A. 
A. 
R. 
A. 
G. 
T.N. 
M. 
D. 
J. 
F. 
R. 
P. 
L. 
D. 
M. 

IPAC-Caltech 
University of Granada 
MPI Bonn 
Queen Mary College, London 
University of Hawaii 
GPS Paris 
Johns Hopkins University 
University of Southampton 
Royal Observatory Edinburgh 
U.C. Berkeley 
University of Groningen 
University of Amsterdam 
University of Groningen 
Sterrewacht Leiden 
University of Padova 
Institut D'Astrophysique, Paris 
Cornell University 
NASA Goddard 
Sterrewacht Leiden 
University of Hawaii 
Goldsmith's College, London 
Rutherford Appleton Laboratory 
Lab. de Physique de FENS, Paris 
Caltech 
Queen Mary College, London 
Queen Mary College, London 
IOA Cambridge 
Stockholm Observatory 
Queen Mary College, London 
Queen Mary College, London 
Watson Research Center, IBM 
Queen Mary College, London 
Observatoire de Meudon 
Observatoire de Meudon 
NASA Ames 
Queen Mary College, London 
MRAO Cambridge 
University of Leicester 
University of Durham 
University of Padova 
University of California 
IPAC-Caltech 
Lab. de Physique de I'ENS, Paris 
NASA Goddard 
University of Kentucky 
Kitt Peak National Observatory 
Arecibo Observatory 
Rutherford Appleton Laboratory 
Observatoire de Paris 
IPAC-Caltech 
Queen Mary College, London 

U.S.A. 
SPAIN 
WESTGERMANY 
U.K. 
U.S.A. 
FRANCE 
U.S.A. 
U.K. 
U.K. 
U.S.A. 
NETHERLANDS 
NETHERLANDS 
NETHERLANDS 
NETHERLANDS 
ITALY 
FRANCE 
U.SA. 
U.S.A. 
NETHERLANDS 
U.S.a. 
U.K. 
U.K. 
FRANCE 
U.S.A. 
U.K. 
U.K. 
U.K. 
SWEDEN 
U.K. 
U.K. 
U.S.A. 
U.K. 
FRANCE 
FRANCE 
U.S.A 
U.K. 
U.K. 
U.K. 
U.K. 
ITALY 
U.S.A. 
U.S.A. 
FRANCE 
U.S.A. 
U.S.A. 
U.S.A. 
PUERTORICO 
U.K. 
FRANCE 
U.S.A. 
U.K. 



413 

Habing H. 
Haikala L. 
Harmon R. 
Harnett J.I. 
Harries J.E. 
Harwit M. 
Hanser M. 
Hawarden T.G. 
Hilton J. 
Houck J. 
Hughes D.H. 
Hughes J. 
Iyengar K.V.K. 
Jennings R.E. 
Joncas G. 
Joseph R.D. 
Joubert M. 
KMley W.E. 
Kaiser N. 
Kalmus P.I. 
Kessler M.F. 
Kester D. 
KoUatschny W. 
Kopan G. 
Knijken K.H. 
Kuiper T. 
Kun M. 
Kwok S. 
Lahav O. 
Lamb S. 
Laureys R.J. 
Law S. 
Lawrence A. 
Leech K. 
Leger A. 
Levasseur-Regourd A.C. 
Liljestrom T. 
Longair M.S. 
Lorenzetti D. 
Loveday J. 
MacCallum M.A. 
Malawi A. 
Malkan M. 
Marley S. 
Marsden P.L. 
MatiUa K. 
Matsumoto T. 
Meurs E.J.A. 
Mezger P.G. 
Mikulskis D. 
Moles M. 

Sterrewacht Leiden 
University of Cologne 
IOA Cambridge 
University of Sydney 
Rutherford Appleton Laboratory 
Cornell University 
NASA Goddard 
Royal Observatory Edinburgh 
Goldsmith's College, London 
Cornell University 
Lancashire Polytechnic 
Queen Mary College, London 
Tata Institute, Bombay 
University College, London 
University of Laval, Quebec 
Imperial College, London 
Marseille 
University of Arizona 
IOA Cambridge 
Queen Mary College, London 
E.S.T.E.C. 
University of Groningen 
University of Gottingen 
IPAC-Caltech 
IOA Cambridge 
Jet Propulsion Laboratory 
Konkoly Observatory, Budapest 
University of Calgary 
IOA Cambridge 
U. Illinois at Urbana-Champaign 
University of Groningen 
Queen Mary College, London 
Queen Mary College, London 
Royal Greenwich Observatory 
GPS Paris 
University of Paris 
University of Helsinki 
Royal Observatory Edinburgh 
Frascati 
IOA Cambridge 
Queen Mary College, London 
Jodrell Bank 
U.C. Los Angeles 
University of Leeds 
University of Leeds 
University of Helsinld 
Nagoya University 
IOA Cambridge 
MPI Bonn 
Goldsmith's College, London 
University of Granada 

NETHERLANDS 
WEST GERMANY 
U.K. 
AUSTRALIA 
U.K. 
U.S.A. 
U.S.A. 
U.K. 
U.K. 
U.S.A. 
U.K. 
U.K. 
INDIA 
U.K. 
CANADA 
U.K. 
FRANCE 
U.S.A. 
U.K. 
U.K. 
NETHERLANDS 
NETHERLANDS 
WEST GERMANY 
U.S.A. 
U.K. 
U.S.A. 
HUNGARY 
CANADA 
U.K. 
U.S.A. 
NETHERLANDS 
U.K. 
U.K. 
U.K. 
FRANCE 
FRANCE 
FINLAND 
U.K. 
ITALY 
U.K. 
U.K. 
U.K. 
U.S.A. 
U.K. 
U.K. 
FINLAND 
JAPAN 
U.K. 
WEST GERMANY 
U.K. 
SPAIN 



414 

Moss C. 
Murray C.D. 
Needham G. 
Nordh L. 
Norman C. 
Osborne J.L. 
Papaloizou J. 
Papoular P. 
Parker Q.A. 
Payne B. 
Persson C. 
Prusti T. 
Puget J.-L. 
Pnxley P. 
Reach W.T. 
Rephaeli Y. 
Rice W. 
Richards P.L. 
Richards P.J. 
Richardson K. 
Rigault M.F. 
Rodriguez-Espinosa J.M. 
Rowan-Roblnson M. 
Roxburgh I.W. 
Ryter C. 
Salama A. 
Sanderson C. 
Saunders W. 
Savage A. 
Scherrer R.J. 
Sellgren K. 
Silk J. 
Soifer T. 
Squibb G. 
Staveley-Smith L. 
Stewart B. 
Strauss M. 
Sykes M. 
Tandon S.N. 
Tapia M. 
Tavakol R.K. 
Tedesco E. 
Thompson R.I. 
Truong-Bach 
Tufts R.J. 
Vader J.P. 
Van Den Brock A.C. 
Vedi K. 
Verter F. 
Walnscoat R.J. 
Walker H. 

IOA Cambridge 
Queen Mary College, London 
Queen Mary College, London 
Stockholm Observatory 
STScI Baltimore 
University of Durham 
Queen Mary College, London 
CEN-Saclay 
Royal Observatory Edinburgh 
University of Southampton 
IPAC-Caltech 
University of Helsinki 
Ecole Normale Superieure, Paris 
Royal Observatory Edinburgh 
U.C. Berkeley 
Tel Avlv University 
IPAC-Caltech 
U.C. Berkeley 
Rutherford Appleton Laboratory 
Queen Mary College, London 
Observatoire de Meudon 
ESO Munich 
Queen Mary College, London 
Queen Mary College, London 
CEN Saclay 
MPI Heidelberg 
Queen Mary College, London 
Queen Mary College, London 
U.K. Schmldt Unit, Siding Springs 
Center for Astrophysics ~z Q.M.C. 
University of Hawaii 
U.C. Berkeley 
Caltech 
IPAC-Calteeh 
Jodrell Bank 
Rutherford Appleton Laboratory 
U.C. Berkeley 
University of Arizona 
Tata Institute, Bombay 
U.N.A.M. 
Queen Mary College, London 
Jet Propulsion Laboratory 
University of Arizona 
Observatoire de Paris 
MPI, Heidelberg 
Yale University 
University of Amsterdam 
Queen Mary College, London 
NASA Goddard 
NASA Ames 
NASA Ames 

U.K. 
U.K. 
U.K. 
SWEDEN 
U.S.A. 
U.K. 
U.K. 
FRANCE 
U.K. 
U.K. 
U.S.A. 
FINLAND 
FRANCE 
U.K. 
U.S.A. 
ISRAEL 
U.S.A. 
U.S.A. 
U.K. 
U.K. 
FRANCE 
WEST GERMANY 
UK. 
U.K. 
FRANCE 
WEST GERMANY 
U.K. 
U.K. 
AUSTRALIA 
U.S.A./U.K. 
U.S.A. 
U.S.A. 
U.S.A. 
U.S.A. 
U.K 
U.K. 
U.S.A. 
U.S.A. 
INDIA 
MEXICO 
U.K. 
U.S.A. 
U.SA. 
FRANCE 
WEST GERMANY 
U.S.A. 
NETHERLANDS 
U.K. 
U.S.A. 
U.S.A. 
U.S.A. 



Wang C. 
Ward-Thompson D. 
Werner M. 
Wheelock S. 
White G.3. 
Whitmore B. 
Wilkinson W. 
Williams I. 
Williams P.G. 
Wolfendale A.W. 
Wolfire M. 
Wolstencroft R. 
Wouterloot J. 
Wright G. 
Wright M.C.H. 
Wunderlich E. 
Wynn-WiUiams G. 
Zhang C.-Y. 
Zinnecker H. 

415 

Royal Observatory Edinburgh 
University of Durham 
NASA Ames 
Caltech 
Queen Mary College, London 
Queen Mary College, London 
Queen Mary College, London 
Queen Mary College, London 
Queen Mary College, London 
University of Durham 
NASA Ames 
Royal Observatory Edinburgh 
MPI Bonn 
UKIRT Hawaii 
U.C. Berkeley 
MPI Bonn 
University of Hawaii 
University of Groningen 
Royal Observatory Edinburgh 

U.K. 
U.K. 
U.S.A. 
U.SA. 
U.K. 
U.K. 
U.K. 
U.K. 
U.K. 
U.K. 
U.S.A. 
U.K. 
WEST Germany 
U.S.A. 
U.S.A. 
WEST GERMANY 
U.S.A. 
NETHERLANDS 
U.K. 



Lecture Notes in Mathematics Lecture Notes in Physics 

Vol. 1174: Categories in Continuum Physics, Buffalo 1982. Seminar. 
Edited by F.W. Lawvere and S.H. Schanuel. V, 126 pages. 1986. 

Vol. 1184: W. Arandt, A. Grabosch, G. Greiner, U. Groh, H.P. Lotz, 
U. Moustakas, R. Nagel, F, Neubrander, U. Schlotterbeck, One- 
parameter Semigroupa of Positive Operators. Edtted by R. Nagel, 
X, 460 pages. 1986. 

Vol. 1186: Lyapunov Exponents. Proceedings, 1984, Edited by L. 
Arnold and V. Wihstutz. Vl, 374 pages, 1986, 
Vol. 1187: Y, Diets, Categories of Boolean Sheaves of Simple 
A~gebras. VI, 168 pages. 1986. 

Vol. 1190: Optimization and Related Fields, Proceedings, 1984. 
Edited by R. Conti, E, De Giorgi and F. Gianneasi. VIII, 419 pages. 
1986, 
Vol. 1191: A.R. Its, V.Yu. Novokshenov, The Isomonodromic Defor- 
mation Method in the Theory of Palnleve Equations. IV, 313 pages. 
1986. 
VoL 1194: Complex Analysis and Algebraic Geometry. Proceedings, 
1985. Edited by H. Grauert. Vl, 235 pages, 1986. 

Vol. 1203: Stochastic Processes and Their Applications. Proceedings, 
1985. Edited by K. It6 and T. Hida, Vl, 222 pages. 1986. 

Vol. 1209: Differential Geometry, Pefiscola 1985. Proceedings. 
Edited by A.M. Naveira, A. Ferr&ndez and F. Mascar6. VIII, 306 pages. 
1986. 

Vol. 1214: Global Analysis - Studies and Applications II. Edited by 
Yu, G, Borisovich and Yu. E. Ghklikh. V, 275 pages. 1986. 
Vol. 1218: Schr~dinger Operators, Aarhus 1985. Seminar. Edited by 
E. Balslev. V, 222 pages. 1986. 

Vol. 1227: H. Helson, The Spectral Theorem. VI, 104 pages. 1986. 

VoL 1229: O. Bratteli, Derivations, Dissipations and Group Actions on 
C*-algebree. IV, 27? pages, 1986. 
Vol. 1236: Stochastic Partial Differential Equations and Applications. 
Proceedings, 1985. Edited by G, Da Prato and L. Tubaro. V, 25'7 
pages. 1987. 

Vol. 1237: Rational Approximation and its Applications in Mathematics 
and Physics. Proceedings, 1985. Edited by J. Gilewicz, M. Pindor and 
W. Siemaszko. XII, 350 pages. 1987. 
Vol. 1250: Stochastic Processes - Mathematics and Physics I1. 
Proceedings 1985. Ed~'ted by S, Albeverio, Ph. Blanchard and L. Streit. 
Vl, 35g pages. 198"7. 

Vol. 1251: Differential Geometric Methods in Mathematical Physics. 
Proceedings, 1985. Edited by P, L. Garcfa and A. Perez-Rend6n. VII, 
300 pages. 1987. 

Vol. 1255: Differential Geometry and Differential Equations. Proceed- 
ings, 1985. Edited by C. Gu, M. Berger and R.L. Bryant. XlI, 243 
pages, 1987. 

Vol. 1256: Pseudo-Differential Operators. Proceedings, 1986. Edited 
by H.O. Cordes, B. Gramsch and H, Widom. X, 479 pages. 1987. 

Vol. 1258: J. Weidmann, Spectral Theory of Ordinary Differential 
Operators. VI. 303 pages. 1987, 

Vol. 1260: N.H. Pavet, Nonlinear Evolution Operators and Semi- 
groups. Vl, 285 pages, 1987. 

Vol. 1263: V.L. Hansan (Ed.), Differential Geometry. Proceedings, 
1985, XI, 288 pages. 1987. 

Vol. 1967: J. Lindanstrauas, V.D. Milman (Eds), Geometrical Aspects 
of Functional Analysis. Seminar. VII, 212 pages. 1987. 

Vol. 1269: M. Shiota, Nash Manifolds. VI, 223 pages. 198'7. 

VoL 1270: C. Carasso, P.-A. Raviart, D. Serre (Eds), Nonlinear 
Hyperbolic Problems. Proceedings, 1986, XV, 341 pages. 1987. 

VoI. 12'72: M.S. Liv§ic, L.L. Waksman, Commuting Nonselfadjoint 
Operators in Hilbert Space. tll, 115 pages. 1987. 

Vol. 1273: G.-M. Greuel, G. Trautmann (Eds), Singularities, Repre- 
sentation of Algebras, and Vector Bundles. Proceedings, 1985. XlV, 
383 pages. 1987. 

Vol. 276: R.Kh. Zeytounian, Les Mod61es Asymptotiquea de 
la Mecanique des Fluides II, XlI, 315 pages. 1987 
Vol. 277: Molecular Dynamics and Relaxation Phenomena in 
Glasses. Proceedings, 1985. Edited by Th. DoffmL~ller and 
G, Williams. VII, 218 pages. 1987. 

Vol. 2?8: The Physics of Phase Space. Proceedings, 1986, 
Edited by Y,S, Kim and W.W.  Zachary. IX, 449 pages. 
1987. 
Vol. 279: Symmetries and Semiclassical Features of Nuclear 
Dynamics. Proceedings, 1986. Edited by A.A,  Raduta. VI, 
465 pages. 1987. 

Vol. 280: Field Theory, Quantum Gravity and Strings I1. 
Proceedings, 1985/86, Edited by H.J. de Vega and 
N. S.~nchez. V, 245 pages. 1987. 

Vol. 281: Ph. Blanchard, Ph. Combe, W. Zheng, Mathemati- 
cal and Physical Aspects of Stochastic Mechanics. VIII, 171 
pages. 1987. 

VoI, 282: F. Ehlotzky (Ed.), Fundamentals of Quantum Op- 
tics I1. Proceedings, 1987. X, 289 pages. 1987. 

Vol, 283: M, Yussouff (Ed,), Electronic Band Structure and 
Its Applications. Proceedings, 1986, VIII, 441 pages, 1987. 

Vol. 284: D. Baeriswyl, M. Droz, A. Malaspinas, R Martinoli 
(Eds,), Physics in Living Matter. Proceedings, 1986, V, 180 
pages. 1987. 

Vol. 285: T Paszkiewicz (Ed.), Physics of Phonons. Proceed- 
ings, 1987. X, 486 pages. 1987, 

Vol. 286: R, Alicki, K. Lendi, Quantum Dynamical Semi- 
groups and Applications. VIII, 196 pages. 1987, 

Vol. 28?: W. Hillebrandt, R. KuhfuS, E. MQller, J.W. Truran 
(Eds.), Nuclear Astrophysics, Proceedings, IX, 347 pages. 
1987. 

Vol. 288: J. Arbocz, M. Potier-Ferry, J. Singer, V.Tvergaard, 
Buckling and Post-Buckling. VII, 246 pages. 1987. 

Vol. 289: N. Straumann, Klassische Mechanik. XV, 403 
Seiten. 1987. 

Vol, 290: K, T. Hecht, The Vector Coherent State Method 
and Its Application to Problems of Higher Symmetries. V, 
154 pages. 1987. 

Vol. 291: J.L. Linsky, R,E. Stencel (Eds.), Cool Stars, 
Stellar Systems, and the Sun. Proceedings, 1987. XlII, 537 
pages. 1987. 

VoI. 292: E.-H. Schr6ter, M. SchQesler (Eds,), Solar and 
Stellar Physics. Proceedings, 1987. V, 231 pages. 1987, 

Vol. 293: Th. Dorfml~ller, R, Pecora (Eds,), Rotational Dy- 
namics of Small and Macromolecules. Proceedings, 1986, 
V, 249 pages. 1987. 

Vol. 294: D, Ber~nyi, G. Hock iEds,), High-Energy Ion-Atom 
Collisions. Proceedings, 1987. VIII, 540 pages. 1988. 

Vol. 295: P. SchmL~ser, Feynman-Graphen und Eichtheorien 
f~r Experimentalphysiker. VI, 21 ? Seiten. 1988. 

Vol. 296: M. Month, S, Turner (Eds,), Frontiers of Particle 
Beams. XII, 700 pages. 1988. 

Vol. 29?: A. Lawrence (Ed.), Comets to Cosmology. X, 415 
pages. 1988. 



Springer-Verlag 
Berlin Heidelberg NewYork 
London Paris Tokyo 

Why do things half-way? 

ASq'RONOMY 
AND 

ASq'ROPHYSICS 
A European Journal 

Recognized as a "Europhysics Journal" by the European 
Physical Society 

Astronomy and Astrophysics is the most important journal 
in its field to be published outside North America. 
Established in 1969, it is the result of the merging of six 
renowned European journals in astronomy and astrophys- 
ics. Astronomy and Astrophysics presents papers on all 
aspects of astronomy and astrophysics - theoretical, obser- 
vational, and instrumental - regardless of the techniques 
employed - optical, radio, particles, space vehicles, numeri- 
cal analysis, etc. Letters to the editor, research notes and 
occasional review papers are also included. 

Astronomy and Astrophysics is divided into thirteen sec- 
tions: 

1. Letters 
2. Cosmology 
3. Extragalactic astronomy 
4. Galactic structure and 

dynamics 
5. Stellar clusters and 

associations 
6. Formation, structure and 

evolution of  stars 
7. Stellar atmospheres 
8. Diffuse matter in space 

(including H II regions 
and planetary nebulae) 

9. The Sun 
10. The solar system 
11. Celestial mechanics and 

astrometry 
12. Physical and chemical 

processes 
13. Instruments, data 

processing, and compu- 
tational methods 

Astronomy and Astrophysics is edited by an intemational 
staff of  scientists. 

Editors-in-chief: F. Praderie, Meudon, France; 
M. Grewing, TiJbingen, Germany, Federal Republic 

Letter-Editor: S. 1LPottasch, Groningen, 
The Netherlands 


