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PREFACE 

The 8th European Regional Assembly of the In ternat ional  Astronomical Union held in 

Toulouse September 17-21, 1984, was an excel lent  opportuni ty to organize a speci- 

a l ized session on "High Resolution in Solar Physics". The Pic du Midi Observatory 

is well  known for  i t s  f ine seeing a11owing fo r  very high resolut ion observations, 

especia l ly  of the solar surface. The Solar Session was dedicated to Professor J. 

J. ROSCH, who d e f i n i t e l y  ascribed to the Pic du Midi Observatory high angular 

resolut ion of the Sun as well  as of night sky objects as i t s  most spec i f ic  task. In 

par t i cu la r ,  he designed the so strangely shaped but so e f f i c i e n t  "Coupole-Tourelle" 

associated with the 50 cm solar re f ractor .  Professor ROSCH is newly re t i red,  but he 

remains very act ive at the Observatory, designing and set t ing up the Heliometer 

which w i l l  be used for  the study of the f luc tuat ions  of the extreme limb p ro f i l e  as 

well as of the shape of the Sun and of i t s  short and long period var ia t ions.  The 

contr ibut ions of Professor ROSCH and of the Pic du Midi Observatory to high reso- 

lu t ion  studies of the solar photosphere was presented by R.B. DUNN in an in t ro -  

ductory ta lk  to the meeting. 

Apart from a few contr ibut ions,  the meeting was res t r ic ted to photospheric 

features. A number of physical processes taking place in the solar photosphere are 

h ighly  structured with features of size smaller than I " ;  that is the case, for  

example, for  the granular convection, the small-scale end of the spectrum of sizes 

of emerging magnetic tubes, the concentration of magnetic f ie lds  in the photospheric 

network and facu l~ ,  for  sunspots f umbr~ and penumbra. The chromosphere, the 

t r ans i t i on  zone and even the corona are h ighly  structured, too, with features of 

size of the order of I "  or smaller. I t  is clear that observations of resolut ion of 

I" and even, very often, much better ,  are needed to improve our knowledge of the 

Sun (and stars) .  

New instrumentation, consist ing of ground-based as well as space telescopes, and 

advanced technology l i ke  act ive and adaptative opt ics, are in f u l l  development. 

They w i l l  al low us to reach a resolut ion of 0.1" in the near future.  The major 

projects are reviewed here in Session I .  The posters displayed in the Poster 

Session, and published in these proceedings, were devoted to analysis procedures of 

high resolut ion observations. The f ine structure of the solar photosphere as well 

as the various techniques of magnetic f i e l d  strength determination are described in 

Session I I ;  new resul ts are presented in the contr ibut ions.  Session I I I  deals with 

the f ine  st ructure of the photosphere from a theoret ica l  point of view, emphasizing 

s t i l l  unresolved questions. Surface small-scale features can be used as powerful 

tools for  the study of phenomena o r ig ina t ing  in deeper layers; that  is the topic of 

Session IV. 



IV 

Only those participants who formally registered for the Solar Session are l isted; 

but the session was also attended by others part icipating in the general meeting. 

I wish to thank Dr. J.L. LEROY, Mr. J.C. AUGSITROU and Ms. M. MAURUC, for the i r  

help in the organization of the Solar Session, which was only a part of the i r  tasks 

among the other specialized sessions and the general meeting, and also Ms. H. CLOS 

who provided invaluable assistance in preparing these proceedings for publication. 

Toulouse, June 1985 R. Muller 
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I NTRODUCT I ON 





PROFESSOR ROSCIf, PIC DU MIDI AND HIGH RESOLUTION 

Richard B. Dunn 

National Solar Observatory 

National Optical Astronomy Observatories 

To speak on behalf of RSsch's work one must speak about the Pic 

du Midi! I have always been close in spirit with Pic du Midi. Lyot 

invented the birefringent filter and used it at the Pic in conjunc- 

tion with the coronagraph, which he also invented. I started in 

astronomy by building birefringent filters and used them to study the 

corona with the 10-cm and 40-cm coronagraphs at Sac Peak. I remember 

how Dolfus, who observed the corona at the Pic, and I used to compare 

our coronal pictures! 

Nowadays the corona is studied primarily from space by means of 

such satellites as the Solar Maximum Mission, although we still con- 

tinue to observe coronal transients from the ground. But studies of 

the corona represent only a small part of the current research in 

solar physics. We are also interested in solar activity, global 

oscillations, and the solar-stellar connections. Many of these stud- 

ies would benefit from higher resolution observations, which is the 

subject of this symposium. We all now take the importance of high 

resolution in solar physics for granted because solar astronomers now 

believe that the fundamental physical processes on the Sun occur on a 

small scale in the presence of magnetic fields and convection. This 

is the justification for high-resolution solar telescopes in space. 

High resolution is a relatively new field in solar physics. 

Until ]5 years ago Zirin and I, and perhaps RSsch, were called solar 

"dermatologists"! Theory had not advanced to the point where the 

details were important! But now they are! High resolution has a 



wide following and the theorists want many more details and accurate 

measurements. I feel that the United States' interest in the field 

was established when Gene Parker Supported the funding of Sac Peak by 

the National Science Foundation (NSF) after the U. S. Air Force de- 

cided to reduce its support. He said that we must continue the work 

on high resolution. 

High resolution has also been one of the primary interests of 

Prof. Rosch with the Pic du Midi solar telescopes for the last 30 

years. The site is good and the telescopes are also very good. At 

the IAU meeting in Brighton in 1970 I remember Prof. RSsch comparing 

granulation pictures from Pic du Midi to those taken from a balloon 

telescope flown in Russia by Krat and Karpinsky. Those from the Pic 

were easily as good as those from the balloon. 

Most telescopes need improvement if they are to meet their dif- 

fraction limit. There are always problems in the lens or mirror 

"figure," heating of windows, internal seeing, seeing in the dome, 

vibration, servos, etc. When the telescope is improved, the quality 

of the observations also improves. At the present time the SPO tele- 

scope suffers from vibration and from thermal problems in the win- 

dow. Our granulation pictures are not as good as those from the 

Pic. I am convinced that the problem is not with the Earth's atmo- 

sphere, but with the telescope. I must improve it. 

There is a long history of improvements to the Pic du Midi tele- 

scopes. They started with a 38-cm aperture and now have a 50. They 

rebuilt the dome to eliminate internal seeing. They even made some 

tests with a 60-cm refracto-reflector. Mehltretter, who was on leave 

from Freiburg, and whom we all remember as a charming man, was famil- 

iar with the thermal problems of the window at Sac Peak, and he ana- 

lyzed the 50-cm and was able to improve it by placing a light shield 

in front of the telescope. I believe that there are major problems 

with all current solar telescopes. Perhaps even the 50-cm at the Pic 



could be improved, but it does appear to be perfect at times. I am 

not convinced that the compound telescopes have ever been aligned 

well enough and figured well enough to give the best results. Have 

you compared your granulation pictures to those from the Pic? Per- 

haps your seeing is better than you think, and the lack of detail is 

caused by problems in your telecope or with lack of aperture. If the 

picture is uniform but soft, then the troubles are close to the tele- 

scope or within the telescope itself. 

The turbulence in the Earth's atmosphere sometimes seems insu- 

perable, but do not forget that solar astronomers do have some tests 

to see if their pictures are accurate. 

One could compare the results from ground-based observa- 

tions to those from balloon flights or, later on, from 

space. 

- Alternatively, compare your pictures to those from Pic du 

Midi. I always have! This works best for granulation 

pictures; and now there are some excellent H-alpha pic- 

tures. But you must enlarge the pictures to the same scale 

and use the same contrast, because small-scale pictures 

always look good! 

- Take bursts of pictures and select the best frame. Do two 

pictures separated in time show the same features? 

Take a burst movie and print the best frames as a movie. 

The eye can reject the film grain and flaws. It can follow 

the evolution of a granule or bright point. 

Soon there may be some new tools! At this meeting you will hear 

about progress in adaptive optics which may someday correct the aber- 

rations caused by the Earth's atmosphere. You will also see an exam- 

ple of the automatic selection and registration of pictures by com- 

puter. Perhaps this technique will noticeably improve movies taken 

under less-than-perfect conditions. 



Concentrate your resourcesl RSsch showed great wisdom in con- 

centrating on granulation studies in the early years. This works 

especially well if you have limited resources. Improve your tele- 

scope, look for the best film, improve the shutter, study the seeing 

in the dome and telescope, and voila!--you have the best granulation 

pictures. This approach has led to important research papers from 

the Pic du Midi, including: 

The best granulation pictures 

Studies of the explosion of granules 

Evolution of granules - granules become brighter and en- 

large; then a hole develops and the granule breaks up... 

- Studies of elongated granules near the limb 

- Changes in the center-to-center distance of granules with 

the spot cycle (with Macris) 

- Bright points and their relation to granulation and chromo- 

spheric structures (Muller) 

- More recently Rosch has started a program for solar oblate- 

ness measurement, which branched off towards solar oscilla- 

tions (Yerle). 

But do not concentrate too much! For example, 

We need more movies of these phenomena. Only one movie is 

available that shows the relationship between granules, 

bright points, filigree, crinkles, spicules and micropores, 

and that movie is over 10 years old and leaves much to be 

desired! It is unfortunate that the Pic did not have bet- 

ter movie equipment and copying cameras and a larger film 

budget. Perhaps if it did, by now we would have a "refer- 

ence" movie of all these phenomena, and the dermatologists 

and the theorists would be satisfied! 

Pic du Midi should have its own birefringent filter with 

the proper beamsplitters that permit simultaneous observa- 



tions at several wavelengths -- like, for example, the one 

used by Lyot in ]944 to photograph the corona. Then the 

observations of the granulation and bright points could be 

extended to the filigree and magnetic fields. I have seen 

some recent H-alpha pictures from the Pic that are promis- 

ing, but I understand that the filter was borrowed. The 

Zeiss Universal Birefringent Filter (UBF) operated at the 

Pic by the Italian group under the direction of Righini 

will help in this regard, as will the double-pass spectro- 

graph designed by Pierre Mein. 

- The observations must be extended to polarization measure- 

ments. We must know the state of the magnetic field. This 

is the reason for THEMIS, but perhaps its focal-plane in- 

strumentation could be used initially at the Pic. 

Because of the problems with the Earth's atmosphere and the need to 

be patient and wait for the best moments of seeing, a telescope dedi- 

cated to high resolution is needed. 

Finally, we need people dedicated to high-resolution observa- 

tions. Perhaps if Prof. RSsch continues to work for another 30 

years, he will obtain the additional high-resolution observations 

that we need to understand the Sun. 



ACKNOWLEDGEMENTS AND COMMENTS 

Jean R~sch 

Observatoires du Pic du Midi et de Toulouse 

I would like to say, first, how grateful I am to the colleagues who 

decided to have this Colloquium devoted to high-angular-resolution 

in solar physics, and particularly to my old friend Dick Dunn who 

accepted to travel eight thousand kilometers and back to summarize 

here what I have done in that field, where he is a prominent connois- 

seur. 

Needless to say, I deeply appreciated his recommendations for testing 

solar pictures : "You could compare your results to those from space 

when available; alternatively, compare your pictures to those from 

Pic-du-Midi.; and I am happy, too, to learn that until 15 years ago, 

Zirin and himself were called "dermatologists"; it did not happen to 

me, contrary to what he suspects, but that was for the simple reason 

that people, in France, did use, instead, the more trivial words 

"post-dard maker". And I remember that almost thirty years ago, more 

than one famous theorist positively denied the existence of some of 

the sharp features recently detected at the Pic, because they contra- 

dicted the theory ! 

So, may I risk a question : if things have changed, is it because the 

theorists refined their theories and needed sharper observations to 

support them, or because the bulk of high resolution pictures in the 

market forced them to refine their theories ? 

I shall come back to such matters soon. At the moment, I would simply 

express my strong support to Dick Dunn when he says that so much is 

still to be expected from high resolution observations - except that 

he may be slightly too optimistic when relying upon my activity for the 

thirty years to come ... 

After Dick Dunn has so nicely commented about myself, it is my own 

duty, now,to pay a tribute of gratitude to all those without whom I 

could not have carried out the achievements which he spoke about. 

Numerous as they have been along the years, I shall name only a few of 

them. First of all, as you may guess, my dear masterBernard Lyot, who 

welcomed me in his Meudon laboratory exactly forty nine years ago, as 

his first disciple in time. How could I forget, from his example, that 



the discovery of the Universe as it is primarily based upon well- 

thought instruments and careful observations ? 

Then, I would like to cite four men who played a major role around 

myself in the developpement of high resolution solar programs at the 

Pic - not including Richard Muller, whom I shall call "the leader of 

the second generation" -. These four are : Marcel Gentili, such a dedi- 

cated observer as a friend of Lyot since their youth could be; Marcel 

Hugon, with his dependable experience in classical optics and photogra- 

phy; Jacques Pageault, who entirely designed,after my general scheme, 

the "Turret-Dome", directed its construction, and cared for its health 

for years; and Frangois Chauveau who has been so efficient in the defi- 

nition of observing procedures and data processing. Gentili and Hugon, 

alas,passed away during the last decade. But after thirty years, I 

have been fortunate enough to have still with me Pageault for the mecha- 

nics design and Chauveau for the optics of the "scanning heliometer" 

which some of you may discover as a new-born next saturday at the Pic. 

While Jacques Pageault is untimely retired, Frangois Chauveau is 

present in this room to-day, and I would be very pleased with you 

applause for himself and for the others I have named. 

And now, let me express some simple ideas - which it may not be use- 

less to remind, however - about the philosophy of high angular reso- 

lution. 

I happened to read, some months ago, in a "scientific magazine" - not 

a very reliable one, I must say - that astronomy is no more interested, 

nowadays with the morphology, but definitely with the physics, of 

celestial objects. An astonishing non-sense, indeed. Since Aristoteles, 

physics means nature of the object; and how can you discover and under- 

stand its nature if you deliberately ignore its shape and space struc- 

ture ? Let us go further into the analysis. 

Distant as they are, celestial objects are primarily observed as two- 

dimensional features. Until Galileo came, their optical image was 

directly projected by the optics of the eye onto the surface of the 

retina. We believe we have invented the bi-dimensional detectors, but 

the first one did exist already some one or two million years ago : 

the detectors of the central part of the retina of superior animals 

(the cones) are individually connected (through some relays) to the 

cortex of the hind part of the brain by nerve fibers, just as the 

diodes of an array are individually connected to the computer. But 

something else does exist too, which we have not yet been able to 
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re-invent : through such fibers, there is a point-to-point corres- 

pondance between the retinal area and the visual cortex area, and there- 

fore a true bi-dimensional projection of the image onto the brain, in 

contact with all the other cerebral centers, so that the brain is 

instantaneously able to compare with previously memorized images, to 

analyze, to think, to interpretate, and to find the meaning of what 

the eye is presently seeing. The most convincing demonstration of the 

fundamental necessity ofsmch~a marvelous device is the fact that in the 

spectral domains where neither the eye nor equivalent bi-dimensional 

detectors like the photographic film can be used, constant efforts 

have been made to reconstruct indirect images, be it by scanning 

procedures or by interferometry, so as, finally and unavoidably, to 

display a bi-dimensional image for the eye to look at. Now, what does 

a bi-dimensional image contain ? It gives, for every point defined by 

two geometrical coordinates, u and ~, the energy E measured by the 

detector at that point. In addition, one has to specify in which wave- 

length, or, rather, specify E for each wave-length. Therefore, E is a 

three-variable function, E(~,~,I) which cannot be obtained at once on 

a bi-dimensional detector, and which,anyhow, we need for the knowledge 

of the physics of the object. Thus, we have to choose a compromise 

between two extremes : a bi-dimensional image in a given spectral range, 

or a spreading side by side over the bi-dimensional detector, according 

to their wave-length, or monochromatic images of a narrow strip cut 

across the full image by a slit - in other words, make a spectrum -. 

What to begin with ? Obviously a wide band full image, since it provi- 

des a first knowledge of the morphology of the object, whereas a 

spectrum through a sli~fplaced at random somewhere on an unknown object 

has a large probability being useless. Please note that,strictly 

speaking, the same holds even for a field of point sources, since it 

is nothing else than an extended object where E(u,v,l) is zero 

everywhere, except for a number of pairs of values of u and v which 

you must know before any spectral analysis or discrimination; think 

about HR diagrams of globular clusters, or about identification of 

optical counterparts of radiosources. 

Now, the amount of information provided by a bi-dimensional image is 

a direct function of the inverse of the area (Au,£v) within which, 

centered at any point of the image, no variation of E can be detected. 

Au and £v just express the angular resolution of the image along two 

directions; the smaller they are, the larger the amount of information. 

But that is only mathematics. The effective information provided by a 

better resolved image contains considerably more than what is merely 
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measured by a number of pixels, because it opens at once a new insight 

into the objects and the phenomena. There are so many striking exam- 

ples that I shall only pick up an almost trivial one. For millenia of 

naked-eye astronomy, Saturn has been taken as a dimensionless bright 

"erratic" star. In january 1610, Galileo, using a one-inch telescope, 

described it as a strange "triple star". Fourty seven years later, 

Huygens'eye, through a somewhat larger telescope, saw a more complex 

picture, and Huygens' brain immediately understood that it was a 

spherical globe surrounded by a flat circular ring. Could you tell me 

which computer, in the future generations, on line with a CCD recei- 

ving the image of this unexpected object, will immediately display on 

its console the words : "Sphere circled by flat ring "? 

Finally, what about high angular resolution in solar physics ? There 

are several reasons which make the solar case quite specific. Given 

the consensus that the best knowledge of our sun is fundamental for the 

general knowledge of stars, because it can be studied in so much more 

details, the importance of high resolution is evident. 

Indeed, it shows a tremendous variety of structures of all sizes, with 

intricated connexions and time evolution, which one would like to 

explore with more and more sharpness. Moreover, and fortunately, no 

other celestial body pours so much energy onto our telescopes, and this 

is a priceless advantage when looking for high resolution from ground- 

based optical telescopes. 

Therefore, it is not surprising that within the considerable effort 

developed during the last decades in solar research, a fairly large 

part dealt with high resolution in the optical range, the one where it 

reaches its optimum value. But the very fortunate fact is the unusual 

amount of non-predicted structures or phenomena which were thus revea- 

led. A number of them have been listed by Gene Parker (again !) in a 

very interesting "Guest Comment" published in the September 1979 issue 

of "Physics Today", where he has beautifully explained the deep reason 

for this situation : 

"The sun, he writes, is an obstinate reminder that while we possess 

all the basic partial differential equations of classical and 

quantum physics, the rich variety of solutions of those equations 

extends far beyond present knowledge and imagination". 

And next : 

"The problem is to auess from the observations what the underlying 

physical effects may be, and then to establish the ideas firmly 

with the appropriate theoretical studies, and further observations". 

A kind of answer to the question I risked a moment ago. 
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Which stronger encouragement for instrumentists and observers than 

such a definite statement by as bright and renowned a theorist as 

Parker is ? And, by the way, which stronger recommendation for the 

sponsors to finance not only gigantic computers, but also powerful 

telescopes - not to forget the men to serve them ? 

As for myself, I must again express my heartiest thanks to these who 

chose to hold this Colloquium as a recognition of my contribution in 

the subject, since not any reward for my efforts could be both more 

friendly and more constructive. And I do hope the papers and discus- 

sions to come these days will help in awaking a general interest in the 

policy I mentioned a minute ago after Parker's remarks. 

w 



i, INSTRUMENTATION: DEVELOPMENTS 





THE LARGE EUROPEAN SOLAR TELESCOPE 

O. Engvold 

Institute of Theoretical Astrophysics 
University of Oslo 

P.O.Box 1029 Blindern 
N-0315 Oslo 3, Norway 

1 INTRODUCTION 

The quest for better spatial resolution and for high precision 

polarimetric measurements have led to refurbishment of existing tele- 

scopes and to the development of new telescopes and observatories. A 

number of solar telescopes in use, under construction, and in the 

planning are given in Table i. The internal telescope seeing is eli- 

minated effectively in telescopes aiming for high spatial resolution 

by evacuating the light path. The aperture size of vacuum telescopes 

is limited essentially by the tolerable thickness of the glass (Dunn 

1984). The largest vacuum telescope in use has aperture of 76 cm 

(Table i). A substantial improvement in spatial resolution in the 

visible and UV will be achieved through the realization of the 125 cm 

Solar Optical Telescope (SOT) of ~SA for the 1990's. Instrumental 

polarization caused by thermal stresses in entrance windows and by 

reflections from variably inclined optical surfaces are difficult to 

compensate properly and will therefore degrade the measurements. When 

it comes to reducing instrumental effects in polarimetric measure- 

ments designs that are based on direct pointing Gregorian or 

Cassegrain systems seem to offer the most promising solution. Ex- 

isting and known telescope designs do not offer the possibility of 

high spatial resolution and low instrumental polarization at the same 

time. The need to combine the two requirements has been decisive in 

the development of the design of the Large European Solar Telescope 

(LEST). 

The objectives of the LEST project are justified in publications by 
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JOSO (JOSO Annual Report 1970, Zwaan et al. 1982) and by the LEST 

Foundation (Wyller 1983). 

The Canary Islands of La Palma and Tenerife have been the subjects of 

extensive solar and stellar site testing campaigns. National solar 

telescopesare presently being errected at the sites and still others 

are planned for the near future (see Table i). The 25 cm aperture 

heliostat tower telescope of the Swedish station have produced very 

nearly diffraction limited images of the Sun at several occasions. A 

Figure 1 Photograph of a model for LEST. 

reconstructed and enlarged version of that telescope will be oper- 

ational in summer 1985. The high quality solar observations of the 
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Canary Islands sites will presumably be manifested as the new and 

larger telescopes are put into operation. The final selection of the 

site for LEST will be based largely on the results obtained from the 

new, medium large national instruments. 

The legal body for the LEST project, the LEST Foundation, was estab- 

lished in 1983 in Stockholm. By the end of 1984 the following 7 

countries have joined the project: 

FRG ISRAEL ITALY 

NORWAY SWEDEN SWITZERLAND 

AUSTRALIA 

The design study of LEST has recently been completed (Andersen et al. 

1984). The overall and detailed design of the telescope and tower is 

estimated to take 1½-2 years. We shall here review briefly the main 

features of the proposed design. 

The optical system of LEST is planned for the use of active and 

eventually adaptive optics (cf. vonder LUte, 1983) which may permit 

0.i arcsec resolution of details in the solar atmosphere. The tele- 

scope will have low instrumental polarization that makes it suitable 

for high precision measurements of solar magnetic fields. The dia- 

meter of the main mirror will be 2.4 m, which will give the telescope 

a very high photon collecting power. Given LEST the astronomers will 

be able to perform simultaneous observations with high spectral, 

spatial and temporal resolution. 

Figure 1 shows a photograph of a model of the outer tower and "dome- 

less" structure of the proposed LEST. The telescope is placed on top 

of a tower so that the influence of ground turbulence is reduced. The 

telescope has an alt/az mount with the azimuth axis located within 

one of the forks. With this telescope mounting only five mirrors are 

needed to bring the telescope light to the instrument ports at the 

base of the tower. The telescope is sealed with an entrance window so 

that its entire optical path may be filled with helium to reduce the 

internal seeing effects (Engvold et al. 1983). 
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2 OPTICS 

The proposed optical configuration for LEST is displayed in Figure 2. 

The telescope is a Gregorian system with an additional concave mirror 

behind the primary. Most of the energy is absorbed by a heat shield 

at the prime focus of the f/2.3 parabolic objective mirror. The third 

mirror re-images the Gregorian focus to the instruments at the base 

of the tower that supports the telescope. Two flat mirrors reflect 

the light out along the elevation and azimuth axes of the telescope 

mounting so that the final image is fixed (except in rotation about 

its center) with respect to its auxiliary instrumentation. The verti- 

cal beam of light coming from the telescope focuses on a rotating 

table ("rotator") at ground level. 

The image at the f/2.3 parabolic primary mirror focus is strongly 

aberrated by coma and offers virtually no usable field. The coma at 

the Gregorian focus exceeds the diffraction limit at about 20 arcsec 

off the central axis. The third and ellipsoidal mirror corrects 

largely the aberrations of the secondary focus. It's diffraction 

limited field of view of about ±12 arcmin exceeds by far the angular 

field of interest for LEST. 

The prime focus field stop and heat rejection system shall remove an 

excess solar flux of about 5.5 kW and ensures an acceptably low heat 

load on the optical surfaces of the telescope. It is proposed to use 

a liquid-cooled tank with a slightly curved entrance window and a 

central hole, mounted on the spider arm unit in the prime focus. 

The quality requirements of the optical surfaces for LEST leads to a 

peak to peak error amplitude of k/25, or k/70 rms, at k=5000A. It is 

assumed that the primary mirror for LEST will be made from a con- 

ventional heavy blank. 

There are basically four types of misalignments in the Gregorian 

system: 

• inclination of the axis of the primary with 

respect to the system axis 

• inclination of the axis of the secondary 

• pure lateral displacement of the two axes 

• axial shift of the secondary 
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Figure 2. The optical system of LEST. 
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The alignment tolerances in positioning errors are very small. The 

tilt of the secondary mirror must not exceed 9 arcsec relative to the 

central axis of the system. It's axial and lateral shifts must be 

less than 13 ~m and 70 ~m, respectively. The positional accuracy for 

the tertiary mirror is less strict and its adjustments may be solved 

by passive means. 

A small inclination is equivalent to a corresponding lateral dis- 

placement. Both errors have the same effect; they produce a field 

independent coma. The errors will compensate mutually and the image 

will be good when the conic foci of the two successive mirrors co- 

incide. The proposed alignment system shall make the conic foci 

coincide. 

A compactly built polarization modulator may be inserted in the beam 

before the hole of mirror 4, which is prior to any oblique re- 

flection. A version of the polarimeter has been suggested that is 

only 20 cm overall, including collimators (Stenflo 1984). Piezo- 

elastic modulation appears to be superior to other modulation 

methods. 

LEST should have a thin window (1-2 cm thick) preferably made from 

fuzed quartz to seal the helium gas of the telescope light path. The 

production technique for such a large (~2.4 m) and thin window is 

presently being studied in detail. For considerations on the LEST 

window we refer to Dunn (1984). 

The high precision tracking needed for the LEST will be achieved 

through the combination of low frequency and high frequency response 

systems (see Engvold and Hefter 1982): 

• The slow drifts in the telescope pointing (frequencies < iHz) 

will be taken out by referencing to the positions of the solar 

limb. A solar limb guider in the focal plane of an auxiliary 

tracker telescope is interlocked to the declination and the 

azimuthal drives which then can maintain a steady and correct 

pointing. 

• The high frequency image motions (>iHz), due to vibrations of 

the instrument and by the seeing, will be corrected by refer- 

ence to the actual small scale structure being observed. The 

error signal from the image displacement thus detected is used 
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Figure 3. The telescope tube, mounting and dome structure. 
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to bring the image back to its correct position by a small tilt 

of the agile, active mirror 5. 

An adaptive 0ptics system will be developed to compensate distortion 

of the observed light phase front in real-time, i.e. compensation of 

image blurring. Existing systems for use in solar telescopes are yet 

far from being fully developed (Hardy 1981, Smithson and Tarbell 

1984). The possibilities of using adaptive optics system in ground 

based telescopes, are reviewed by vonder L~he (1983). The design of 

the adaptive optics system for LEST will be done in parallel with the 

telescope design, and at that time the actual scheme for real-time 

wavefront error compensation will be chosen. 

3 MECHANICS 

The solution chosen here and shown in the Figure 3 has a symmetric 

structure that supports the tube. The dome that has been selected is 

similar to the dome that has been discussed in earlier LEST reports 

(Engvold and Hefter 1982). It has one axis of rotation at 45 degrees 

and the second one is vertical. The two parts of the dome are ro- 

tating with respect to each other so that the opening remains 

centered on the telescope aperture. A third axis of rotation is re- 

quired for LEST because the azimuth axis is offset from the center of 

rotation of the elevation axis. This dome is similar to the one used 

with success at the 2 meter telescope at Pic-du-Midi (RSsch 1981). 

The other important point is that the entire telescope tube will be 

filled with helium, an operation that requires evacuating the tele- 

scope tube. The telescope tube is thus designed as a vacuum tank. The 

cylindrical wall is of steel and has a thickness of 12 n~. There are 

multiple ribs on the outside to prevent buckling. An aperture cover 

is designed to take the load of the atmosphere when the telescope is 

evacuated. 

A ring on top of the inner tower provides the horizontal bearing 

surface for the hydrostatic pads. It contains channels for collecting 

the oil from the hydrostatic pads which rotates with the azimuth base 

triangle. 

Three radial struts that are displaced 120 degrees from each other, 
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support the radial azimuth bearing at the center of the ring. 

The secondary, tertiary and mirror 4 are small and the design of the 

support systems is not critical. Mirror 5 is "active" i.e. it can 

move quickly to compensate for image motion. To obtain a high servo 

bandwidth, it is important to avoid coupling between the mirror servo 

and the telescope structure. This is accomplished by using a counter- 

moving counter-weight in a fashion similar to the systems used for 

chopping secondaries in infrared telescopes. 

All five mirrors can be adjusted in tilt by means of small adjust- 

mentdrives. For the primary, this is most easily obtained by moving 

the three defining points. Pneumatic supports will automatically 

adjust themselves to the desired mirror position. 

4 BUILDINGS 

All facilities such as offices, laboratories, workshops, kitchen, 

etc., that are not absolutely required near the telescope, are situ- 

ated in a separate maintenance building at some distance from the 

LEST tower. 

The telescope aperture must be above the ground turbulence. Indi- 

cations from various sources show that a height of 20-30 m is ac- 

ceptable. A height of approximately 25 m has been chosen for the 

LEST tower, the exact value being dictated by optical requirements. 

The shape of the dome is a feature that is important to telescope 

seeing. Experience from various observatories shows that there is an 

advantage in letting the telescope tube stick out through the dome, 

preferably protected by an exterior dome tube structure. 

The dome which is made from three parts, each with their own axis of 

rotation, has a special advantage from the point of view of space 

(see Figure 3). It can be designed as a self-supporting shell 

structure, for instance of a sandwich material, or alternatively a 

large steel structure covered by spherical panels, for instance of 

Kevlar reinforced polyester. 

The entrance window must be protected whenever the telescope is not 
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Figure 4. Cross-section of the double tower and the telescope. 
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in use and an automatic cover mechanism is required. As mentioned 

earlier the cover must take the load of the atmosphere when the tele- 

scope is evacuated. The same cover performs both of these tasks in 

the design chosen for LEST. 

The instrument stations and other auxiliary telescope facilities are 

placed underground. This solution minimizes the ground induced wind- 

turbulence and establishes a thermally stable environment for the 

instrument stations, which are placed in the center of the tower at 6 

locations distributed radially around the central axis. Five of the 

stations may have permanently installed equipment (cf. W~hl et al. 

1984). 

5 TELESCOPE OPERATION 

The LEST will be a complicated and expensive facility. It is there- 

fore essential that the operator be experienced. Operation should be 

performed exclusively by specially trained personnel according to the 

instructions of the observing astronomer assisted by a resident 

astronomer of the LEST observatory. 

Three observing schemes are anticipated: 

• Observing astronomer present at LEST site 

• Observing astromer present in one of several 

control stations in the member countries 

• Observations are performed by local staff according 

to written instructions given by the astronomer. 

It is proposed to have various remote control stations in the LEST 

member states. For this purpose, communication links between the LEST 

installation on the observatory site and the respective control rooms 

at the home bases are required. 
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J. R~sch: Did you compute the frequencies of the vibrations of 

the tower and building of LEST? 

O. Engvold: Yes. The eigenfrequency of the outer tower structure is 

7-8 Hz, and for the inner structure it is about 15% 

less. 

L.M.B.C. 

Campos : 

Concerning vibrations, you mentioned that the structure 

would be fairly rigid, to reduce oscillation ampli- 

tudes. Did you take any special measures concerning 

vibration damping? Also, which wind speed do you assume 

for aerodynamic loads? 

O. Engvold: Our calculations were made for wind speed of 30 m/s. 

The amplitudes appear to be comfortably small, only 

about 0.07 arcsec for the outer tower and 0.002 arcsec 

for the inner tower structure. 

G. Elste: If you observe the limb does the light returned from 

the secondary fall on the primary? 

O. Engvold: No. The heat trap in the prime focus permits obser- 

vation to about 1 R beyond the solar limb before that 
o 

happens. 

G. Elste: If you wish to have the slit of a large spectrograph 

parallel to the limb at the solar rotational axis you 

would need an image rotator? 

O.Engvold: Yes, unless your instrument could be placed on the 

vertical rotating table of the LEST focus. 

H.U. Schmidt: Could you give me an indication of what is meant by a 

reactionless mirror? 

R.B. Dunn: A reactionless mirror has a second mass mounted in such 

a way that it cancels the inertias of the main mirror. 
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Thus, there are no moments transmitted to the sup- 

porting structure. These are in use as "chopping secon- 

darys" on large telescopes. They hav bandwidths approa- 

ching 200 Hz. 

A. Righini: How large is the amount of straylight you estimate due 

to the reflections in the optical path? 

O. Engvold: We have not yet calculated the point spread function 

for the entire system. 

(A. Righini: What is the influence of the Caldera on the La Palma 

site?) 

U. Kusoffsky: What we believe can be a possible Caldera-effect is 

only seen when there are weak southern winds, or no 

wind at all. I would like to mention the ongoing cam- 

paign for the Nordic Optical Telescope with trail tele- 

scopes pointing both to the north and to the south on 3 

different sites along the Caldera. Preliminary results 

show no difference in seeing in the north direction. 

One should remember from earlier campaigns that good 

night-time seeing is always followed by good day-time 

seeing. 

A. Dollfus: (i) On the LEST instrument, why a Gregorian rather than 

a Cassegrain design? (2) What about the need for a 

field rotator? 

O. Engvold: (i) The Gregorian system is chosen for several reasons: 

It removes the heat load on the secondary mirror and on 

the polarization modulator unit, which is located near 

the secondary focus. The Gregorian system offers a good 

possibility for control of its alignment (see LEST 

Foundation Technical Report No. 7), and it appears to 

be advantageous with regards to reduction of stray- 

light. (2) LEST will observe small angular fields pre- 

sumably less than 1-2 arcmin, most likely only 10-20 

arcsec in a given exposure. Hence, there will be no 

smearing of the images due to field rotaion for ex- 

posure times up to several minutes. To obtain a par 
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ticular orientation with respect to the Sun one will 

either mount the focal plane instrument in the rotating 

table, or insert a field rotator into the beam. 

Will there be thermal problems with the entrance 

window? 

The window will have a thickness of only 1-2 cm and 

therefore absorb less heat than a conventional and 

thicker vacuum window. The cooling effect of the helium 

in the telescope tube will reduce internal thermal 

gradients in the window. 

Mehltretter showed that the same center-to-edge dif- 

ference in temperature a thin window would have a 

smaller effect on the image than a thick window. This 

comes from two effects: First, the optical path is 

proportional to the thickness and, second, the temper- 

ature distribution is more uniform and with the thin 

window the front and and back surface more effectively 

radiate the heat conducted in from the edge. 



THE EUROPEAN OBSERVATORY AT THE CANARY ISLANDS 

J. RAYROLE 
Observatoire de Paris-Meudon 
92195 Meudon Principal Cedex 

Near the Western Afr ican coast, at 28 degrees of northern la t i tude  a new astronomical 

observatory is growing. In the next few years, i t  w i l l  be one of the most important 

in the world by the size of i t s  telescopes as well as by the d ive rs i t y  of i t s  equip- 

ments both for  S te l la r  and Solar works. 

I t  is the resu l t  of more than 10 years of considerable work from European s t e l l a r  and 

solar astronomers. Considerable work during the s i te test ing campaigns as well as to 

discuss in ternat ional  agreements which are the basis of i t s  r e a l i t y .  

The Canary Archipelago is composed of seven is lands. From ~Jest to East we have : La 

Palma, Hiero, Gomera, Teneri fe,  Gran Canaria, Fuerteventura, Lanzarote. 

The general meteorological s i tua t ion  at the Canary Islands is characterized by the 

Azores high pressure system and the frequent occurence of a stable inversion layers 

at a height between 1 and 2 thousands meters above which a stable subsiding airmass 

is encountered. Stratocumulus clouds take form there and the higher summits emerge in 

a clear sky (Fig. 1, 2). For about 20% of the sunny time the sky is coronal and very 

pure for 55%. We may re ly  on 3500 hours of sunshine and even in winter  bad weather 

does not occur more than four consecutive days. Furthermore reaching the Canary i s l -  

ands is easy from whatever European country in less than ha l f  a day. 
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Figure I : I s l a  de La Palma. The Caldera de Tabur iente f u l l  o f  
c louds. 

Figure 2 : The South par t  o f  La Palma as seen from Roque de Los 
~luchachos at  sunset.  Note the "c loud f a l l s "  o f ten 
v i s i b l e .  
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The Canary Island Observatory is a Spanish ins t i t u te  which depends of the " Ins t i tu to  

de Astrof is ica de Canarias". 

1975 : CREATION OF THE IAC 
Ins t i tu to  de Astrof is ica de Canarias 

1979 May 26 : DENMARK, GREAT BRITAIN~ SPAIN, SNEDEN 

signed 

• An Agreement on Co-operation in Astrophysics 

GOVERNMENTAL LEVEL (LEVEL 1) 

• A Protocol on Co-operation in Astrophysical research 
in Spain 

NATIONAL AGENCY LEVEL (LEVEL 2) 

These agreements opened 

El Observatorio del Roque de los Muchachos (La Palma) 

to telescope ins ta l la t ions  from foreign countries 

1983 Apri l  8 

THE FEDERAL REPUBLIC OF GERMANY 

signed 

• Level I and 2 agreements 

DENMARK, FEDERAL REPUBLIC OF GERMANY, GREAT BRITAIN, SPAIN, 

AND SWEDEN 

signed 

• An Addendum to the Protocol (Level 2) 

This addendum opened 

El Observatorio del Teide (Tzana : Tenerife) 

to telescope ins ta l la t ions  from foreign countries 

For solar observations point of view, the two Canarian sites on Tenerife and La Palma 

have been compared in 1979 with two medium size telescope bu i l t  by the Kienpenheuer 

I ns t i t u t  (Freiburg) and the University of G~ttingen. 

This one year campaign confirmed c lear ly  the superb atmospheric qua l i t ies  of  airmasses 

above Canary Islands and showed up orographic effects due to the Caldeira de Tabu- 

r iente on La Palma s i te .  

The choice of a locat ion at La Palma is very d i f f i c u l t .  The topography of La Palmais 

dominated by an enormous crater "Caldera de Taburiente". The si te is located at the 

northern crater rim. The mountain drops sharply making La Palma the steepest major 

island in the world (Fig. 3a). 

The western portion of the s i te between theRoque de Los Muchachos and the western 

end of the observatory is cer ta in ly  poor because the l ine  of sight for  the ear ly 

hours is above the Caldeira (Fig. 3b). 
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FUENTE 
NUEVA 
2366m. 
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ROQUE BE LOS Jmdb~.mm~ LA CRUZ 
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Figure 3 : a) [lap of La Palma (Northern part~. 

b) The "Caldera de Taburiente" and the l ine  of s ight  for  the 
ear ly hours (0, 2, 4 hours a f ter  sunset). 

a) Map of Tenerife (Central Dart~. 

b) Orographic ef fects at Izana are the same, a l l  points considered. 

Figure 4 : 
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The eastern por t ion,  Fuente Nueva, is without doubt the best locat ion.  

At Izana, on the other hand, the s i te  is smaller and the r e l i e f  is more or less the 

same, a l l  points considered. But the useful port ion does not leave room for  many te-  

lescope (Fig. 4b). 

The observatory is si tuated on a volcanic ridge near the centre of the island• Tene- 

r i f e  is one of the larger islands in the Canary archipelago (Fig. 4a). 

Before the in ternat ional  agreements, some telescope was running in a regular way in 

Canary Island. 

The excel lent  qua l i ty  of the Teide observatory for  solar observations has been known 

for  several decades owing to the observations of the chromosphere conducted by our 

Spanish colleagues with a Razdow telescope and more recent ly with the 40 cm Newton 

telescope by our German colleagues. 

I / OBSERVATORIO DEL TEIDE : Izana (Tenerife) 

• 150 cm IRFC Telescope 

Imperial College of Science and Technology (London) 

Since 1980 (IAC) 

• 50 cm Telescope 

Mons Univers i ty  (Belgium) 

- Ha Patrol Telescope (Razdow) 1960 

I ns t i t u t o  de Ast ro f is ica  de Canarias (IAC) 

- 40 cm Newton-Vacuum Telescope 1972 

Federal Republic of Germany (Freiburg) 

Spain (IAC) 

Used in 1979 for  Site test ing 

I I /  OBSERVATORIO DEL ROQUE DE LOS MUCHACHOS (La Palma) 

- 45 cm Gregory-Newton-Vacuum Telescope (1979) 

Federal Republic of Germany (G~ttingen) 

Used for  Site test ing 

Table 2 : Telescopes in use before 1980 

Since 1980 many new telescopes are in use or under construct ion. At "Roque de Los Mu- 

chachos" observatory, for  the most part ,  equipments are s t e l l a r .  ~Je can see that  the 

observatory is already a r e a l i t y  with many various telescopes in use and many others 

under construct ion. The Swedish Academy is the only one i n s t i t u t i o n  to operate both 

s te l l a r  and solar telescopes. 
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NEW TELESCOPES IN USE OR UNDER CONSTRUCTION 

1981 

1981 

1984 

1984 

1984 

1986 

60 cm Cassegrain Telescope 
Swedish Academy of Science 
Moved from Capri 

25 cm Vacuum Solar Tower 
Swedish Academy of  Science 
Planed to increase to 50 cm (1985) 
Moved from Capri 

100 cm Cassegrain Telescope 
Great Br i ta in  - Netherlands 

250 cm Cassegrain-Coude Telescope 
Great Britain-Netherlands 
Isaac-Newton Telescope moved from Herstmonceux 

Transi t -Ci rc le 
Denmark-Great Br i ta in  
Moved from Brofelde 

420 cm Alt-Azimutal Telescope 
Great Britain-Netherlands 

o 45 cm Open Telescope 
Netherlands (Utrecht) 

1990 250 cm Alt-Azimutal Telescope 
Nordic Optical Telescope 
Denmark . Finland . Norway . Sweden 

Mi l l imeter  RADIO TELESCOPE 
Great Britain-Netherlands 

Table 3 : Observatorio del Roque de Los Muchachos 

For the most part ,  new solar telescopes w i l l  be located at the Teide observatory. 

This is due to the fact that orographic effects l oca l l y  perturb in daytime the stabi. 

l i t y  of the a i r  masses which arr ive over the Roque de Los Muchachos. 

NEW TELESCOPE IN USE OR UNDER CONSTRUCTION 

1985 

1985 

1986 

1989 

e 45 cm Gregory Vacuum Telescope 
Federal Republic of Germany (G~ttingen) 
Moved from Locarno 

e 60 cm Vacuum Tower Telescope VTT 
Federal Republic of Germany (Freiburg) 

80 cm Cassegrain Telescope 
Spain (IAC) 

0 90 cm Vacuum Telescope 
Magnetograph THEMIS 
France (INAG) 

Table 4 : Observatorio del Teide (Tenerife) 
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SOLAR INSTRUMENTATION IN CANARY ISLANDS 

I .  ~ _ ~ i ~ b _ ~ e ! g C _ ~ ! ~ e ~  
The Swedish Telescope i ns ta l l a t i on  is part of the Astrophysic Research stat ion of the 

Royal Swedish Academy of Science which, from 1961 to 1978, maintained a Solar Re- 

search stat ion on the island of Capri ( I t a l y ) .  Af ter  which time the stat ion re locat-  

ed to Fuente Nueva (La Palma) in 1981. 

The or ig ina l  solar telescope consists of a classical coelostat mounted on top of a 

16 m high solar tower. The ver t ica l  solar para l le l  beam is directed, by a 80 cm 

diameter f l a t  mirror ,  down into a 12 m long vacuum tube which accomodate a 44 cm Cas- 

segrain telescope. 

However, because of scattered l i g h t  problems the Cassegrain optics has been replaced 

by 25 cm diameter s ig le lens which forms a 20 cm solar image that can be directed in-  

to two observing rooms (Fig. 5). 

The f i r s t  resul ts obtained with th is  instrument confirm the good qua l i t y  of the Fuen- 

te Nueva s i te .  

Reduced to zenith r o values, averaged over 15 seconds, r ise 7.1 cm with peaks up to 

30 cm, g iv ing long exposure-time avai lable for  high resolut ion spectroscopy. 

White l i g h t  photographs of solar granulat ion and H~ pictures taken with the ex is t ing  

single lens show d i f f r ac t i on  l imi ted resolut ion of .5 arc sec. 
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Figure 5a : Opt ica l  Scheme of  the Swedish Solar  Tower. 
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Figure 5b : The observing rooms. 
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To take advantage of these good seeing condit ions the single lens w i l l  be changed to 

an achromatic lens doublet with 50 cm diameter in 1985. 

In the same way the classical coelostat w i l l  be replaced by an A l t  azimuthal system 

of two f l a t  mirrors. The doublet lens w i l l  replace the entrance window of the present; 

vacuum tank which w i l l  be f i l l e d  with helium (Fig. 5). 

The aux i l i a r y  instrumentation f a c i l i t i e s  comprise URSIES in i t s  special single purpo- 

se room. URSIES is a pressure-scanning echelle + Fabry Perot interferometer spectro- 

graph with two channels photocounting system on l ine  to a PDP 1134 mini-computer. 

~ i th  two photoelast ic modulator placed in f ront  of the entrance pinhole, URSIES wor~ 

as a Stokesmeter. In the adjoining second spectrograph room a l i t t r o w  spectrograph 

(dispersion 2 mm/A) and i t s  s l i t j aw  Ha f i l t e r  camera are set. White l i g h t  and f i l t e r -  

gram eaquipment are also avai lable with e i ther  a Z e i s s - f i l t e r  (.25 A bandpass) or a 

H a l l e - f i l t e r  (.5 A bandpass). 

2. 1 ~ _ 4 _ ~ _ ~ _ ~ t ~ _ ~ _ 1 ~  
Some time ago the Univers i ty  of G~ttingen has decided to t ransfer  the f a c i l i t i e s  of 

the Locarno stat ion to the Canary Island s i te .  Af ter  the 1979 s i te test ing campaign 

decision was taken to move the Gregory Telescope to Izana (Observatorio del Teide). 

tlany Solar Astronomers are fami l ia r  with th is  instrument and i t s  powerful aux i l i a r y  

f a c i l i t i e s  (Fig. 6). 

Figure 7 : A ~ ' ~ > . ~ ! ~ , .  
EVACUATED GREGORY ~ ~  ~ , ~ " ~  Gregory COUDE TELESCOPE "~- 

. - ' "  ~ • 

wtr~ow moin mir-- ror 
( ~  slit 

spectral plane \3600 
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Figure 6 : A - The Gregory Telescope operat ing at the Locarno s ta t i on .  
B - The bu i ld ing  under construct ion at Izana (Spring 1984). In f ron t  of  

i t ,  the ground f l o o r  o f  the Vacuum Solar Tower (VTT). 
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I t  is  an a l l  m i r ro r  evacuated Gregory Coude Telescope wi th  45 cm prime aper ture and 

24 m e f f e c t i v e  focal  length .  A water -coo led diaphragm se lec ts  v ia a p inhole a 3.5 arc 

min f i e l d  o f  view and the no used l i g h t  is r e fe lec ted  out of  the tube.  Only I% of the 

inc iden t  beam i l l um ina tes  the secondary o p t i c ,  r e s u l t i n g  in a minimum of scat tered 

l i g h t •  Automatic gu id ing is performed by mean of an a u x i l i a r y  te lescope mounted along- 

side the main tube (Fig• 7).  

A l l  kind of  scans can be performed on the sun wi th  an accuracy of  0.2 arc .  sec. 

In the observing room we have : 

- the spectrographs,  

- the s l i g h t  jaw camera device,  

- the computer un i t  w i th  a l l  the necessary e lec t ron i cs  f o r  several kind of  

rece ivers  and the magnetograph un i t .  

The s l i t  jaw imaging device provides simultaneous p ic tu res  in Ca + K l i n e ,  Ha l i ne  and 

continuum window e i t h e r  

- on 35 mm f i l m  cameras 

- or  on TV screen 

- or on a p ro j ec t i on  screen 

AUXILIARY FACILITIES 

Echel le Grat ing Spectrograph 

. Focal length 10 m 

• Grat ing 300 groves/mm. Blaze 61 degrees 

• L inear d ispers ion 4 to 15 mm/A 

• Resolving power > 5 x 105 

Receivers 

• 6 Pho tomu l t i p l i e rs  

• 2 Two-Stage image i n t e n s i f i e r s  

• Several i n f r a red  rece ivers  

I L inear Reticon 128 diodes ar ray 

i Two-dimensional I00 x I00 diodes ar ray 

Computer Uni t  : Honeywell H316 

. 16 Analog i npu t -ou tpu t  channels 

• 32 D i g i t a l  input  channels 

16 D i g i t a l  output  channels 

• Magnetic tape mass storage 

Magnetograph Uni t  

• Babcock-Kiepenheuer l ong i t ud ina l  magnetograph 

• Vector magnetograph wi th  an e l e c t r o - o p t i c a l  l i g h t  modulator 

• 3-1ine l ong i t ud ina l  magnetograph fo r  simultaneous measurements in 
3 p re -se lec ted  l ines  

• Photographic Stokes meter • Pho toe lec t r i c  Stokes po la r ime te r  
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The spectrum can be recorded with computer control led f i lm cameras or scanned photo- 

e l e c t r i c a l l y  and recorded e i ther  on analog device or d ig i ta l i zed  on magnetic tape. 

For the purpose of solar magnetic f i e l d  measurement, method to compensate for  instru-  

mental po lar izat ion has been developped. 

Magnetograph uni t  can work in d i f fe ren t  ways : 

• Longitudinal magnetograph. 

• Vector magnetograph. 

• Stokesmeter. 

Just now, the Kiepenheuer I ns t i t u t  stars the f ina l  phase of i t s  Vacuum Tower Telesco- 

pe (VTT). At the end of 1984 the telescope w i l l  be put in the bui ld ing. In 1985 the 

test ing and alignment w i l l  take place and from 1986 the telescope and i t s  aux i l i a ry  

f a c i l i t i e s  w i l l  be running in a regular way. 

This telescope, including the spectrograph, has been designed by the late Peter Melh- 

t r e t t e r .  Project managing and the manufacturing of many components are supported by 

manpower of the Kiepenheuer I ns t i t u t .  

A Classical 80 cm coelostat, mounted on top of a 38 meter high tower directs down He 

solar beam into a Herschel vacuum telescope with a focal length of 46 meters (Fig. 8) .  

The image is focussed e i ther  on the entrance s l i t  of the ver t ica l  main spectrograph 

or is directed by an addi t ional  f l a t  mirror in one of three optical laborator ies.  

Guiding and scanning systems are done by using the second coelostat mirror as an 

error correcting t i l t i n g  mirror.  The error signal is detected in the focus of an au- 

x i l i a r y  telescope using a small f ract ion of the telescope aperture. Beneath the te le -  

scope the ver t ica l  spectrograph tank is turnalble to allow for arb i t rary  or ientat ion 

of the entrance s l i t  on the sun. 

AUXILIARY FACILITIES 

Spectrograph 

S l i t  length 0.125 m (600 arc Sec) 

• Predisperser F = 4 m 

• Main spectrograph F = 15 m 

Grating 79 grooves/mm. Blaze 54.5 degrees 

Typical l inear  dispersion 12.5 mm/A 

MSDP (Meudon) 

Computer Unit 

• 4 Megabyte RAM 

• 100 Megabyte Disk-drive 

Recei vers 

• Several 70 mm f i lm cameras 

• Cooled photomult ip l iers 

• Photo-counting devices 

I l inear  cooled Reticon 
1024 diodes array 

• I CCD Camera (RCA 53612 x 0 : 
320 x 512 pixels) 

• Doppler-compensator device 

• Servo-controlled Universal 
Zeiss f i l t e r  (ARCETRI) 

Table 6 
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Figure 8 : The VTT Telescope : op t i ca l  scheme and b u i l d i n g .  
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The spectrograph uses a high order echelle grating and a predisperser to select the 

desired wavelength region. In case the observer prefers the use of low order grating 

the tank can be turned. Then a second entrance s l i t :  with interference f i l t e r s  r igh t  

above the col l imator  of the main spectrograph, is active. High precision spectrum 

scanning uni t  moves the detector head with an accuracy of 2 microns over a distance 

of 150 mm corresponding to 15°A. Observers can control observations by mean of a s l i t  

jaw camera device which provides pictures in Ca + K l i ne ,  Ha l ine and continuum wind- 

ow. Two post focus devices w i l l  be ins ta l led  by guest groups. 

- The Arcetr i  Group w i l l  bring the i r  bidimensional Spectroscopic uni t  in one of 

the three avai lable optical laborator ies.  This device w i l l  provide narrowband f i l t e r -  

grams in arb i t ra ry  wavelengths. 

- The Meudon Group is ready to instal  i t s  Multichannel Subtractive Double Pass 

device (MSDP) to the spectrograph. This device w i l l  enable to produce up to nine f i l -  

tergrams simultaneously in adjacent wavelength covering a broad l ine p ro f i l e .  

4. ~ b ~ _ E ~ b _ ~ 2 ~ b _ ~  

THEMIS is a national project supported by a l l  the solar groups in France. For a long 

time a new concept of solar magnetograph has been proposed to the French sponsors 

without success. After hard discussions the project has been accepted and planned to 

be running in 1989 on the Izana s i te .  

THEMIS has been designed for  high accuracy measurements of magnetic f i e l d  inside fine 

structures of the solar atmosphere. 

In modern solar magnetometry we have to solve two d i f f i c u l t  problems : 

- High spatial and spectral resolut ion measurements of the state of po lar izat ion 

inside l ine  p ro f i l es .  

In terpretat ion of these observed values in term of vector magnetic f i e l d  comp- 

onents in a l l  the layers which can be observed. 

To solve the f i r s t  problem, we need large aperture telescope, free of instrumental 

po lar izat ion as far  as the polar4meter package, and located in a good s i te .  

For the second, we need large spectral range in order to enable the simultaneous obs- 

ervation of several spectral l ines forming at d i f fe ren t  levels.  Large spectral range 

is also necessary to observe at each level a l l  the l ines necessary to separate the 

magnetic f i e l d  measurements from temperature and density var iat ions.  

Large spectral range imposes a l i m i t  to the telescope aperture by the fact that at- 

mospheric disturbances depend on wavelength (Fig. 9). 

90 cm aperture telescope is a good compromise i f  we take into account the entrance 

f lux ,  the d i f f rac t ion  l imi ted resolut ion and the avai lable spectral range for  the 

best conditions we can hope on the s i te .  
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240 cm). These curves have been computed for  60 degrees Zenital 
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I t  is not possible to l i s t  here a l l  the problems involved in magnetic f i e l d  measure- 

ments. However i t  is useful l  to specify the choice for the po lar izat ion analyzer de- 

vice. The l i fe t ime of atmospheric disturbances rises to an upper l i m i t  of 200 m sec. 

so we must observe a l l  the necessary parameters in such a time in te rva l .  

As long as large two-dimensional array detectors cannot accomodate high frequency 

read out and as long as e lect ro-opt ica l  po lar iz ing modulators cannot be used simulta- 

neously with d i f fe ren t  wavelengths, such a type of polar imetr ic  device cannot be use- 

ful  for  high resolut ion observations with several spectral l ines.  

The THEMIS analyzer of po lar izat ion w i l l  be b u i l t  with three achromatic retardat ion 

plates which can be quick ly inserted on the beam and coupled with a po lar iz ing beam 

s p l i t t e r .  

THEMIS is spec i f i ca l l y  designed for  low instrumental po lar iza t ion .  This is achieved 

with ro ta t i ona l l y  symetric optics before the package analyzing the po lar izat ion (Fig. 
Z l ) .  

A Ritchey-Chr~tien telescope directed at the sun focuses a solar image on the spec- 

trograph s l i t ,  behind which is placed the polarimeter package (Achromatic B i r e f r i n -  

gent plates and Polar iz ing beam s p l i t t e r ) .  In th is  way nothing can a l te r  the l ine  
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pro f i les ,  i f  the two beams produced by the polar iz ing beam s p l i t t e r  can be complete- 

ly  separated. The predisperser character ist ics and the echelle spectrograph allow 

this separation without any po l lu t ion for  any l ine and simultaneously for  a great 

number of l ines (Fig. I0).  

Such kind of analyzer is running at Meudon since 1982. 

The main telescope with an ef fect ive focal length of 15 m is mounted as an a l t - a z i -  

muth. Entrance window, primary and secondary mirror as well as the polarimeter pack- 

age are thermally control led.  Transfer optics increase the e f fec t ive  focal length up 

to 60 m and focuses a 6 arc min f i e l d  of view on the entrance s l i t  of the ver t ica l  

spectrographs. The unused l i gh t  is directed, via a cooled f l a t  mirror,  into a box 

which accomodates a photoelectr ic guiding system and electronic for  r o measuerements. 

Scanning is made by turning a small l i gh t  f l a t  mirror (Fig. 11a). The spectrograph 

uses a high order echelle grating and a long focal length predisperser which allows 

l ines selection and separation of the two beams given by the polarimeter package. 

3 selected gratings for  the predisperser associated with the echelle gratings of the 

main spectrograph give a l o t  of combinations which allow classical spectroscopy or 

Multichannel Double pass process (MSDP) (Fig. l l b ) .  

When i t  is used with MSDP optics the spectrograph is i l luminated through a rectangu- 

la r  window as entrance s l i t .  In the plane where the f i r s t  spectrum is formed, sever- 

al intermediate s l i t s  select d i f fe ren t  wavelengths. In f ront  of these s l i t s ,  prisms 

translate the d i f fe ren t  pre-selected beams in order that a f ter  the second subtract- 

ive dispersion the images of the entrance windows for the d i f fe ren t  selected wave- 

lengths are completely separated (Fig. 12). 

The whole instrument is control led by a 16 bits computer. Data acquirement is per- 

formed by a 32 bits computer and an array processor for  real time deduction (Fig. 13) 

Up to now, most of the solar telescopes in Europe were located in bad sites or at 

least not enough good si tes.  

Just now European solar astronomers should be happy. They have a good s i te  and they 

are going to have many running telescopes with a great var ie ty  of aux i l i a ry  f a c i l i -  

t ies .  

QUESTION FROM : RIGHINI TO : RAYROLE 

Question : During the '79 s i te test ing campaign in La Palma i t  was detected an out- 

flow of hot and humid a i r  from the Caldera. Do you know i f  the Swedish colleagues 

has the same experience ? 

ANSWER FROM RAYROLE 

I did not have informations about that. I do not know i f  Dr. Kusoffsky has any data 

but i t  is certain that "Caldera ef fect "  is less important at Fuente Nueva. 



HIGH RESOLUTION SOLAR OBSERVATIONS 

Alan Title 

Solar and Optical Physics Department 
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Abstract.- Traditionally the way to get high quality images has been 

to find a good seeing site and establish a high quality observatory. It 

now appears that this procedure can be improved by installing active 

mirrors which correct real time wavefront tilt, and adaptive mirrors 

which correct, at least for a limited field of view, wavefront distor- 

tions introduced by the atmosphere. Space telescopes offer the further 

advantage of completely eliminating the blurring and distortions intro- 

duced by the atmosphere. Further sDace operations offer the possibility 

of uninterrupted observing sequences of many days or weeks. 

Introduction.- Significant developments in optical technology, hiah 

speed electronics, and lifting capability of space payloads have occur- 

red in the last decade. Currently there is a world wide effort to deve- 

lop optical technology required for large diffraction limited telesco- 

pes that must operate with high optical fluxes. These developments can 

be used to significantly improve high resolution solar telescopes both 

on the ground and in space. When looking at the problem of high resolu- 

tion observations it is essential to keep in mind that a diffraction 

limited telescope is an interferometer. Even a 30 cm aperture telescope, 

which is small for high resolution observations, is a big interferome- 

ter. Meter class and above diffraction limited telescopes can be expec- 

ted to be very unforgiving of inattention to details. 

Unfortunately, even when an earth based telescope has perfect optics 

there are still problems with the quality of its optical path. The 

optical path includes not only the interior of the telescope, but also 

the immediate interface between the telescope and the atmosphere, and 

finally the atmosphere itself. The control of the spatial positioning 

of the telescope becomes increasingly critical as the resolution in- 

creases because the stability during exposure should be at least a 
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tenth the resolution. For magnetic and velocity measurements which 

require differencing pairs of images, the pointing stability require- 

ments can be even more severe. Pointing and positioning of the teles- 

cope is complicated by shake induced by the motions of the telescope 

drives, motions coupled into the telescope via a dome if there is one, 

vibrations introduced by equipment on the telescope and in its building, 

and finally motions introduced by the operators. It should be noted that 

computers with high speed disk and tape drives has increased the pro- 

blem of mechanical coupling from equipment. 

All the above mentioned problems have to be solved in order to achieve 

high resolution solar observations. To date the best solution has been 

to build a very good optical telescope, to show exquisite attention to 

details of solar heating of the optics and the immediate interface to 

the local atmosphere, to locate the telescope at a exceptional seeing 

site, and to show extreme attention to the details of the entire obser- 

vatory, so that it is virtually always able to achieve its best perfor- 

mance. Probably most important is to exhibit patience. Nowhere in the 

world has the above formula been followed better than at the Observa- 

toire du Pic-du-Midi. Furthermore, none of the new techniques that I 

will now describe have yet done better than has been demonstrated at 

Pic-du-Midi. 

The fact that solar images with a quality of 0.2 arc seconds have been 

obtained is a clear bench mark that any new telescope will have to sur- 

pass. Clearly, it is necessary to remove degradations caused by the 

atmosphere, atmosphere-telescope interface, and telescope shake in 

order to do significantly better than has been accomplished. This can 

be partially done by active optics which removes the mean displacement 

of the image; by adaptive optics which removes, at least for some 

angular size, the distortion of the wavefront, and by altitude displa- 

cement of the telescope. In general a combination of these are required. 

At present altitude displacement means putting the telescope into an 

orbit in space. 

Our laboratory has been working on the problems of image stabilization 

via active mirrors, wavefront correction via adaptive mirrors, and 

space solar experiments via SOUP (Solar Optical Universal Polarimeter) 

and SOT (Solar Optical Telescope) to obtain high resolution solar 

images. I will to review the status of these projects below. 

Definitions.- Before proceeding further it is necessary to define two 

terms normally used to describe optical proper£ies of the atmosphere. 

The first is size scale over which the wavefront is locally plane, 
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r (see figure la). This is a rough definition because flatness is, of 
o 

course, a function of wavelength. The parameter r ° is of critical 

importance to the use of adaptive mirrors because the number of active 

segments of the mirror is roughly pi times the square of the ratio of 

the telescope diameter to r . Most daytime measurements yield r's in 
o o 

the range of 6 to 10 cm, but exceptional sites must sometimes have r 's 
o 

of 20 to 40 cm or more. 

The second parameter of considerable importance is the isoplanatic 

angle. Roughly speaking, the isoplanatic angle is the limiting angle 

over which the wavefront from two sources at infinity suffer the same 

distortion through the atmosphere (see figure Ib). The size of the 

isoplanatic patch determines the angular size over which adaptive 

correction is effective. For solar sites this angle is in the range 

of 2 to 10 arc seconds. 

Active mirrors.- We have used a high frequency response mirror for a 

number of years to remove the mean tilt of the incident wavefront and 

hence image displacement from our observations. The mirror and servo 

system has a unity gain cross over point at about one kilohertz. It is 

tilted by PZT actuators. Figure 2 shows an optical schematic of the 

tracker system. The high speed mirror is placed in an image of the 

objective formed by a reimaging lens that is just forward of the 

primary image plane of the telescope. Part of the light that reflects 

from the tracker mirror passes through a 96/04 beamsplitter and is 



54 

~o~;~1 
I~ ' - -  --~'~- ~ - 

~, L ~, 

PZT ~ t  --  --  -- I ~  

I I I i 
I I E i 
I I i I 

t ! I 

.i  EAM . . . .  

I I TELESCOPE 
I I 

ZOOM LENS 

I Axs° L = 3 AXIS QUAD 
CONVERTER PHOTOCELL 

CENTROIDING 
LOGIC 

X-ERROR J I 
Y-ERROR 

Figure 2. Schematic of active mirror system. 

reimaged onto_a quadrant photodetector, while the majority of the light 

is reflected toward another reimaging lens which forms the experiment 

image. In operation a small sunspot or pore is positioned onto the 

quadrant photodetector. From the signals produced by the four quadrants, 

centering logic calculates the displacement of the tracker mirror re- 

quired to center the spot on the detector. The displacement signals 

are sent to a type one servo amplifier which drives the mirror displa- 

cement electronics. 

The amount of residual jitter in the image is difficult to measure on 

the telescope because of the variable blurring and distortion caused 

by seeing. But both films and videotapes have shown that the residual 

jitter is always much less than the seeing diameter. In the laboratory 

the tracker can remove jittering test signals to better than O.O1 arc 

seconds. 

Figure 3 shows a one axis signal from the servo drive in seeing of 



55 

2.0 

1.5 

1.0 

0"5~I 

0 . 0  

- 0 . 5  

- 1 . 0  
0 . 0  0.5 1.0 1.5 2.0 

TIHE [SEC] 

~igure 3. One axis servo signal. 

better than one arc second. The waveform of the image displacement is 

nearly rectangular with steps of 0.5 to 2.O arc seconds. The typical 

width of the basic rectangular step is about a half second of time. 

This motion can be clearly seen if the tracker is turned off. A higher 

frequence jitter a few tenths of an arc second in amplitude is super- 

possdon the large scale displacement. Figure 4 shows the power spectrum 

in bad seeing, and a composite spectrum. All of the spectra are quite 

similar in shape. The humps in the spectra arise because of resonances 

in the telescope and telescope guidance system. From the power spectra 

it is clear that the mirror response should be above 100 Hz. 

It has been our experience that seeing conditions are often quite good 

at Sacramento Peak Observatory in the presence of significant amounts of 

image motion. This may be due to a combination of relatively low alti- 

tude, large scale disturbances and wind induced telescope shake. We 

also found occasional good frames in the middle of fundamentally bad 

seeing. 

It is worth emphasizing that the tracker consists of two parts. One is 

the high speed mirror with its servo electronics and the other is the 

tracker sensor electronics. For the system discussed above a simple 

sunspot tracker is used as a sensor. This is limiting because it 

requires operations near spots or pores. It would be much more 
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desirable to stabilize anywhere on the solar disk. This can be done via 

a correlation trackering sensor system which locks up on the solar 

granulation pattern. Such systems are currently under development at 

Freiburg, Sac Peak, and our lab. It is reasonable to expect correla- 

tion trackers to be operational in 12 or 18 months, but there is no 

reason that high speed steering mirrors should not be standard observing 

equipment now. At present tracker's of our design have been built at 

High Altitude Observatory and Big Bear Observatory and similar systems 

exist at the National Solar Observatory. 

Adaptive mirrors.- An adaptive mirror system for atmospheric seeing 

compensation consists of a sensor that determines the wavefront error 

introduced by the atmosphere, a mirror with a sufficent number of seg- 

ments to remove the atmospheric distortions and control electronics that 

connect the two together. Essentialy our adaptive mirror concept is a 

straightforward generalization of the active steering mirror. The 

objective is imaged onto a segmented mirror where each segment corres- 

ponds to a size of order r on the objective. The control beam, reflec- 
o 

ted from a beam splitter after the adaptive mirror, is reimaged by a 

set of lenses each one of which gathers light from a single segment. 
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The individual images of a small spot or pore are separately sensed 

and a servo loop is closed on the proper individual mirror segment to 

center it's image on it's sensor (see figure 5). This controls the tilt 

of all the segments and serves to cause all of the subimages to be 

coincident in the experiment beam. The method of sensing subimaoes is 

equivalent to Hartmannmeasurement of the wavefront surface tilts. 

Figure 6 shows a diagram of a segments of our adaptive mirror. Figure 

7 is a photograph of the completed adaptive mirror. 

In order to form diffraction limited images the relative phase or 

piston of the individual mirrors must also be controlled. If the 

adaptive mirror is flat for a perfect input beam, controlling the 

relative phase is equivalent to making the edges of the individual 

segments contiguous. Edge fitting is accomplished with a amplifier 

network that connects all the tilt signals together. A block diagram 

of the electronic control is shown in figure 8. 

At the present time the active mirror has not succeeded in producing 

diffraction limited images. However, it has been successful in 

significantly improving both poor and fair seeing. Six arc second 

seeing has been improved to about 2.5 arc seconds. This has been done 

without closing the phase loop. The segment sizes under these conditions 

are poorly matched to ro, but the tilt correction serves to overlap the 

images from the separate subsegments. This is an advantage of separate 

tilt and phase sensing. 
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Figure 7. Photograph of 19 segment adaptive mirror. 
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Two arc second seeing has been taken to under one arc second with the 

phase loop closed. At present there are still some optical problems in 

the alignment interferometer used for initial calibration of the mirror 

control system which introduces on the order of a wave of distortion 

across the aperture. We are presently correcting the appropriate optics 

and expect to achieve diffraction limited performance equivalent to 

that of a 50 to 70 cm telescope during this year. 

When the adaptive mirror has been made operational it will suffer from 

some major limitations. The first is caused by the fact that this mir- 

ror has only 5 segments across a diameter. This means at best the 

effective aperture is 5 times r . When r is 10 cm this corresponds to 
o o 

to 50 cm telescope which at 5000 A can yield about a quarter arc second 

imagery. At a better site using a bigger telescope a tenth arc second 

might be achieved on occasion. However, the more optimistic one's as- 

sumptions about r the more seldom will be the diffraction limited 
o 

images. Further, the improved images will probably be limited to 5 to 

10 arc seconds in diameter because of the size of the isoplanatic 

patch. 

The current mirror has 19 segments and 57 actuators. To add the next 

ring of segments requires 24 more segments for a total of 43 segments 
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and 129 actuators. This additional ring improves the diffraction aper- 

ture to 7 times r . To go to a 9 r aperture, a meter class telescope 
o o 

in reasonable conditions, requires still another 48 segments for a 

total of 91 segments. 

Space Telescopes.- The development of the Space Shuttle by NASA and 

the Space lab and Instrument Pointing System (IPS) by ESA allows 

improving solar imagery by avoiding the atmosphere. The space environ- 

ment, of course, provides a virtually automatic vacuum telescope system. 

Achievement of diffraction limited imaging only requires a nearly 

perfect optical system and a method for removing the effects of an 

imperfect mounting. However, the technology for solving the mounting 

proglem is essentially that of the high speed steering mirror. But as 

stated in the introduction the construction of a nearly diffraction 

limited system is never simple ! 

Space telescopes are further complicated by the requirement to satisfy 

launch and landing loads. This constraint is serious because it makes 

mountings the optics much more difficult. Perhaps the most important 

concern in the design of a space experiment is the overwhelming requi- 

rement that it work without any new fine adjustments. 

In April of 1985 Spacelab 2, which contains the Solar Optical Universal 

Polarimeter (SOUP) should be launched. SOUP is a 30 cm Cassegrain 

telescope with diffraction limited performance over the spectral range 

4900-7000 A. It is mounted on adjustable legs so that it can point 

independent of IPS or co-point with any of the other solar experiments. 

Flying with SOUP is the High Resolution Telescope Spectrograph (HRTS) 

of the Naval Research Laboratory and two other lower resolution solar 

experiments. SOUP has two independent focal plane systems for scienti- 

fic observations. The first records a 2 arc minute a white light image 

on film. The second and primary system is a tunable filtergraph consis- 

ting of polarization analysers, blocking filters, a 40 mA tunable bi- 

refringent filter, film camera, CID camera, digital image processor 

and scan converter. An optical schematic of the SOUP is shown in figure 

9. The filter can be set to 5 mA absolute and I mA relative. The film 

camera has a 1.5 by 2 arc minute field, while the CID has a 35 by 

44 arc second field. 
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I. Introduction 

Within the last decade, the demand for solar observations with high spa- 

tial resolution has led to the development of numerous techniques to 

improve ground-based imaging. Besides post-detection data reduction me- 

thods such as speckle interferometry and speckle imaging, pre-detection 

adaptive wave front correction has reached a certain state of develop- 

ment. The purpose of this contribution is to review recent developments 

of active wave front correction techniques for solar imaging. 

Generally speaking,a system that adapts to a given perturbation of the 

wave fronts emerging from an astronomical source consits of three major 

parts (see fig. I): 

- The wave front error detector or wave front sensor partially or fully 

detects the perturbations of the incoming wave front. 

- The servo logic converts the error signals to drive the 

- Active optical element, which applies the appropriate phase shifts to 

the incoming light such as to partially or fully compensate perturbations. 

Usually, these three constitutes are combined in a closed-loop system, 

where the wave front sensor detects residual errors after compensation 

rather than the perturbations of the incoming light and tries to drive 

the residual errors to null. Table I identifies possible sources for 

wave front distortions. The quantities relevant for adaptive correction 

are mainly the expected dynamical range of the deformations and their 

temporal behaviour. In terms of bandwidth and complexity, atmospheric 

seeing may be most demanding to an adaptive system, so we will be con- 

cerned with seeing in the balance of this contribution. 

II. Atmospheric effects 

Consider a plane wave travelling through the earth's atmosphere, which 

imposes spatial and temporal variations on the light path. Let ~ )  

describe the phase delay of the plane wave, at entrance pupil coordi- 

nate vector x and at time t, due to a point source at the angular io- 
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cation ~in the sky (see fig. 2). It might be advantageous to expand 

~ (Xv%) into a series of orthogonal functions over the entrance pupil, 

such as Zernike-polynomials, especially if one distinguishes between 

first-order (image motion) and higher-order (blurring) wave front cor- 

rection. But now, we will be more concerned with statistical parameters 

of the phase fluctuations. The resolution obtained when observing through 

the atmosphere depends on the phase structure function 

When we assume a Kolmogorov law for the temperature inhomogenities (Ta- 

tarskii, 1971), we may take 

following Fried (1966). In most cases, the validity of eqn. 2 is appa- 

rently confirmed to a satisfactory extent (Roddier, 1981). The parame- 

ter r ° describes the quality of the seeing and the obtainable long-term 

resolution. 

If we wish to fully compensate wave front perturbations in a situation 

with a given ro, we may obtain a measure of the dynamic range Az of the 

light path variations required in an adaptive system (v.d. L0he, 1983): 

~/~ 

where D is the telescope entrance pupil diameter. Also, we have to be 

able to apply phase delays in spatial scales as small as r O. Therefore, 

the "number of actuators", the number N of independent parameters that 

control the deformation of an active element, has to be of the order of 

-~o (4) 

Another important quantity in connection with phase fluctuations would 

be the temporal mean-square difference: 

Suppose the wavefront perturbations have been successfully compensated 

for at a given time t. If we keep the momentary shape of the active ele- 

ment, the correction would deteriorate as time goes on. We may define a 

parameter % such that ~ (~0) describes just noticeable wavefront 

compensation mismatch of active element and momentary wavefront, e.g. 

6~) ~ ~ Z .  Therefore, ~o determines the required "speed" of the 

adaptive system and I/~o would specify a minimum bandwidth of the system. 
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The third important quantity to describe wavefront perturbations is the 

angular mean-square difference: 

We may understand this quantity in a similar fashion as eqn. (5) : Sup- 

pose that the perturbations of the wavefronts have been compensated for 

a particular line of sight ~. Since a slightly different line of sight 

eventually passes different portions of the atmosphere, the correction 

deteriorates and A# describes this amount of wave-front error variance. 

We may define a "radius of isoplanatism" ~o for which ~ 6&) = ~ m~i 

Without pretension to completeness, let me compile some measurements to 

demonstrate the range of such parameters as defined above. In Fig. 3a, 

an example of the measurement of phase excursions under night-time con- 

ditions is presented (Breckindridge, 1976). Seeing conditions were in- 

ferior. This figure gives an idea on which dynamic range may be required. 

In Fig. 3b, the cumulative frequency of ro under both nighttime and day- 

time conditions, as obtained with a rotational shearing interferometer 

and with image motion measurements, is presented (Bornigno and Brandt, 

1982). The data were taken at La Palma, Canary Islands, and show the 

typical range of daytime ro about 5...7 cm. 

In Fig.s 4a and 4b, the temporal behaviour of the atmosphere under day- 

time conditions is demonstrated. In Fig. 4a, temporal fluctuations of 

the phase delay averaged over a patch 6 cm in diameter in the entrance 

pupil plane as well as the overall tilt of the wave front of a 30 cm 

telescope is shown. (Hardy, 1980, Brandt, 1969 and Tarbell and Smithson 

1980) ~ In Fig. 4b, amplitude spectra of unidirectional image motion and 

of the phase delay as measured in Hardy's (1980 a) experiment are pre- 

sented. The bandwidth required for a stabilisation system clearly de- 

pends on the type of error to be compensated. For overall wave front 

tilt (image motion) compensation only, the bandwidth should be in excess 

of 200 Hz as shown in Fig. 4b. 

The measurement of isoplanatism under daytime conditions is very diffi- 

cult. Hardy (1980-a and b) claims that in his experiments, the size of 

the isoplanatic area sometimes was as small as ~ ~ . In Fig. 5, the 

results of analyses of distortion is presented. One curve (November, 

1984) represents the rms value of the distortion observed in a time 

series of 50 frames covering a square of 14 ~" side length of granulation 

data, whereas the second curve (Tarbell, 1984) shows distortion as ob- 
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tained from solar limb data. Distortion is significant, since it reflects 

the "anisoplanatism" of atmospheric image motion. It is obvious that 

image motion is noticeably incoherent outside a field only a few arc 

seconds across. We may expect a similar size of the isoplanatic area 

for higher-order wave front aberrations. 

How much improvement can we expect from adaptive systems? It is well 

known that pictures taken with short exposure show significantly more 

fine detail than long exposure photographs. A considerable part of long 

term blurring is caused by image motion alone. Consequently, image mo- 

tion control alone significantly increases the spatial resolution of 

typical long exposure observations such as spectrograms and filtergrams. 

Here, it would be convenient if we could express the gain in resolution 

obtained with an adaptive system in terms of average modulation trans- 

fer functions (MTF). Fried (1966) derived relatively simple theoretical 

expressions for average MTF's which may be used for the uncompensated 

and image-motion compensated case. In an improvement of Fried's theory, 

Wang (1977) published theoretical transfer functions for adaptive sys- 

tems that compensate higher order terms up to astigmatism. His results 

indicate (Fig. 6), that, despite being far from diffraction limited, a 

system that compensates only a few low-order Zernike polynomial terms 

may significantly improve the modulation transfer at higher spatial fre- 

quencies, Thus, one could record data first and restore high frequency 

information during data reduction which would be entirely lost otherwise. 

III~ Image motion control 

Image motion control (IM) means compensation of first-order wavefront 

errors only, thus the first adaptive control system in use were IM sta- 

bilizing devices. When characterizing such systems, it is advantageous 

to distinguish between the method of image displacement detection and 

the active element design. 

III.1 Image displacement detection 

There are basically two methods of displacement detection, spot tracking 

and correlation tracking. 

Spot trackers are used in the simplest types of IM control systems and 

have been successfully employed by several groups for years. The prin- 

ciple (Fig. 7) is that of a four-point limb guider; a local intensity 

maximum or minimum is required for operation. The movement of the inten- 

sity extreme is measured with a quadrant or a position-sensitive solid- 
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state detector. The error signals are integrated to drive the servo. 

Typical targets for spot trackers are sunspots and pores. Occasionally, 

even multiple spots can be stabilized. The attempts to lock on indivi- 

dual granules were so far unsuccessful. Spot trackers operate satisfac- 

tory as long as there is any extreme to lock on, medium-sized sunspots 

are stabilized even during moments of severe blur. Coherent IM from te- 

lescope shake and guider jitter are fully compensated, seeing-induced 

IM is compensated only in the vicinity of the target spot, depending on 

the size of the isoplanatic patch. However, the stabilized region may 

be as large as one arc min to an accuracy of the size of the seeing disk, 

as has been observed by TARBELL and SMITHSON (1980). The accuracy also 

depends on the size of the target spot as compared to the size of the 

isoplanatic patch. Despite the limitation of possible targets, the 

application range of spot trackers is surprisingly large when no extreme 

accuracy is required (cf. fig. 11). 

Correlation trackers are designed to stabilize arbitrary structure ra- 

ther than intensity extreme, they are more complex than spot trackers. 

Their principle is to continuously scan an imaging detector such as a 

diode array and to compare the actual or "live" image with a previously 

remembered "reference" image of the target structure. The scan rate has 

to be high in order to resolve image displacements to the required accu- 

racy. If the target structure, such as granulation, has a limited life 

time, periodic updating of the reference is required in order to sta- 

bilize the image for longer periods. Since the effective detector area 

can be chosen to be as small as the isoplanatic patch, a correlation 

tracker could guid e to high accuracy better than the telescope resolu- 

tion. 

There are various algorithms to suitably compare reference and live 

images and to obtain error signals. If I R (x,y) is the reference and 

I L (x,y) is the live frame, x and Y being focal plane coordinates, the 

"Mean-Square Residual Function", defined as: 

= IS L - 

and the Cross-Correlation function: 

= (8) 

are suitable measures of equality. They have been examined in previous 

studies (SMITHSON and TARBELL, 1977 and VON DER LUHE, 1983a and 1984). 

Image displacement is measured by detecting the location of the global 
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minimum in (7) and the global maximum in (8). When a pixel number larger 

than 4 is used, it is more efficient to compute (8) by Fast Fourier 

algorithms rather than by the ordinary "shift-and-multiply" scheme. 

The computation of either (7) or (8) at a kilohertz rate requires com- 

plex modern hardware. The advantage would be that the tracker locks on 

his target as long as there is sufficient overlap between live image 

and reference. Another strategy, where only a few values of the MSRF or 

CC function are computed, has been proposed by L. MERTZ (1984) for the 

use on the SOT correlation tracker. As an example, the gradient of the 

correlation function at the origin is taken for the error signal in both 

directions : 

N - 4  N 

(9) 

where N is the pixel number in either direction of the detector and i, 

j are pixel coordinates. The acquisition range of a tracker based on 

this algorithm is target dependent (C. EDWARDS, 1984). 

There is no correlation tracker operational today. A variety of studies 

were carried out (see the previous 3 references and ANDREASSEN and ENG- 

VOLD, this volume). A movie simulating the performance of correlation 

trackers was made by R. PETROV from Nice. A brief summary of the major 

conclusions from previous studies would contain: 

- The field of view of a pattern detector should cover several granules 

(4" x 4") when locking on granulation. It should not be considerably 

larger than the isoplanatic patch for high accuracy guiding. 

- A few hundred pixels (250) are sufficient for successful tracking. 

The pixel size may be larger than the telescope resolution element. 

- A two dimensional detector performs far better than two one dimensio- 

nal, crossed detectors. 

- For space-borne telescopes, a derivative strategy (eqn° 9) is effi- 

cient, for a ground-based tracker with occasional loss of lock due to 

blurring a global scheme (eqn. 8) may be better. 

Correlation trackers are now under development at LOCKHEED (derivative 

strategy, eqn. 9) for the use on SOT and, in a joint effort, at the 

National Solar Observatory, Sac Peak and KIS, Freiburg (global strategy, 

eqn. 8). 
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III.2 Active elements for IM control 

Recent developments of successful image motion control systems employ 

agile high quality mirrors close to a pupil in the telesccpe's optical 

path. Here, the dynamic range of deflection is smallest and system align- 

ment is maintained. Although the frequency spectra in fig. 4b indicate 

that the major part of image motion is caused by fluctuations below 

approximately 50 Hz, it is advisable to allow for a much wider bandwidth 

of the active element. Typical rms image motion caused by seeing of mo- 

derate quality is about I arc sec for a medium-sized telescope, but in 

order to account for telescope shake, slow drifts due to possible gui- 

ding errors and solar rotation, a dynamic range of 10 arc sec ptp at 

the image is practical. The effective dynamic range in the final focal 

plane is the dynamic range of the agile mirror times the demagnification 

of the entrance pupil image at the agile mirror. Thus, if the demagni- 

fication is 1/20, the device should have a range of 200 arc sec in order 

to allow for the 10 arc sec control range in the final image. Since 

small mirrors are used in order to decrease inertia and to increase 

band-width, there is a lower limit of the mirror's dynamic range. 

In the two principal concepts, the agile mirror is either piezoelectri- 

cally or electrodynamically driven. The principle of a piezo-mirror, as 

has been used by the LOCKHEED group for years, is shown in fig. 8. Three 

piezoelectric actuators tilt the mirror such that the location of the 

center of mass remains steady. The piezo-actuators have a range between 

5 to 50 microns, and the typical tilt range of such a mirror is several 

hundred arc seconds, High voltages in the range of 500 ... 1OOO V are 

needed to drive the piezos. The electric circuitry is simple and straight- 

forward. The bandwidth is typically several hundred Hz. Fig. 9 shows an 

impedance curve of a piezo actuator together with its HV amplifier and 

amplitude and phase spectra of the KIS agile mirror prototype as obtained 

by measuring the deflection of the mirror with a laser beam and a posi- 

tion-sensitive detector. The bandwidth is limited by resonances at 280 

Hz and higher frequencies. Most probably, these resonances are caused 

by internal vibrations in the piezos rather than in the mechanical de- 

sign. The phase spectrum is sufficiently linear to allow complete IM 

control in excess of 100 Hz. The cost of the entire system, including 

spot tracker electronics but excluding work shop manpower, is less than 

US ~ 2 0 0 0 . - ,  

Fig. 10 gives an overview of the agile mirror that has been developed 

by B. GRAVES (1984) at NSO - Kitt Peak. Here, a little mirror in a gim- 

hal mount is driven by two off-the-shelf loudspeakers via a lever. The 
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system has a very large dynamic range of approximately 3 degrees. This 

allows a very small demagnification and thus the use of very small (I/2 

inch) and light mirrors. Also, only low voltages are required by the 

actuators, which may make the system more reliable in a high altitude 

environment. The bandwidth is clearly less than the bandwidth of piezo- 

mirrors, and more complex circuitry is required to damp mirror over- 

shoot. Along with the gain-vs.-frequency curve, a sample spectrum of 

image motion amplitudes observed at the McMath telescope is shown, 

which confirms the less stringent bandwidth requirements on a large so- 

lar telescope. The system is routineously used. Agile mirrors of the 

same design are now under construction for the NSO - Sac Peak facilities. 

IV. Higher order wavefront correction 

A variety of system designs were considered for higher order wave front 

compensation, some contributions to the meeting on Solar Instrumentation 

held at the Sacramento Peak in 1980 ("Solar Instrumentation: What's 

next?") were on such designs. But there have been only two serious at- 

tempts to use an adaptive system on solar targets. 

HARDY adapted the ITEK "Real Time Atmospheric Compensation" (RTAC) sys- 

tem to the SPO tower telescope during two observing runs in 1980. A des- 

cription of the RTAC system can be found by HARDY et al. (1975), results 

of the solar experiments are available (HARDY, 198Oa and 1980b). The 

wavefront sensor uses a rotational shearing interferometer, which in 

principle can be understood as a time dependent Ronchi test. The active 

element was one of ITEK's Monolithic Piezoelectric Mirrors (MPM) ; a 

fast, analog logic generated the drive signals. Although substantial 

experience has been gained, the experiment failed to produce a stable 

improvement of image quality when working on solar targets. Hardy attri- 

buted this failure to the isoplanatic patch being smaller than the 

seeing disk, but it is possible that there are principal problems with 

his type of wave front sensor on the sun (v~ d. L~he, 1983b) . 

R. SMITHSON (1983) is presently working on a different approach. The 

reader is referred to Alan Title's contribution somewhere else in this 

volume for technical details and figures. The outstanding features of 

this design are its simplicity and its high degree of modularity. The 

wave front sensor is based on a combination of a Hartmann test princi- 

ple and the spot tracker principle. The active element prototype has 

19 hexagonal segments with 3 piezo actuators each, which is sufficient 

for a prototype, but more may be needed in a final design. Once the per- 
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formance of the system has been demonstrated, it should be easy to add 

more elements and to acomodate higher complexity of wavefront perturba- 

tions. 

The limitations of the system are mainly due to the principle of error 

detection; again the types of possible targets are limited to local in- 

tensity extrema. Also, if a spot with a size larger than one isoplana- 

tic patch is being locked on, the error signals would measure the aver- 

age perturbations of several isoplanatic patches rather than the wave- 

front errors of one line of sight. It is not trivial to adopt the corre- 

lation tracker concept to a Hartmann-type sensor, since each sub-tele- 

scope should cover an area of the diameter of r ° at most. If we try to 

operate such a system under reasonably good seeing conditions (ro~5Cm), 

it would be difficult to detect the motion of granules with a resolving 

power of 2 seconds of arc. Additionally, the segmented mirror is align- 

ment-intensive and may cause straylight. 

Some observing runs were made with this system operating, mostly under 

bad seeing conditions. The system produces a noticeable and stable im- 

provement of image quality, although far from what we would call diffrac- 

tion-limited. However, since the system was operating with an entrance 

pupil of 30 cm diameter, each segment corresponded to a segment of the 

incoming wavefront with 5 cm diameter. When seeing is bad or moderate, 

r ° is definitely smaller than 5 cm and we really could not expect better 

performance (cf. eqn. 4). It would be very interesting to see how this 

system operates under better atmospheric conditions. 

The simplicity of the system makes it an excellent device to learn to 

understand the possibilities of full wavefront correction on a solar 

telescope, It is presently the most promising approach in that direction, 

and one should look forward to its further development and its future 

results. If this system succeeds in producing stable and sufficient 

image improvement under good seeing conditions, additional elements 

should be added to gain performance under inferior conditions, making 

it a very useful scientific tool. 

V. Conclusions 

Experience has shown r that image motion control significantly improves 

the resolution of typical long exposure applications such as spectro- 

grams and spectroheliograms. As I tried to point out, basic IM control 

systems need only simple technology and, in most cases, are easily im- 

plemented in most existing telescopes. Spot trackers are on their way 

to being routineously used. 
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Simulations of correlation trackers are promising, however, they are 

more complex. We will have to wait for about another year for first 

tests. In telescopes of the future, IM control systems based on spot 

trackers as well as on correlation trackers should be included into the 

design from the beginning. 

As far as higher order correction is concerned, the systems still are 

in an early stage of development. As far as we understand now, proper 

wavefront error detection is the major diffiulty in those systems and 

the Hartmann principle presently appears to be the most promising ap- 

proach. Even with this principle, the application range may be limited. 

With the existing system, bad seeing could be somewhat improved, but 

diffraction-limited performance has not yet been demonstrated. 

Perhaps we will have to change our attitude towards wavefront compensa- 

tion systems. We should not expect them to do all the work under any 

conditions, such systems, if at all feasible, would be significantly 

more complex than the telescope itself including post-focus instrumen- 

tation. A realistic system would be able to turn extremely good seeing 

to diffraction-limited performance and to improve medium and good seeing. 

So, one should be able to significantly increase telescope time for 

high resolution observations in the ordinary sense. Even if only par- 

tial wavefront error compensation can be achieved, one should consider 

the possibility of post-detection correction of observations obtained 

in this mode. Then, a thorough understanding of the combined action of 

atmosphere and the adaptive system would be required. But the combina- 

tion of pre-detection and post-detection correction techniques may 

turn out to be the ultimate solution for ground-based high resolution 

imaging. 
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Discussion 

J.C.Pecker: 

seeing) ? 

What limits the time constant of the active optics response 
(which should reach 10~4sec to beat the effects of bad 

O. yon der L~he: In general, the active optical element is the band- 
width-limiting part. The LOCKHEED segmented mirror has 

a bandwidth of 8 KHZ, which is considered plenty for typical day time use. 

O. Engold : How many picture elements do the I millisec frame rate of 
the SPO correlation tracker correspond to? 

O. yon der L[he: We use a 32x32 pixel diode array, but we track only on 
the center 16x16. The border of 8 pixels may be used for a 

dynamic change of the reference, to support high precision scanning etc. 

Artzner: What about laboratory calibration of the response of seeing 
compensators to well defined, artificial turbulences? 

O. yon der L[he: I don't think that we would learn too much from labo- 
ratory experiments, since the atmosphere behaves in a com- 

plicated manner which is difficult to simulate. 

L.M.B.C. Campos: The next improvement would be a mirror with several 
elements that could be adjusted independently? 

O. yon der L~he: As a matter of fact, the LOCKHEED segmented mirror is 
such a device. 

A. Righini: We have observed in our radiosounding of the turbulence 
over Tenerife that layers may occur where the Kolmogoroff 

spectrum is not followed. This happens mainly in the lee side of Teide. 
What is the bearing of this non-Kolmogoroff spectrum on the performances 
of image stabilisation devices? 

O. yon der LOhe: This is an important observation. It may mean that pre- 
dictions obtained with current theories of imaging through 

the atmosphere may be occasionally wrong, depending on the contribution 
of this layer as compared to other significant atmospheric layers. I 
would not expect dramatic changes in bandwidth or dynamic range require- 
ments, but we will have to gain experience. 

M.V. Schmidt: In the discretization of an approximation of a smooth 
function one can in general introduce addtional degrees of 

freedom which allow instabilities in the system. Is this at all a prob- 
lem in the multitelescope Hartmann test? 

O. yon der LOhe~ Not that I know of. In the LOCKHEED system, there are 
57 actuators controlling 19 mirror segments. 38 degrees of freedom are 
entirely controlled by the Hartmann sensor corresponding to the tilt of 
the segments. The remaining 19 degrees of freedom corresponding to seg- 
ment piston are controlled by an edge-matching network, within which 
the tilt signals are integrated. Thus, instabilities should only occur 
in the piston of the segments. 

R. Muller : What is the best resolution so far reached by an image 
motion compensator ? 

O. yon der L~he: There is not very much experience with the gain of 
resolution under image motion compensation. Alan Title reports that his 
group has obtained 0.5 arc sec resolution in filtergrams with several 
seconds exposure under favourable conditions. 
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COLLAGES OF GRANULATION PICTURES 

Richard B. Dunn and Laurence J. November, AFGL Scholar 

National Solar Observatory 

Sunspot NM 88349 

Introduction: One of the best techniques available to solar astrono- 

mers for obtaining a sharp picture is to take a burst of photographs 

with short exposures during moments of good seeing. The astronomer 

then selects the best frame within the burst by eye. If a movie is 

desired, a series of bursts is taken and the astronomer selects those 

frames that will form the movie. With the advent of the CCD array 

with its digital output, one can do this selection process automati- 

cally with a computer. In addition, since the sharpness varies over 

the scene, the computer could extend the selection process to small 

areas and then, after a suitable time (the order of a few seconds), 

could assemble all the best pieces into a final picture representing 

the best image that occurred during the burst. 

This paper describes two small-area selection schemes that we 

have applied to CCD observations of solar granulation. The first 

scheme, which we call the "mosaic," divides the 128x128 array into 64 

subarrays each containing 16x16 pixels. On each picture in the burst 

the RMS contrast of the fine structure is measured in each subarray 

and compared to the corresponding value in a table that contains the 

highest previous RMS values. If the new value is higher, then that 

value is adopted and the corresponding subarray replaces the previous 

best subarray. After the entire burst is processed, the best sub- 

arrays are reassembled into a mosaic by aligning each subarray by 

comparison to a running time average of the original data. A border 

of four extra pixels around each 16x16 subarray is saved so that each 

subarray may be moved slightly when the mosaic is reassembled. The 

final mosaic may contain subarrays from any of the frames within the 

burst. 

The second scheme, which we call a "collage," is similar except 

the RMS value is calculated smoothly within a sliding Gaussian window 

over the entire scene and the value of an individual pixel is gated 

into the final collage whenever the RMS contrast at that pixel loca- 

tion exceeds that of all previous frames taken during the burst. The 

size of the Gaussian window used for calculating each "~ Map" sets 
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the size of the individual pieces of the final collage. 

If the scene is differentially stretched, because of atmospheric 

seeing, as is often the case with solar pictures, then the edges of 

the parts of the final collage do not fit. One of us, November, has 

developed a "destretch" algorithm called the "Continuous Correlation 

Tracker" (November, 1984) that smoothly stretches the data frame with 

respect to the running average. This algorithm locally shifts the 

spatial coordinates of the image to maximize the correlation with the 

running average. It is very effective in removing the image stretch 

due to seeing. 

Seeing Quality and "RMS Map": We tried different schemes of assess- 

ing the seeing quality. We found that there was no noticeable dif- 

ference between histograms of brightness in scenes that looked good 

and bad to the eye. We found no difference in the overall statis- 

tical properties of images that were convolved with a high-pass spa- 

tial filter. We found that the calculation of RMS was successful in 

choosing between good and bad scenes only if it was done on a small 

part of a scene that had previously been high-pass filtered. 

Two types of high-pass spatial filters were used successfully. 

The first is the simple high-pass defined as the operator ~c(j) act- 

ing upon the two-dimensional image j as follows: 

ac[J(x,y)] = F -I F[j(x,y)] • ramp for (c-8)<k~c , 

I for c<k 

where c is the lower spatial cutoff frequency and j is the intensity 

in the original two-dimensional image. F is our notation for the 

two-dimensional Fourier transform and F -I is its inverse. 

k 2 = (kx2 + ky2) is the radial wavenumber in Fourier space and 8 is 

small compared to c. 

The other high-pass spatial filter is a well-known, edge-locat- 

ing function (Hildreth, 1980; Marr, 1982; Poggio, 1984) used in ro- 

botics and artificial intelligence. It is the convolution of the 

image with the Laplacian V 2 of a Gaussian. It is very similar to the 

difference between two Gaussians (Ochs, 1979; Muller and Roudier, 

1984) but rigorously cancels all DC and constant derivative sig- 

nals. The scale ~ defines the width of the Gaussian and gives the 

edge scale for which this operator is most sensitive. The operator 

we call A£[j] is defined: 
I (x2+y2)) ], 

A%[j(x,y)] = j(x,y) * V2[exp( - ~ %2 
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where '*' is the two-dimensional convolution defined by the Fourier 

transform F[ ] as: 

f * g = F-I[F[f] • F [g]], where G is the complex conjugate of G. 

~2 ~2 
The Laplacian operator V 2 = r---w + ----w]. ~y.- 

We used this operator to process our data, because in addition 

to providing a high-pass filtered picture for the RMS map, it provid- 

ed an edge-located image that we thought was interesting for studying 

the evolution of granules. 

The RMS Map, Rg[k(x,y)], is formed from the convolution of a 

Gaussian with either the high pass m(x,y) = Qc[J(x,y)] or the 

Laplacian m(x,y) = Ai[j(x,y)] as follows: 

Rg[m(x,y)] = 

I (x2+y 2)) 
exp (- ~ 2 

]12 (x,y) * $ 
2~g 2 

m(x,y) * 

1 (x2+y 2) 2 1 1/2 
exp (-5 g2 ) J ] 2zg 2 

where g is the RMS window size in units of (x,y). This follows from 

the statistical formula given for standard deviation (Bevington 1969, 

Eq. 2-9, p. 19), but with summations replaced by the convolution with 

a normalized Gaussian. This is natural, since the idea is to compute 

the spatially-local rms here defined within the Gaussian window and 

continuously in space via the convolution. 

The Data: The data were taken on July 17, 1983 with an RCA "thin" 

CCD device on the NSO/Sac Peak Vacuum Tower Telescope and recorded on 

magnetic tape. The exposure was 4ms. Optical filtering included a 

5% band-width interference filter centered on ~5172A, a Schott Kg-3 

filter to remove the IR, and an 0.8 neutral density filter. Each 30- 

micron pixel represented 0.11 arcsecond. A raster size of 132x130 

pixels (about 14x14 arcseconds) was sampled. The interval between 

pictures is 0.55 seconds, so that 27 frames represents a time inter- 

val of 15 seconds, which is the burst interval used in our reduction 
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scheme. About 7000 images were recorded, representing about I hour 

of observations. 

The Reduction: A data image is read in from tape, corrected for dark 

current and gain (Figure la). The image is spatially-shifted to 

maximize the correlation with an ongoing average in the central 32x32 

pixels to recenter each frame using the correlation algorithm studied 

by vonder L~he (1983). 

The data is then filtered by the Laplacian of a Gaussian (Figure 

Ib) or by the high-pass filter (Figure Ic) so that the RMS values and 

the RMS maps may be calculated. 

Figure 2 is the result of the mosaic process described in the 

introduction. The RMS value was calculated in each 16x16 subarray 

from the scene filtered by the Laplacian of a Gaussian. After the 

selection process each subarray was shifted to maximize the local 

cross-correlation with an ongoing average. The edges can be seen and 

there is some mismatch between the subarrays, but the overall mosaic 

is an improvement over the "best" scene that is shown in Figure I. 

In the second scheme, each scene is recentered and "destretched" 

with respect to an ongoing average. This scene is then filtered with 

either the Laplacian of a Gaussian or the high-pass filter and RMS 

maps are formed like those shown in Figure 3. The destretched data 

from the 27-frame burst are then gated by the amplitude of the RMS 

maps, pixel by pixel, to form two collages shown in Figure 4, which 

may be compared to Figures I and 2, Figure 5 shows the same result 

without the destretch. Clearly, the edges are badly mismatched, 

which shows that the individual scenes during the burst are differ- 

ently stretched, and emphasizes the importance of removing the dis- 

tortion from the original observation. (The "destretch" would also 

improve the mosaic process). We plan to process all 7000 frames with 

both schemes, stretched and destretched, and present the result as a 

movie for comparison. Small area selection appears to be a useful 

first step in image reconstruction of solar scenes where the object 

is extensive and bright. 
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Fig ]a Fig Ib Fig Ic 

Eig~ ]a Data (14"x14") corrected for dark current and gain. This is 
the best overall scene found within the 27-frame burst, as judged 
from the RMS contrast in the central 32x32 pixels. 

Same as a, but filtered with the Laplaoian of a Gaussian 

Figt ]c Same as a, but filtered with a high-pass filter (c=20). 

Fig. 2a Fig. 2b 

~ e  Best mosaics assembled from the 27-frame burst, a = data, b 
red by the Laplacian of a Gaussian (~=I). 

Fig. 3a Four scenes separated 
in time by 0.55 seconds and 
filtered by the Laplacian of a 
Gaussian (%=1). The second 
from the left scene looks the 
best to the eye. The other 
scenes show small-scale dis- 
tortions and blurring. 
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Fig. 3b RMS maps made from 
the above pictures with a 
Gaussian (g=30). Clearly the 
RMS map picks out the best 
scene. 

Fig. 3c RMS maps made of the 
same four pictures, but with a 
high pass filter, (c=20), and 
a Gaussian (g=5). Most of the 
pixels in the second scene 
have a higher contrast than 
the corresponding point in the 
others. 

Fig. 4a Fig. 4b 

Fig. 4 Collages (destretched) made from the 27-frame burst, a=data, 
b = filtered by the Laplacian of a Gaussian (£=I). 

Fig. 5a Fig. 5b 

Collages formed from the original data (not destretched) 
snowlng mismatch. 
a = data b = filtered by Laplacian of a Gaussian (%=1). 



SIMULATED CORRELATION TRACKING ON SOLAR GRANULATION 

@.ANDREASSEN AND O.ENGVOLD 

Institute of Theoretical Astrophysics 

University of Oslo 

Oslo, Norway 

R.MULLER 

Observatoire du Pic-du-Midi 

Bagneres-de-Bigorre, France 

The objective of the study is to test the suitability of low contrast 

granulation images of the Sun for use in telescope tracking over an 

extended period of time. The method is being developed by von der 

LUhe (1983) and collaborators. A possible limitation to using the 

correlation tracking technique in solar telescopes is the fact that 

the granulation pattern changes with time. The lifetime of photos- 

pheric granules are typically 7-15 min (Bray et al. 1984). 

The reliability of correlation tracking may be tested by tracking 

simultaneously on individual and neighbouring regions on the Sun, and 

then intercompare the results over time periods longer than the life- 

times of the granules. This test operates on image shifts caused by 

telescope vibration and tracking errors, which are coherent over the 

entire field of view. (It is well known that the image motion pro- 

duced by atmospheric seeing is coherent over small angular areas 

only; usually 2-5 arcsec (Greenaway 1981)). We have performed such a 

test by simulating correlation tracking in a time series of high 

resolution images of solar granulation. 

The present series was observed on 16 May 1979 with a cinecamera 

of the 50 cm solar refractor at Pic-du-Midi. The time resolution of 

the observations is about 1 minute. The selected frames represent 

seeing of about ½ arcsec and better. The photographic images were 

digitized with the rapid scanning microphotometer of Institute of 

Theoretical Astrophysics, University of Oslo. The image scale is 

5.45 arcsec/mm, and the total scanned areas correspond to 83.5×83.5 

arcsec 2 (512×512 image elements). 

Figure 1 illustrates the calculation of cross-correlation power. 

The relative displacement of two images is given from the location of 

the peak (Ax, Ay) in the cross-correlation power. 
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Figure 2. Variation of correlation peak values as function time 

differences of the images. 
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Figure 3. Peak values of the cross-correlation as function of area 

overlap of the two images. 
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Figure 4. The calculated shift (Ay) of successive images taken about 

1 minute apart. The two curves represent two different 

21x21 arcsec 2 areas. 
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Figure 5. The same as above. The images are separated by about 3 

minutes. 
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The typical cross-correlation peak value decrease with increasing 

time differences between the images. The time variation is in ac- 

cordance with the noted lifetimes of individual granules (Figure 2). 

The area of the correlated images corresponds to 21×21 arcsec 2 repre- 

sented by 128×128 picture elements. One notes that the cross-corre- 

lation falls off to a noise level value of 0.12, which arises from 

the presence of a typical scale and pattern of the granulation. A 

substantially higher value (0.32) was noted by yon der LHhe (1983), 

which he ascribed to limitation in his image processing technique. 

The maximum values of the cross-correlation is also a function of 

the overlap between two images. The peak value of the correlation 

power is halved for a linear shift of about half the image frame size 

(see Figure 3). 

The correlation scheme was applied to areas of 21×21 arcsec 2 in 

our time series. Figure 4 shows the derived shift (Ay) of successive 

images in the series taken about 1 minute apart. The two superimposed 

curves represent the displacements derived for two separate areas 

within the camera frames. The 2-10 arcsec excursions arise from vari- 

ations in telescope pointing. The differences of < ½ arcsec between 

the two curves are caused by seeing movements in the images. The 

"correlation tracker" lost lock for the second image of the time 

series because the overlap of the two images was less than 50%. 

Figure 5 shows a similar plot for the case the reference image is 

refreshed about every 3 minutes, i.e. at a cross correlation peak 

value of about 0.5. 

Our study shows that the granulation structure observed during 

good seeing shows identifiable peak values of the cross-correlation 

for time differences less than 8-9 minutes. The cross-correlation 

technique may be used to recognize a given area of the sun for the 

purpose of tracking over periods that are several times the lifetime 

of granules provided the reference frame is updated every few 

minutes. 
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HIGH RESOLUTION SPECKLE I~GING OF SOLAR Sg~LL-SCALE STRUCTURE: THE IN- 

FLUENCE OF ANISOPLANATISM 

O. vonder L0he 
Kiepenheuer-Institut for Sonnenphysik 

Freiburg, West Germany 

I. Introduction 

Speckle imaging is a generalization of LABEYRIE's (I) speckle interfero- 

metry technique. A series of atmospherically degraded short exposure 

pictures of an astronomical object is taken in rapid succesion, the 

series is then analyzed to recover both Fourier amplitudes and Fourier 

phases of the astronomical source at spatial frequencies larger than 

the seeing limit. There is a variety of such techniques available, an 

overview is given in DAINTY's (2) review. The number of useful techniques 

is very limited in the case of solar observations, since the sun's sur- 

face is practically unlimited, its small scale structure has low contrast 

(only 10% of the photons contribute to the information) and the life- 

time of the structure is of the order of a few minutes. Only the most 

general speckle imaging techniques, like KNOX' and THOMPSON's (3) pro- 

mise successful reconstructions. The KNOX-THOMPSON technique was applied 

to solar observations by a group at Harvard (4, 5, 6, 7). 

When an extended object is observed from the ground, the light emerging 

from two separate object points pass different portions of the atmos- 

phere and the point spread functions of the two image points may differ. 

There is a controversity whether this anisoplanatic effect affects the 

reconstruction or not, FRIED (8) suspected, that, if the observed object 

is larger than the isoplanatic patch, i.e. the area over which the 

point spread function is correlated, a KNOX-THOMPSON reconstruction of 

the object may be distorted or even completely meaningless. BATES (9) 

claims that anisoplanatism would not seriously influence the reconstruc- 

ted image. 

I report on a method to evaluate the reliability of KNOX-THOMPSON speckle 

image reconstructions. This method was developed to monitor the relia- 

bility of reconstructions obtained under various conditions; here, par- 

ticular emphasis is put on the effects of anisoplanatism. 
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II. Methods 

The principle of the KNOX-THOMPSON technique is described elsewhere 

(e.g. 3, 5). Also, the technique to correct the atmospheric attenuation 

of the Fourier emplitudes is to be found elsewhere (10,11). 

Let us consider the digital representation F[ (I,J) of the two-dimensio- 

nal Fourier transform of the i-th picture in the series of K Pictures. 

Let I and J be the pixel coordinates in the Fourier plane and let N be 

the number of pixles in either direction. F can be expressed as: 

where C L is the modulus, #i is the phase function and j =~. The 

major task of the KNOX-THOMPSON technique is to recover the object phase 

#o from a set of bispectra D~ and D v : 

][)v (Z, ~) 4 

If K is sufficiently large v the phase differences in eqn. 2 are an esti- 

mate of the phase differences of the object phase ~o (I,J). Thus, we 

dispose of two NxN phase difference arrays to obtain one NxN phase 

solution. Successful techniques to integrate the phase differences are 

iterative least-squares integration algotithms like the Gauss-Seidel 

algorithm (12). The two bispectra are not independent if they describe 

one solution Co(I,J) exp [ J.~o (I,J)] , and we may take advantage of 

their dependency to estimate errors in the reconstruction. There are se- 

veral schems one could dream up; 

derivative of the phase: 

here is one that evaluates the second 

By inserting eqn. 2 into eqn. 3, it is easily seen that for an error- 

free reconstruction Du~ has to equal D v~everywhere. I will evaluate 

the ratio Duv/Dvw , I will call this check a "consistency test" of the 

bispectra and I will assume that the test is successful if Duw/Dv~equals 

the real number one. I attribute deviations from this result to unreco- 

verable errors in the bispectra. This test works fairly local, it in- 

volves a 4 pixel square in the Fourier plane. 
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III. Data material and results 

A time series of 30 solar granulation pictures covering 14 by 14 arc 

sac and 15 s of time were analyzed (for more information on the data 

used see NOVEMBER and DUNN, this volume). Granulation is a useful tar- 

get structure because of the isotropy of it's statistics. Fig. I shows 

a sample frame from the series and an edge-enhanced version of this 

frame to bring out the fine detail. I present four different reconstruc- 

tions obtained from the same series. Firstly, the whole field (14"), 

128 by 128 pixels large, was analyzed. All frames were brought into re- 

gistration over an area covering 32 by 32 pixels in the center. When 

displaying this data set as a movie, considerable distortion was visible; 

the set appeared stabilized only over an area of approx. 4 arc sac in 

the center. For the second reconstruction, the series was subject to a 

newly invented treatment by L. NOVEMBER (13), which effectively removes 

anisoplanatic image motion (distortion). Thirdly, the field was restric- 

ted to the center 64 by 64 pixels covering approx. 7 by 7 arc sac and, 

at last, only the center 40 by 40 pixels corresponding to 4.4 arc sac 

square were analyzed. A KNOX-THOMPSON reconstruction was obtained from 

each of these cases and the consistency test was performed. The isotropy 

of the granular pattern makes it possible to calculate azimuthal averages 

in the Fourier plane; the errors inferred from eqn. 3 exhibit radial 

symmetry. Fig, 2 a-d are plots of the quantities: 

A! '~)~v(',~"/ .) 
"average phase" = -- ~ k /Dv~(S,~) 4T Z~ 

z~ (%) 
"absolute phase" = 7.~ o 

• I I *'PHA (:~,~,, C~,~')/ (cx,,e~-. "rms phase" : /D,,, ,(S,~')~ a ~  - r ~ , ~ - ,  

2T 
"abe. ig amplitude" = z~!]-~ g~o AMP (~ (~'~m~Cs,~)1~ I ~f 

where the operators AMP and PHA return modulus and phase of a complex 

number, respectively and ~t~ are polar coordinates in the Fourier plane. 

Figs, 3 a-d show the corresponding reconstructions, uncorrected as well 

as corrected for atmospheric attenuation of Fourier amplitudes. The 

brightness range is scaled by the maximum and the minimum in each pic- 
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ture. In fact, the uncorrected pictures have arms intensity contrast 

of 4% while the corrected pictures have an rms contrast of 14%. 

IV. Conclusions 

The comparison of the sample frame with the reconstructions reveal the 

failure of the KNOX-THOMPSON technique when the field is considerably 

larger than the isoplanatic patch. It is striking that in the first case 

the reconstruction is unsuccessful even for frequencies smaller than 

the seeing limit. The removal of distortion apparently fixes the problem 

for the large structures, but the errors for high frequencies are still 

unacceptably large. This diagnosis is also reflected in the radial behav- 

iour of the phase and amplitude errors. Successive reduction of the 

field of view leads to successive reduction of the errors in the region 

between seeing cutoff and the limit of useful signal. Beyond this re- 

gion, the average amplitude error is approx, a factor of 3 and the phase 

error is consistent with a uniform distribution of the phase between Tr 

and -~ . Except for edge artifacts, most of the fine detail seen in the 

reconstruction from the smallest field appears to be of solar origin. 

The results presented here confirm FRIED's suspicion that the KNOX- 

THOMPSON technique would have problems under anisoplanatic conditions. 

Apparently, error monitoring is unrenouncable in order to produce re- 

sults with a certain photometric reliability, and earlier results should 

be carefully reexamined before drawing conclusions from them. 

Acknowledgements~ It is a pleasure to thank R.B. Dunn, L.J. November 

and R. Radick for the data, many discussions and the substantial soft- 

ware support. Pictures courtesy to R. Faller, NSO Sacramento Peak. 
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la Ib 

Figs la and b: A sample frame (fr. no. I) from the analysed time series 

of granulation pictures la: original frame, Ib: edge-enhanced version 

of la, The field of view is 14 arc sec side length. Solar granulation 

is observed through a 517 nm interference filter 8 nm wide. Exposure 

time was 4 msec, pictures were taken 550 msec apart. Pictures courtesy 

to R.B. DUNN and L.J. NOVEMBER. 
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Fiqs. 2a-d: Radial plots of the quantities in eqn. (4) for all 
four reconstructions ~: average phase, [] : absolute phase, 
+ : rms phase, ~ : absolute ig amplitude of D~v /Dv~ 

The units are radians for the phase plots. The radial coordinate 
is expressed in units of the cutoff wave number of the telescope 
("relative wave numbers"). The vertical dashed lines correspond 
to the seeing limit at O.12 ( ~ 6.9 b~ "4 on the sun) and the 
limit of usable signal (SNR > 2) at 0.36 (3 20.6 Mm-~). 
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Figs. 3 a-h: KNOX-THOMPSON reconstructions obtained from a 
30 frame series. Left column: "raw" reconstructions, right: 
seeing corrected reconstructions. First row: 14" field, cen- 
tered only, second: 14" field, distortion removed, third: 
7" field, fourth row: 4" field. 



SPECKLE INTERFEROMETR¥ TECHNIQUE 

APPLIED TO 

THE STUDY OF GRANULAR VELOCITIES 
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Pare Valrose - 06034 Nice Cedex-France. 

(+) Kitt Peak National Observatory 

950 North Cherry Avenue, P.O. Box 26732 Tucson, Arizona-U.S.A. 

I - INTRODUCTION 

Following the pioneering stellar measurements of Labeyrie(1)(1970), several 

authors (2'3) have shown that the speckle interferometry technique applies also to 

the study of brightness fluctuations in the solar photosphere. We report here the 

preliminary results obtained by the speckle technique on the correlation between in- 

tensity and velocity in the solar granulation. 

II - OBSERVATIONS AND DATA PROCESSING. 

The speckle experiment was set up at the M~Math main telescope of K.P.N.O. on 

July 1980. It consisted in recording the signals collected by two photomultipliers 
o o 

set 0.25 A apart on the wings of the Fe 5233 A line whilst the solar image was rapid- 

ly moved across the entrance slit of the spectrograph (velocity of 500"/s). Every 

40 seconds,the same region of about 50" x 150" at the centre of the solar disk was 

scanned with a 0.1" x 5" slit in |00 lines at 1.5" intervals, each line being 50" 

long and running in the same direction. A total number of 6800 lines was processed. 

The brightness b(r) was defined as the sum of the two outputs of the photomultipli- 

ers, and the Doppler velocity v(r) as their normalized difference, assuming lineari- 

ty for the wings of the line. 

The data processing consisted first in computing the cross-spectrum matrix 

W(~ between v(r) and b(r), defined by : 

<IZ(~) 12> < ~(~).v~*(~) > 
w(~)= < Z*(~).$(~)> <[G(~) [2> 

where the symbol ^ stands for a Fourier transform, * for the complex conjuguate, and 

< > for the ensemble average. The one-dimensional analysis, combined with the use 
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Figure I. Example of the cross-analysis 
technique applied to the determination 
of the brightness power spectrum. 
(a) Result of the standard single channel 
technique ( ..... )with its background noi- 
se, compared with the unbiased cross 
analysis estimate ( ) 
(b) phase of the cross analysis between 
the odd and even points shown by (x) 
and (0) in the figure (e). Note the 
linear phase variation corresponding to 
the shift between the two se~of data. 

of a slit, give us access to a radial cut of the two-dimensional spectrum. 

The raw computation of W (~) made visible a high level of background photon 

noise. The level of this noise was higher than the signal for wavenumbers greater 
-] 

than 2.5 ~ . In order to avoid the delicate problem of the subtraction of this 

bias (4), we undertook a cross-analysis of interlaced samples of the signal (5). The 

data of each line scaned were splitted in odd andeven samples of points (figure I) 

and the cross spectra between them computed. Provided that the band pass of the 

electronic be large enough, the successive samples are free of correlation at the 

level of the photon noise. The cross spectrum analysis retains the part of the 

signal relevant to solar structures and makes the background noise bias vanish (6) . 

This is shown in figure ] for a partial estimate of the brightness power spectrum. 

In dashed line, is the result of the standard technique for the power spectrum, and 

in continuous line, the result of the cross spectrum technique. Note that the phase 
-! 

of the cross spectrum shows in the 0 to 5 Mm region the expected linear variation 
-I 

due to the shift between the two set of data. Beyond 11Mm , the photon noise makes 

the phase to be uniformely scattered between - ~ and + ~, which forbids further 
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exploitation of the results in this range. 

VELOCITY pOWER SPECTRUM (Mm.m2,s -2) 
B 

L I 
1 2 3 4 5 B 7 B g 10 ] i  

WAVE NUMBER (Mm) - i  

-2 

-B 

-4 

-B 

-B 

-7 

BRIGHTNESS POWER SPECTRUM (Mm) 

"'I 
1 2 3 4 5 B 7 8 g 1B 11 

WAVE NUMBERS (Mm) -1 

PHASE OF BRIGHTNESS-VELOCITY CROSS-SPECTRUM (RD) 
B. 14 

i .  57 

- 1 . 5 7  

-3.14 

AMPLITUDE OF THE CROSS-SPECTRUM (Nm.m/s) 
1 

- 4  I I I I I I I I I I _ _  
0 I 2 3 4 5 B 7 8 g ]0  11 ! 2 3 4 5 O 7 8 g iB 11 

WAVE NUMBER (Bm) "I WAVE NUMBER (Mrn) -I 

Figure 2 : Brightness velocity cross spectrum matrix W (~). 

III- RESULTS AND DISCUSSION. 

The brightness velocity cross spectrum matrix is shown in figure 2. The curves 

drawn in continuous lines have the basic resolution of the experiment (O.17 Mm-1), 

corresponding to the inverse of 50", while the values indicated by • correspond to a 

lowe~ed resolution of 1.5 Mm -| and display a better signal to noise ratio (S.N.R.). 

The data processing technique allowed two estimates of the cross spectrum to be com- 

puted from the same set of scans (continuous and dashed lines). Note that the diffe- 

rence between them is fully due to photon statistics. The phase of the cross spec- 

trum clearly shows where the likeness between velocity and brightness is accurately 

measured. Between 0.5 Mm -I and 6 Mm -], the correlation is positive since the excur- 
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sion of the phase around zero is less than 0.08 radian r.m.s., while the variance of 

the photon noise makes it become uniformly scattered between - ~ and + ~ for wave- 
-1 

numbers greater than 7 M~n . A trend to -~ variation, i.e. a negative correlation, 

appemrs in the smoothed curve shown by • . However, the weakness of the signal makes 

this surprising result subject to caution. 

It is quite difficult to interpret the amplitude of W (~), since the data are 

still contaminated by atmospheric seeing effects. However, the coherence function 

72(~), defined by : 

72(v)= 1 < b(v).G(~)*>l 2 

<I b<v)12><I $(~)I 2> 

is much less sensitive to seeing. The values obtained for 7 (v) are shown in figure 3 

with the same drawing convention as for figure 2. The amplitude of 72(v) shows a 

maximum linear correlation coefficient of about 0.6 for a wavenumber of about 3.5Mm -I 

and a steep decrease in lower and higher wavenumbers. These results are in substan- 

tial agreement with those derived from spectrostratoskop data by Durrant and Nesis (7) 

(1982), indicated by X in the figure. 
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Figure 3. Linear coherence function ?(~). The curves drawn in continuous 
and dashed lines have the basic resolution of the experiment (0.17 Mm-|). 
The differences between them are fully due to photon statistics. The values 
indicated by X are from Durrant and Nesis (7) . The value indicated by • cor ~ 

respond to ? ( ~ ) computed from the smoothed curves of figure 2. 
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Between 0.5 and 6 Mm -I, the curves are very similar in shape. The lower amplitu- 

de of our coherence function is probably due, as suggested to us by Nesis (8) at this 

meeting, to the fact that we measure the correlation between velocity and line inten- 

sity (instead of continuum intensity for Durrant and Nesis). The lower value of our 

curve agrees with their assumption that the velocity structure of the ascending gas 

better maintains its shape than the temperature fluctuations, when traveling through 

the photosphere (9) 

The trend to a negative correlation, together with a hypothetic increase of the 

coherence in the high wavenumber, if not an artefact, would be a relevant information 

It stands to reason that better S.N.Ro data are needed to conclude in this sense. A 

light increase of the S.N.R. could be obtained running the same experiment under 

better seeing conditions. A significant improvement probably requires the application 

of the speckle technique to the study of spectrograms with CCD-type detectors. 
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THE INTEREST OF SIMULTANEOUS SPECTRAL AND 

SPATIAL HIGH RESOLUTION SPECTROSCOPY 

IN THE INFRARED 

L. Delbouille (I) N Grevesse (I) and A J. Sauval (2) 

(1) Institut d'Astrophysique, Universit~ de Ligge 

B-4200 Ougr~e-Li~ge (Belgium) 

(2) Observatoire Royal de Belgique, 3, Avenue Circulaire, 

B-1180 Bruxelles (Belgium) 

I. Introduction 

Up to the present, small scale structures on the sun have mostly been 

studied through observations made in the visible and ultraviolet. After 

having recalled some of the main advantages of infrared observations, 

we give a few samples of high spectral resolution/low noise solar spec- 

tra now routinely obtained in this spectral range by using Fourier 

transform spectrometers (FTS). We then show that such high spectral re- 

solution spectra could be obtained in short period of time and for sm- 

all scale solar structures, using a LEST type collector. 

2. Main advantages of infrared observations 

The number of lines per unit wavelength interval decreasing when % in- 

creases, the infrared solar spectrum is much "cleaner" than the visible 

spectrum and the line profiles can be measured with much higher accura- 

cy. 

The continuous opacity is very well known. 

Near 1.6 ~m we can observe the deepest photospheric layers. 

Planck's law is much more objective in the infrared i.e. it tends to 

equally weights the hottest and coldest area of an inhomogeneous sur- 

face. 

Atomic lines show larger Zeeman splitting in the infrared; suitable 

atomic lines have already been proposed or used (Harvey, 1973; Harvey 

and Hall, 1975). Furthermore many atomic lines show large hyperfine 

structure (HFS); such lines should also be very sensitive to magnetic 

fields. 

There are also in the infrared a very large number of suitable molecu- 

lar lines [ CN (red system), C 2 (Phillips and Ballik-Ramsay), CO (vibra- 

tion-rotation, Av = 1,2), OH (vibration-rotation and pure rotation)] . 

These molecular lines are formed in local thermodynamic equilibrium; 
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their depths of formation cover from the deepest photospheric layers 

to the temperature minimum allowing to scan the whole photosphere (Fi- 

gure 1). Furthermore, these lines are very sensitive to the temperatu- 

re, some of them [CO, OH(pure rotation), CN ] being two to three times 

more sensitive than atomic lines (Figure 2). 
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Fig.l - Photospheric layers 
where the infrared molecular 
lines are formed. 
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Fig.2 - Relative variation of the 
equivalent widths of the infrared 
lines as a function of the ioniza- 
tion (dissociation) energy (from 
the lower level) for a AT = 100K 
in the layers where the lines are 
formed. 

(The so-called infrared emission lines between 10 and 13 Dm (800-1000 
-] 

cm ; Brault and Noyes, 1983; Chang and Noyes, ]983) should also be 

kept in mind as very sensitive indicators of magnetic field and tempe- 

rature). 

3. High spectral resolution in the infrared 

Using Fourier transform spectrometers (FTS) it is now possible to ob- 
-I 

tain very high resolution solar spectra (resolution limit < 0.01 cm ) 

together with very high signal over noise (S/N > 1000). We show here- 

after a few samples (Figures 3 to 6) of infrared solar spectra (for 

the center of the solar disk) recorded at Kitt Peak National Observa- 
-1 

tory (solar atlas between 2000 and 10000 cm (]-5~m) by Delbouille, 

Roland, Brault and Testerman, 1981) and at the Jungfraujoch Solar Phy- 

sics Laboratory (Delbouille, Roland and Demoulin, 1984). 
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4. Simultaneous high spatial and spectral resolution spectroscopy 

-I 
Figure 7 gives the performances around 6000 cm of a Fourier transform 

spectrometer used as a post-focus instrument of a ~.4 meter solar te- 

lescope (LEST). They have been extrapolated from actual results obtai- 

ned with the N.S.O. Kitt Peak Solar F.T.S. (Delbouille, Roland, Brault 

and Testerman, 1981) and gives the time needed to reach a given spect- 

ral resolution with a single detector "seeing" a small area on the so- 

lar disk (expressed by its angular diameter). Replacing it by an array 

of N similar elements, it will be possible to obtain simultaneously N 

spectra of adjacent small domains of the solar surface. 
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Figure 7 - Predicted performances of a Fourier transform 
spectrometer installed in the focal plane of a 2.4 meter 
diameter solar telescope. An optical bandwith of 200 cm -| 
around 6000 cm-1 (1.6 ~m) is assumed. ~ is the angular 
diameter of the field of view for one detector. 
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5. Conclusions 

Post focus instrumentation for the LEST telescope should include a mul- 

tiple detector Fourier transform spectrometer for infrared observations. 
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PRELIMINARY RESULTS OBTAINED WITH A NEW EXPERIMENTAL 

APPARATUS FOR SOLAR SPECTROPOLARIMETRY 

W. Scholiers 
Ins t i t u t  d'Astronomie,d'Astrophysique et de G~ophysique 

Universit~ l ib re  de Bruxelles 
50,av.F.D. Roosevelt - B-I050 Bruxelles 

A new experimental apparatus has been bu i l t  in order to invest igate the poss ib i l i t i es  

of two-dimensional photoelectr ic detectors for  solar spectropolarimetry. The use of 

such detectors allows the immediate observation of spatial variat ions in one direct ion 

on the solar disc of whole Stokes prof i les  simultaneously obtained in d i f fe rent  spectral 

l ines (without any scanning). 

Apparatus descript ion : 

The functional diagram of the Stokes-spectro-polarimeter is given in F ig . l .  The photo- 

e lec t r ic  sensor of the camera is a I00 x I00 pixel RETICON array. A min i f icat ion optics 

adapts the geometric scale of the spectograph to the dimensions of the array so that 

spectral l ines can be observed in a wavelength range of 1.3 to 2.6 A (at 6300 ~ ) along 

one spatial d i rect ion on the solar disc covering 50 to I00 arcsec. The polar izat ion 

modulator for  the measurement of the 4 Stokes parameters consists into two rotat ing 

achromatic ~ / 4  plates positionned with stepper motors and a f ixed polar izer.  

The camera and the modulator are under control of the electronic equipment which proces- 

ses the camera video signal in order to display immediately on a screen the Stokes 

pro f i les  corresponding to the f u l l  spatial dimension covered by the detector. To meet 

this aim, the equipment uses two fast arithmetic processors and f i ve  memories, each 

one having a capacity of 104 16 b i t  words. 
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Fig. l  A block diagram 
of the spectropolari-  
meter optical and elec- 
t ronic systems adapted 
to the Gregory coud~ 
telescope of the Locar- 
no Solar Station. 



114 

The f i r s t  memory is devoted to the continuous acquis i t ion of new raw data. Two other 

memories are look-up tables for the real time correct ion of : 

a) the dark currents of the array pixels 

b) the d i f f e r i ng  responsiv i t ies of the array pixels and the f r ing ing  modulation 

due to interferences occuring mainly in the array window 

The two last  memories store the calculated Stokes pro f i les  with the p o s s i b i l i t y  to 

add a selected number of successive measurements in order to increase the signal to 

noise ra t io .  
A 16 b i t  microcomputer controls the acquis i t ion and the recording of valuable data on 

floppy disks. Several programs stored in the microcomputer allow the observer to process 

fur ther  the acquired data in order to invest igate immediately the properties of the 

observed magnetic structures. Left and r igh t  Zeeman components displacement, continuum 

and l ine  core intensi ty~ values of integrated V pro f i les  can be v isual ized for  i n te r -  

active observations. 

Instrumental po lar izat ion 

The telescopic birefr ingence mainly resu l t ing from re f lec t ions on two plane mirrors 

induces cross-talk between U,Q and V Stokes parameters. This ef fect  can be almost 

completely canceled with a Bowen compensator placed in f ront  of the modulator. The 

p o s s i b i l i t y  to v isual ize d i r ec t l y  the Stokes pro f i les  allows an easy f ine adjustment 

of the compensator. For th is  purpose, structures with almost purely longi tudinal  magne- 

t i c  f ie lds  are observed near the center of the disc with a l inear  polar izat ion modulator. 

The compensator is adjusted un t i l  the character is t ic  signature of the V p ro f i l e  disap- 

pears leaving a zero signal or a very small residual U or Q p ro f i l e .  Correction of 

other errors resu l t ing from the telescopic polar izat ion w i l l  be discussed la ter .  

Real time correct ion of interference fr inges : 

Before s tar t ing a sequence of measurements in a selected spectral range, a ca l ib ra t ion  

test is performed in order to correct in real time the effects of interference fr inges 

(and at the same time the d i f f e r i ng  responsiv i t ies of the p ixe ls ) .  

During th is  test ,  each row of the array has to be i l luminated by the same spectrum. 

For th is  purpose, the telescope is defocussed (and i f  needed, slowly dr i f ted)  and the 

alignment of the array is accurately adjusted so that the rows are paral le l  to the 

dispersion. The I00 spectra obtained at each reading of the detector are stored in the 

microcomputer. The averaged spectrum obtained by adding the I00 spectra is almost free 

from fr inges and gain var iat ions.  By comparing th is  averaged spectrum with each stored 

spectrum, a correct ion factor for  each pixel can be calculated. These factors are sent 

by the microcomputer to the dedicated memory in the apparatus allowing a real time 

correct ion of the video signal as long as the measurements are performed in the same 

spectral range. 

A more accurate averaged spectrum can be obtained by correct ing, before adding the I00 

spectra with d iv id ing factors derived from a f l a t  f i e l d  measurement. Such a f l a t  f i e l d  

operation is performed by adding several successive spectral measurements obtained during 
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a fast  rotat ion of the grat ing. This method gives accurate resul ts so long as the swept 

spectral range is free from strong l ines.  

Presentation of prel iminary resul ts : 

We present some resul ts obtained during an observation campaign performed in June- 

July 84 at the Locarno Solar Station of the Universit~ts-Sternwarte G~ttingen (with 

the Gregory coud~ telescope). These resul ts  demonstrate the good funct ioning of the 

apparatus and show his many poss ib i l i t i e s  for  the study of solar magnetic structures. 

I .  Asymetry of V pro f i les  in network and plages. 

A l l  our measurements of Stokes V pro f i les  in network and plages at good spatial and 

temporal resolut ion show pronounced asymetries. In order to quant i fy  th is  asymetry we 

propose two parameters : maximum amplitude blue polar izat ion 
I .  the peak ra t io  : P.R. = maximum amplitude red po lar izat ion 

area blue polar izat ion - area red polar izat ion 
2. the excess po lar iza t ion:E.P. -  

area blue polar izat ion + area red polar izat ion 

The precise measurement of these two parameters is pa r t i cu la r l y  d i f f i c u l t  ( in strong 

plages, the maximum amplitude of V is lower than 5% of the continuum in tens i t y  ) and 

requires a careful evaluation of a l l  instrumental errors af fect ing the V pro f i les .  

So : 
_ Vobserved (~) = A.Vtrue(~) + B.I(~) + C + F(X) 

- the term B.I(~) or ig inates from three d i f fe ren t  sources : the lower l e f t  term 

of the telescope's Muller matr ix, the errors introduced by the polar izat ion 

modulator and the brightness var iat ions occuring during the observations. 

- the term C mainly or ig inates from r ipp le  signal and reset noise on the detector 

and may therefore be d i f fe ren t  from row to row. 

- the last  term F(~) resul ts from the d i f fe ren t  interference pattern for  both 

posit ions of the ~ / 4  plate. 

The evaluation of the two f i r s t  error terms can be done by using the fact of vanishing 

Zeeman polar izat ion in the continuum and by select ing the observed structures so that 

they always contain an at least small non magnetic region. The term F(~) const i tutes 

the residual error which l im i ts  the accuracy of the measurements, i t s  ef fect  can only 

be reduced by averaging several rows. 

Af ter  correct ion our measurements of P.R. and E.P. in enhanced network and plages for  

Fe 6301.5 (g=I.67) and Fe 6302.5 (g=2.5) show strong spatial  var iat ions : 1.24~PR <1 .5  

and O%~E.P.~ 15% 

Fig.2a) represents the var ia t ion of the to ta l  po lar iza t ion  

~ ° ' & ~  I ~ / t  k -  : wavelength ° f  Vzer°-cr°ssing p° in t  
° V ~ X  - ~X /~k~ = chosen in order to evaluate the whole 

J J~o* ~ V area. 

for  l ines 6301.5 and 6302.5. This measurement represents an one dimension spatial  
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extension of an enhanced network. Such kind of observations performed simultaneously 

in d i f fe ren t  l ines can bring information about spatial extension var iat ions of magnetic 

structures with height. Such invest igat ion has been performed with the Mgb2 l ine and 

the two neighbouring photospheric l ines : no spat ial  extension with height has been 

noticed wi th in  the uncertainty range resul t ing from seeing and diode quant i f i ca t ion  

(1.2 arcsec). The absence of t e l l u r i c  l ine  traces on Fig.2b const i tutes a check of 

the correct appl icat ion of a l l  correction terms on the observed V pro f i les .  
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2. Mass motions inside f luxtubes 

In order to invest igate the important problem of ve loc i ty  and ve loc i ty  gradient w i th in  

f luxtubes: we have recorded the wavelength posi t ion var iat ions of opposite c i rcu la r  

polarized pro f i les  I+V, I-V and V zero crossing point through several magnetic struc- 

tures. The posit ions of the prof i les were determined using two moving windows of 70 m~ 

width and 70 m~ separation. Figo3a and 3b concerning Fe 6302.5 show typical  cases. 

I t  is worth not ic ing the fo l lowing points : I)  in several regions (A,B,C on Fig.3a and 

E,F on Fig.3b), one polarized p ro f i l e  undergoes important posi t ion var iat ions while 

the other remains p rac t i ca l l y  at the same posi t ion 2) on Fig.3b, the mean posi t ion of 

the pro f i les  wi th in  a strong plage is redshif ted compared to the posit ion of the pro- 

f i l e s  in the surrounding regions with no or small f i e l d .  Such a sh i f t ,  as well as the 

very typical  pattern shown from rows I0 to 30 can be observed on p rac t i ca l l y  a l l  our 

measurements made at the border of strong magnetic regions. Fig.4 indicates the red- 

sh i f t  of the V zero-crossing point referred to the mean posit ion of the bisectr ices 

for  the two polarized pro f i les  corresponding to region 3 of Fig.3a. 
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SOLAR TWO-DIMENSIONAL SPECTROSCOPY WITH UNIVERSAL BIREFRINGENT FILTERS 

AND FABRY-PEROT INTERFEROMETERS 

D. Bonaccini, F. Cavallini, G. Ceppatelli, A. Righini. 

Osservatorio Astrofisico di Arcetri, 1-50125 Firenze, Italy 

1.0 INTRODUCTION 

The utility of high resolution monochromatic images of the solar 

atmosphere obtained with narrow bandpass filters (- 20 mA FWHM) has been 

already well stated and demonstrated. 

In this paper we briefly describe the project of a bidimensional 

solar spectrometer, working in the visible part of the spectrum (4200 - 

7000 A), which might be a good approximation of the SUF (Super Universal 

Filter, Righini and Rutten, 1978). 

continuum 

SUNL'GH I UBF IFP'l PLATE 

Fig. I: basic idea underlying the project 

The basic idea underlying the project is to use a Fabry Perot inter- 

ferometer (FPI) in cascade with a tunable Universal Birefringent Filter 

(UBF) which acts as an order sorter of the FPI's transmission orders. 
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The advantage of this mounting is its compactness and its high spatial 

and spectral resolution. This scheme is sketched in Fig. I. 

We propose a telecentric optical configuration for both UBF and 

FPI. Thus the image field is spectrally homogeneous (i.e. bandpass 

shape and position does not change in the field), but the original in- 

strumental profile of the interferometer is broadened. However a double 

passing of the light in the interferometer might increase the spectral 

purity of the images, lowering the characteristics "high wings" of the 

FPI passband. 

The greatest problem which has to be solved is to maintain the pass- 

bands of both UBF and FPI tuned at the same wavelength. 

2.0 THE UBF-ZEISS FILTER 

The Zeiss Universal Birefringent Filter (UBF) is essentially a chain 

of 9 Lyot elements, each composed by a calcite or quartz retarder plate, 

a I/4 achromatic waveplate, an input and an output linear polarizer. 

For a more detailed description see e.g. Beckers (1975). 

Each Lyot element is independently tunable by rotating its input 

polarizer. The physical dimensions of the whole filter are 50x50.5x48cm. 

The input angular field is 2 degrees, while the output aperture linear 

dimension is 2.9 cm. in diameter. UBF is continuously tunable in the 

spectral range 4200 - 7000A. The FWHM passband ranges from 90mA at 

4200 A to 250 mA at 7000A. The transmissions range from 4% to 16% in 

the same spectral interval. The wavelength setting time is less than 

I sec., and with a proper algorithm (November, 1983) an absolute spec- 

tral positioning error of 10 mA may be obtained, with a reproducibility 

of about I mA. 

3.0 THE INTERFEROMETER 

Optically contacted piezoscanned interferometers are suitable for 

our purposes, provided that an appropriate plates gap control is provid- 
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ed. Such interferometers have already been successfully used in solar 

spectroscopy, see e.g. Cavallini et al. (1980) and Cavallini et al. 

(1982). 

The parallelism of the plates may be monitored by optical and 

photometric systems like those based on "Brewster fringes" (Ramsey et 

al., 1966). It must be noted that the telecentric mounting of FPI's re- 

quires a high flatness of the interferometer; with flatness of 1/200- 

1/300 it is possible to obtain a homogeneity of 3 - 2 mA of the bandpass 

position along the image field. 

optic 
axis . . . . .  t. 

1 st Solar 
image 

I 
I 
I 

I 
I 
I 

FPI 

1 

T 
l f l  f2 

entrance L1 UBF L2 exit 
pupil pupil 

2nd Solar 
image 

Plate 

Fig. 2: Schematic layout of the optical interface 

3.1 THE OPTICAL PATH 

The telecentric optical interface of the system is shown schemati- 

cally in Fig. 2. A lens (LI) collimates the pupil image, and gives an 

image of the sun between UBF and FPI. The field of view must be chosen 

in order to avoid vignetting. L2 transfers the image of the sun onto 

the revelator (a photographic plate or a photoelectric dice). 

It is well known that the acceptance angle of FPI is lower than 

that of wide field birefringent filter. However the telecentric inter- 

face transfers this limitation in the image field, thus allowing to pre- 

serve the luminosity and the spatial resolution. For our system the 

following relation may be written: 6 = e -~/~ where ~ is the angular 
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field of the observed image 8 is the angular beam aperture incident on 

the FPI ~ and ~ are the linear diameters of the FPI and of the entrance 

pupil of the optical system. 

Actual values calculated for the Kiepenheuer Institute Vacuum Tower 

Telescope on the Canary Islands give figures of B ~ 47 arcsec with ~ = 

60 cm., ~ = 2.8 cm. and @ = 17 arcmin. 

3.2 THE WINGS OF THE FPI PASSBAND 

It is known that the "wings" of the FPI bandpass are rather high, 

when compared with other spectral devices as Lyot filters or grating 

spectrometers. 
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Fig. 3. Logarithm of the passband of a telecentric-single pass FPI, 

telecentric-double pass FPI and a Lyot Filter of the same 

FWHM of the S.P. FPI (20 mA) 

To improve the instrument we propose the use of an FPI in double- 

pass configuration. Fig. 3. shows the logarithm of the passband of the 

proposed FPI in single pass mounting (highest wings curve), of a Lyot 



122 

Filter with the same FWHM (20 mA), and of the same FPI in double pass 

mounting (lowest wings curve). From this computer simulation it is 

clear that a double passage of the light in the interferometer lowers 

the FPI passband wings, improving its contrast and making it better, 

also with respect to an equivalent Lyot filter. 
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SOLAR HIGH RESOLUTION BALLOON SPECTRA 

OBTAINED IN THE 190-300 NM WAVELENGTH BAND 

D. SAMAIN, P. LEMAIRE 

Laboratoire de Physique Stellaire et Plan~taire 
B.P. I0 Route des Gatines 91371VERRIERES LE BUISSON CEDEX 

ABSTRACT 

A balloon gondola with a solar telescope spectrograph mounted on an 
equatorial platform has been launched from Aire/Adour (France) October I, 1982. 
High quality spectra with a spectral resolution better than 1.5 pm and with a 4- 
5. arcseconds angular resolution have been recorded in the atmospheric window 
domains : 195-212 um and 272-292 nm. Results from this first flight are 
discussed. 

I INTRODUCTION 

Since many years, the increase in temperature of the outer atmosphere of 
the Sun remains unexplained and the failure in representing the heating 
mechanism as a global phenomenon has shown the interest of high spatial, 
spectral and temporal resolution. The objective of this experiment is the 
observation of the fine structures of the Sun in the earth atmosphere 
ultraviolet windows : wavelengths of this spectral range allow a 
simultaneous analysis of the solar layers (in continuum and in lines) from 
the top of the photosphere to the chromospheric plateau through the 
temperature minimum. 
The LPSP has a long record of near ultraviolet solar spectroscopy using 
balloon gondola. During the 1968-1973 years several Balloon flights have 
been performed with a two axis pointing system and with more increasing 
spectral and angular resolutions, (SAMAIN, 1971 ; LEMAIRE, 1969, 1971 ; 
LEMAIRE and SKUMANICH, 1973). In order to improve these results (2.5 pm and 
5 arcseconds resolution in the last flights), the development of a new 
solar instrumentation and an equatorial mounting platform has been engaged 
few years ago. Hereafter the description of the instrumentation is given 
and results obtained during the first flight are presented. Some 
improvements of the instrumentation for future flights are now in progress. 

II INSTRUMENTATION AND PLATFORM 

a - Instrumentation 

The solar instrumentation is a telescope - spectrograph combination. 
The cassegrainian type telescope has a 30 cm diameter aperture and a 6 
meters equivalent focal length. A small portion of the field (6 
arcminutes) goes to the spectrograph slit at the telescope focal plane. 
An other of the 32 arcminutes solar field is reflected by a plane 
mirror onto a motorized two axis translator with limb cells which are 
used as fine sensors to give the appropriated signal to the secondary 
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mirror actuators. The performance of such a system, as tested in 
laboratory, is able to get down to 0.I arcsecond stability from a slow 

(below 5 Nz) ± 5 arcseconds jitter of the whole telescope. 
In the focal plane the reflecting slit jaws send the slit image through 
lenses and Ha filter combination on a I00 x I00 CCD. 
The spectrometer mounting is a cross dispersion echelle-Wadsworth 
mounting where the Wadsworth concave grating is used as the camera 
objective. This combination is stigmatic along the 30 arcseconds slit 
with .3 arcsecond angular resolution and along the 190-300 nm spectral 
range with 1.5 pm resolution. The beam issued from the concave grating 
is reflected on two multidielectric coated plane mirrors and collected 
on two photographic emulsions in the 195-212 nm and 272-293 nm 
wavelength ranges. The instrumental parameters are given in table I. 

TABLE I 

INSTRUMENTAL CHARACTERISTICS 

Cassegrainian telescope Theoretical First fliRht 

30 cm 22 cm 

.4 .7 

Primary mirror diameter 
Diffraction limited resolution 
(500 nm- arcsec) 

Spectrograph 

Collimator = off axis parabola 
focal length I00 cm I00 cm 
Echelle : Grooves/nm 79 79 
Wadsworth grating 
Grooves/nm 600 600 
Radius 400 cm 400 cm 
Slit width I0 ~m (3arcsec) I0 pm 
Spectral resolution 1.5 pm 1.5, 2.0 pm 
Spatial resolution .5 arcsec 5. arcsec 
Photographic Emulsions SAI I01-01 KODAK 

Slit jaw camera i00 x i00 CCD 

b - The platform 

The platform uses an equatorial mount. The gondola is stabilized along 
the local meridian with a magnetometer detector and an inertial wheel 
actuator. Then the two axis cardan system brings the instrumentation in 
right ascension and declination along the Sun-telescope axis using 
solar sensors. This stabilization system has, on the ground, a pointing 
capability of 2 to 3 arcseconds peak-to-peak jitter. 

III FLIGHT AND DATA A(~UISION 

The instrumentation has been flown from Aire/Adour (France) on October I, 
1982. The balloon has reached an altitude of 38 km ( N 3 mb pressure) where 
we made observations. During this first flight, through an aerodynamic 
process, a coupling appeared between the stabilization system and the 
swinging of the gondola at such a frequency that it cannot be filtered by 
the electronic and so limited the pointing jitter to a 4-5 arcseconds peak- 
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to-peak amplitude. 

Two sequences of spectra were taken near Sun center, one on a supergranular 
cell, the other one over an active network (or small facula) with exposure 
time ranging from 3 to I00 s in the 280 nm camera (SAI Kodak emulsion) and 
30 to 900 s in the 200 nm camera (I01-01 Kodak emulsion). 

IV FIRST RESULTS 

Spectra recorded during the flight show the intensity variation related to 
the wavelength dependance of atmospheric transmission. In the 280 nm range 
the atmospheric transmission varies from 70 percent at 293 nm down to 0.01 
percent at 272 nm whilst in the 200 nm range, outside the molecular oxygen 
absorption band, the atmospheric transmission is about 50%. 

The spectral resolution is better than 2. pm in the 200 nm range and better 
than 1.5 pm in the 280 nm range. Calibration in intensity is made by 
comparison to rocket spectra. In the 200 nm range the spectra recorded by 
SAMAIN (1979) with 40 pm is used. Around 280 nm the rocket spectra obtained 
by KOHL et al. (1978) with 2.5 pm is the reference and the comparison is 
made in several wavelengths after adjustment to the same spectral 
resolution. 

a. A sample of the results obtained in the 195-213 nm channel is shown 
in figure I. It represents a portion of the Sun spectrum taken in a 
weak facula around the 208 nm AI I discontinuity. The continuum jump 
produced by ionization is higher than has been established before 
( = 4). The high spectral resolution permits to assign a higher value 
of the continuum intensity above 208 nm and we measure a discontinuity 
factor of = 5. This result is in a good agreement with the theoretical 
computations (Vernazza et al., 1976) which predict a higher step that 
has been given by previous observations. 
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FIGDRE 1 

Solar intensity spectrum obtained in the 207.4 - 209.1 nm spectral range. 
The horizontal scale is the dispersion and the intensity is given in 
erg/cm2/s/ A /sr. 
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b. The 272-293 nm wavelength range. 

In this part of the spectrum three strong depressions produced by 
strong absorption lines are detected : 

the 288.1 nm Sil line with a full width at half maximum (FWHM) of 
0.6 nm and with wings contribution extending over more than 1.5 
rim, 

the 285.2 nm Mgl resonance line with a FWHM of 1.2 nm and wings 
extending over more than 3 nm. 

the 279.6-280.3 nm Mgll doublet resonance lines with a FWHM of 1.9 
nm and wings extending over more than 6 nm. 

Figure 2 shows a comparison between the rocket spectrum obtained by 
Allen et al. (1978) and the balloon spectra in the vicinity of the 
285.2 nm Mgl llne. The two spectra have the same spectral resolution, 
but because the balloon spectrograph has a greater dispersion and 
collects the data with a small granulary emulsion we obtain a better 
spectral quality. From the first data reduction that we have performed 
with the data collected over the supergranular cell at sun center we 
have not detected any evident variation of the shape and intensity of 
the Mgl line across the slit whilst strong variations are seen in the 
Mgll doublet lines. Higher angular resolution must give higher contrast 
within the fine scale structures. 
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FIGURE 2 
The  ~ I  r e s o n a n c e  l i n e  p r o f i l e  : 
A. Observed by the balloon instrumentation 
B. Observed by the Hawa~ University balloon instrumentation (Allen et al., 

1978). Wavelengths are in angstroms and the intensities are in 
arbitrary units. 
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CONCLUSION 

From this first balloon flight we have obtained spectra with high spectral 
resolution and moderate angular resolution in the 190 nm-300 nm wavelength 
range outside the strong absorption ozone band. The data processing is in 
progress and some data calibration have been performed and shows the 
improve quality of spectra over ones previously obtained. 

The main improvement which needs to be performed, is the angular resolution 
which depends on the quality of the pointing system. Study of such 
improvement is now in progress and we expect to go below the one arcsecond 
angular resolution during the next flight planned in 1985. 
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HUNDREDTHS OF ARCSEC RESOLUTIONS WITH NEW OPTICAL CORRECTORS 
ON DEEP U.V. PHOTORESIST 
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B. P. n ° I0, Verri~res le Buisson Cedex, France 

ABSTRACT - This paper describes new optical correctors which are phase conjugated 
to a mirror and allow, in most cases, a residual distorsion of the outgoing wave- 
front as low as k/40 (16 nm) peak to peak. Such a high resolution system is pos- 
sible with Deep U.V. photoresist correctors registered at 257 nm in a diverging 
Michelson-Twyman Interferometer directly by the mirror to be corrected itself, 
without any intermediary steps. Some results obtained with this technique are 
given. They show the potential interest of this method for optical imaging system 
in space involving large mirror and/or UltraViolet imaging. 

I. THE ULTRAVIOLET RESOLUTION OF LARGE MIRRORS 

When polishing a large mirror (diameter larger than 40 cm) there is always more 
or less residual deviations in between the final mirror surface and its desired 
initial shape. Deviations from the perfect surface can be divided according to 
the correlation length of the deviations, i.e. the lateral extension of the de- 
fects. Large size defects of frequency I or 2 cycles per diameter are mainly llke 
classical geometrical aberrations, while medium size deviations in between 2 and 
I0 cycles per diameter (commonly called "ripples") introduce a more grating llke 
effect. Very small deviations are the classical "roughness" which plays a diffu- 
sion role in the far UltraViolet. 

For high resolutions, i.e. diffraction limited performances, it becomes important 
to introduce the mirror surface defects in the design analysis as soon as U.V. or 
even blue wavelengths have to be considered. In this wavelength range the degra- 
dation introduced by the mirror surface defects, mainly the ripples, is for most 
applications far larger than image motion of geometrical aberrations of the te- 
lescope combinalson. Examples of this influence can be found in WHETHERELL, W.B. 
(1982), DAME, L. and VAKILI, F. (1984) and DAME, L. (1983). 

It is of paramount interest to remark that the same defect height (e.g. 16 nm 
peak to peak on the mirror surface, a surface quality of A/40 at A 632.8 nm) is 
much more dommageable to the resolution when its correlation length (number of 
defects per radius) is smaller. In other words ripples or zonal corrections 
degrade more the resolution than extended deviations. Figure i illustrate this 
point. The resolution (Normalized Spatial Frequency for a modulation transfer 
value of 0.25) is ploted as a function of the peak to peak defect 
height ~ in h units on the mirror surface for different correlation lengths, the 
defect topology beeing represented by concentric ripples simulated by a sinus 
function. Such a representation is suitable to illustrate most of the revolution 
defects generated by zonal polishing. We remark that for a correlation length of 
0.25 (4 defects per radius), which is a common value, the degradation of the 
resolution between mirrors of quality A/8 and A/4 is a factor I0. 

The Space Telescope mirror defect amplitude is h/20 peak to peak at h 633 nm 
(+ 15 nm) and its correlation length is in between 0.2 and 0.25 (ROBINSON, 1982 ; 
BACHALL and SPITZER , 1982). At h 121 nm where it is intended to work its peak to 
peak quality is h/4, and its resolution is more than I0 times less than its dif- 
fraction limited value. The reduction of a factor 2 of the mirror surface defect 
amplitude would improve the resolution by a factor I0 allowing a nearly diffrac- 
tion limited resolution even in the far UltraViolet. This amelioration is however 
not possible by classical polishing techniques. 
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2. THE INTERFEROMETRIC CORRECTOR TECHNIQUE 

We propose an interferometric technique which allow to register very high resolu- 
tion eorrectors. These correctors are fixed correctors conjugated to a given mir- 
ror which allow diffraction limited performances in the far UltraViolet. Firstly 
intended for work in Space they might also be used in some ground application to 
accelerate the polishing, lower the cost and ameliorate the performance of large 
mirrors. The interferometric technique of registering could also be used to gene- 
rate very special optics (astigmatism correctors, cylindrical lenses, etc) with 
an adequate choice of mirrors in the interferometer. 

Interferences are obtained between a given large mirror with aberrations and a 
reference mirror in a Michelson-Twyman Interferometer with diverging light beams. 
The two mirrors are self collimated to their equivalent center of curvature. The 
form of the reference mirror is chosen in order to ensure a nearly perfect super- 
imposition of the two wavefronts (cf. Figure 2). The interference pattern is a 
"flat tint" where the dominant intensity variations are the deviations of the 
large mirror surface from its perfect theoretical shape. The diverging Michelson- 
Twyman interferometer allow the use of a small reference mirror which can be rea- 
lized to a far better quality than the large one. The phase delay between the two 
arms of the interferometer imply the use of coherent light. A good sensitivity 
and contrast of the interferogram pattern and the tremendous advantage of Deep 
U.V. Photoresists for the corrector medium imply the use of U.V. light. This par- 
ticular U.V. coherent source is obtained through frequency doubling of an Argon 
ionized laser. The green line k 514.5 nm is doubled in a cooled ADP Crlstal. The 
U.V. light obtained at k 257.2 nm is coherent on nearly one hundred meters and 
possess a power of several milliwatts. 

The principal originality of the system is the corrector by itself. It is engra- 
ved by the incoming U.V. light in a deep U.V. Photoresist thin film coated on a 
high quality optical flat. Advantages are : 

I thin films (800 nm or less) are coated using a spinner with optical quality 
better than k/60 ; 

2 the photoresist response is linear for removed thicknesses less than 60 nm; 
3 roughness (micro irregularities) are less than 2 nm high ; 
4 after treatment (i.e. development, rincing and drying) the photoresist relief 

is stable and ready for an U.V. coating (e.g. A1 + MgF2). 

These 4 properties allow the thin film coating of deep U.V. photoresist to, 
directly, in a 1 step process, transform incoming intensity variations in thrue 
phase differences, i.e. in a physical relief representative of the mirror surface 
irregularities. 

3. RESULTS 

In a first attempt to show the feasibility of this correction technique, we have 
studied the optical quality of the photoresist films and the linearity of the 
photoresist. We have also realized the coherent U.V. source and a first interfe- 
rometer to register eorreetors for a i0 centimeters spherical mirror of peak to 
peak surface defect of 46 nm. Finally, numerical simulations of the interfero- 
meter recording system were carried out in order to evaluate the intrinsic aber- 
rations introduced on the wavefront by the interferometer in the astronomically 
more interesting case of parabolic mirrors. 

3.1 PMIPK Deep U.V. photoresist properties 

Sensitivity and llnearlty of the photoresist were discussed in DAME, L. et al. 
(1983). In that paper we mentionned that it could be suitable to use the 
photoresist 200 nm- 600 nm plage of removed thickness which is linear and more 
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sensitive than the 0-60 nm plage. However the gain of sensitivity is payed by a 
strongly degraded resolution. This is mainly due to the fact that the solvant, 
evaporated in the near surface by the centrlfugation and precooking of the photo- 
resist, is still present in the deeper layers more fluid, more sensitive but much 
more inhomogeneous. If repeatability with more than i nm precision is possible in 
the range 0-60 nm, only 10 to 15 nm in the best cases can be achieved in the 200- 
600 nm range. This range is then clearly not suitable for high resolution optical 
correctors. 

Optical flats of k/60 peak to peak surface quality at k 633 nm and of 31.5 mm 
diameter were coated using a spinner. ~le surface qual~ty of the resists films 
were tested in a Fabry Perot by comparison to a reference flat. The fringe analy- 
sis shows that when the flat is well center and strictly parallel to the rotation 
axis, the surface quality is better than k/60 . In this case, the photoresist 
deposit slightly compensate the residual aberration of the flat. 

3.2 Interferometer tests and correctors 

A self test of the interferometer was done using 2 spherical mirrors of same cur- 
vature radius to test the quality of the reference mirror and beam splitter as- 
sembly. The aberration of the system is 8 ~ 4 nm peak to peak on the output 
wavefront. This is equivalent to, in the worst case, a k/100 peak to peak surface 
quality for our reference system. 

The mirror to correct was analyzed both by Foucault and by the Michelson-Twyman 
Interferometer fringes (Figure 3). The two results are in good agreement and the 
residual differences between the two can be attributed to the differential aber- 
ration introduced by the presence of the tilted beam splitter and the difference 
of curvature radius of the mirrors (cf. DAME, L., 1983). 

A serie of corrector was registered with a limited success. Half amplitude cor- 
rectors were done and studied in double reflection in the Michelson-Twyman inter- 
ferometer with the mirror to correct. The surface of the eorrector was also 
studied in the Fabry Perot. Both analysis showed effective compensation of the 
defect by the corrector but limited however to a factor of 2. The k/14 mirror 
(46nm defect) was effectively ameliorate to X/26 in the best case. This limit 
of X/26 is imposed in our actual system by the vibrations of our interferometric 
bench and the slowly varying thermal gradients coupled with the weakness of the 
U.V. source whose output slowly decay with time (the ADP Cristal must stay in a 
perfectly dry ambiance otherwise it slowly melt). Dry Nitrogen permanent flow in 
the Cristal Assembly and hydrolic support of the bench are under development to 
overcome those non-fundamental limitations. 

3.3 Numerical simulations of parabolic mirrors corrections 

The reference mirror conjugated to a parabolic is an hyperbolic. This is true 
when the f ratio of the mirror is small. In the case of a I0 cm parabola at f/lO 
(focal of I m) the best reference hyperbola (of 3 cm only) determined by optimi- 
sation of the flat tint amplitude has (with a 2 x i0 mm beam splitter at 45 °) an 
excentricity of 1.88 and curvature radius a = 236.4 mm and b = 376.3 nm. The nea- 
rest sphere (center-side fit) is at 25 nm. The residual aberration is an annulus 
of peak to peak amplitude on the output wave of 4 nm only. Slightly different 
curvature radius give a nearly as good defect amplitude but allow a deviation 
sphere-hyperbola much more important and which could be positive or negative. For 
a difference sphere-hyperbola of ± 0.5 ~m, the additionnal aberration is less 
than 2 nanometers. This reference hyperbola can easily he done both by metallisa- 
tion or elastic relaxation starting with a small and perfect spherical mirror. 

In the case of a larger mirror (e.g. the Solar Optical Telescope primary) of dia- 
meter 1.25 m and of focal 4.5 m, the best reference is still an hyperbola but the 
larger f ratio (f/3.6) introduces the need to reduce a Schmidt like annulus 
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aberration by an adequate metalllsation of the hyperbola. This allow to use a 
still small hyperbola of 20-25 cm only but with an annular deformation of about 
200 nm (with the 2 x i0 mm beam splitter a 15 ° incidence to obtain a perfect 
circular symetry for the deformation). The residual aberration on the wavefront 
can reach 16 nm (8 nm equivalent on the mirror surface) but this is perfectly 
acceptable as the correlation length is high (of. curves of Figure I). 
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ABSTRACT. 

High resolution white-light pictures of sunspot penumbrae are presented. 

These include pictures showing details of their filamentary structure 

and some instances of birth of a penmmbra. The observations are discussed 

in the frameworkTof current penumbra theories. 

INTRODUCTION. 

After the flight of the Stratoscope (Bahng and Schwarzchild, 1961) the 

well known theory of the structure of the sunspot penumbra as consisting 

of convective rolls was put forward by Danielson (1961); this view was 

in some aspects refined by M~ller (1973)~ for whom the penumbra consis- 

ted of a pattern of bright granules moving towards the umbra and arranged 

in elongated filamentsoon a dark background. In contrast with that view, 

Moore (1981) has recently pointed out the possibility of individual dark 

filaments emerging from the umbra and lying above the normal granulation. 

Already Casanovas (1973) had arrived to similar conclusions based on ob- 

servations carried out in his unpublished doctoral thesis. Additional 

suppport to this theory of elevated dark f£1amentsscame from Giovanelli's 

(1982) measurements on magnetic canopies extending from sunspots, and 

partly, by the photometric study of Grossmann-Doerth and Schmidt (1981). 

The Evershed and Wilson effects can be explained in the frame of this 

theory~ yet there remain important difficulties as to the mechanical 

and radiative equilibrium of the elevated str~etures (Thomas, 1981; 

Cram et al, 1981)~ 

We present some pictures showing the evolution of the penumbra from the 

first stages and two old spots having a peculiar penumbra in one part. 

We think that they can help understand the penumbra structure. Some of 

the frames were obtained during an observational program carried out in 

the summer of 1980 to study the birth of sunspots (Garc~a de la Rosa, 

1981) 
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ESSENTIAL FEATURES DERIVED FROM THE PHOTOGRAPHI(]CEXAMPLES: 

I) The filamentary structure is clear from the first moment (see cases 

A, F and G, Fig. l). This is at variance with earlier descriptions of 

birth of the penumbra (Bray and Loughhead, 1964). 

II) In the very first stages of i~s evolution the j~st born penumbra may 

not be stable. It may decrease or even disappear (see cases A and F) 

III) In the majority of the cases observed, the penumbral filaments do 

not appear uniformly around the nmbra, but rather by associations in the 

form of patches (see cases F, A and G). However some isolated filaments 

can sometimes be observed (see cases A and F). 

IV) When a dark filament is first observed in our series it has about 

half its final length. The evolutionaky stages prior to this first 

observation cannot be clearly made out in our pictures because of lack 

of resolution, yet we can set an upper limit of about one hour to the 

duration of this initial period. The further evolution of the filament 

occurs at a slower rate (see cases A, F and G). 

V) A few dark filaments are seen in the pictures crossing each other 

(see case B, Fig.2). This can be taken as a strong indication that the 

filaments are in fact individual structures at different heights, a view 

which would give support to the theory of the elevated filament. 

VI) In one case (see C and H, Fig.2), dark lanes on a light bridge in 

a spot are seen to have the same orientation as the dark filaments of 

the neighbouring penumbra. This can be interpreted as individual 

filaments crossing over the light bridge. 

CONCLUSIONS. 

A series of pictures have been presented, which give additional evidence 

of the existence of dark penmmbral filaments as individual structures. 

With respect to the birth of the penumbra some new observational aspects 

can be seen. The existence of the filamentary penumbra even in the first 

moments, its non uniformity and its short length are the major aspects 

derived from the p6ctures. 
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THE HIGH RESOLUTION STRUCTURE OF THE SUN 

W. Mattig 

Kiepenheuer-Institut fur Sonnenphysik 

Sch~neckstr. 6, 7800 Freiburg, FRG 

INTRODUCTION: In discussing the fine structure in the solar atmosphere 

we open up an extremely wide field in solar research. Thus, it is im- 

possible to review all the observations and their related problems in 

any detail here. I can only touch upon some aspects of solar fine struc- 

ture and have to restrict myself to a few problems. Fortunately, review 

papers on most of the special aspects can be found in the literature. 

Amongst other things, this means that I am unable to honour Prof. R6sch. 

We all know the important contribution of observations made by him and 

his colleagues at the Pic du Midi observatory to our present knowledge 

of the fine structure in the solar atmosphere. 

The sun is the only star, where we are able to observe the inhomoge- 

neities of the physical parameters directly and there is no doubt that 

other stars have similar, stronger or weaker, fine structure. This im- 

plies that the results of solar physics could be the key to a correct 

and more detialed analysis of stellar atmospheres in general. 

In this connection I only have to remind you of the relationship be- 

tween granulation and convection. In the discussion about how chromo- 

sphere and corona are heated the probability of small scale magnetic 

fields or fine structure playing an important role is more than zero. 

Another aspect is important for astrophysics in general: the abundance 

of the elements in stellar atmospheres. To determine this we have to 

measure the intensities in different spectral lines. But the relation 

between the measured intensity and the temperature is not linear which 

means that one can not equate a temperature deduced from a spatially 

averaged intensity and the mean temperature deduced from resolved ele- 

ments with different temperatures. To determine the abundances we might 

have to take into account the temperature fluctuation. Hermsen (1982) 

has done this and found that for the sun the abundance of iron is un- 
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certain to the same order as oscillator strength, whereas of oxygen the 

difference could be a factor of two when using homogenous models or 

taking into account either temperature fluctuations or inhomogenous mo- 

dels. This is only one example of the importance of the konwledge of 

solar fine structure. 

What is the solar fine structure, or rather: which are the typical scales 

when talking about fine structure? There is no consensus but I think 

the scale length is of the order of arc seconds or less. Doubtlessly 

a normally developed sunspot is not in the fine structure regime and 

this applies to the oscillation too. But penumbral filaments as well 

as umbral dots are typical fine structures. 

On the other hand, there is resolution limit, set by the atmosphere. 

Kneer (1978) has discussed the horizontal radiative exchange and the 

possible loss of information before the photons reach the instrument. 

All measurements of the solar surface in the range of about one second 

of arc are influenced by the limited resolution of the instrument and, 

in the case of ground based observations, the seeing. 

I think it useful to consider this a little more quantitatively. In 

general the resolution of an instrument is given by the Raleigh criteri- 

on. There is a "rule of thumb" for the visible region: an instrument 

with a IO-cm aperture has a resolution of approximately I second of arc: 

20 cm = O~5; I m = 0~I. When comparing these values to the modulation 

transfer function of the instruments we have to consider that they yield 

about 10% only of the original contrast. If we accept a reduction of 

the original contrast by a factor of two, we need a 25-cm instrument to 

resolve I second of arc: 50 cm for O15; and a 1-m telescope for O125. 

This has to be kept in mind when discussing qualitative data of solar 

fine structure. 

The second important source of distortion of the observation is the dis- 

turbance by the terrestrial atmosphere: the seeing. Let me demonstrate 

this with an extremely simple model. The intensity distribution of the 

granular pattern be approximated by a two dimensional cosine function 

2~x 2~y 
AI(x,y) = AI ° • cos ~ • cos L 

L being the wavelength of the structure, the point spread function be 

a Gaussian 
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1 _Fx2 +__~y 2 
p ( x , y )  = ~ 2  • e x p  [ 2S 2..[ , 

S b e i n g  t h e  d i s p e r s i o n  p a r a m e t e r  ( 2 . 4 " S  i s  t h e  f u l l  h a l f  w i d t h ) .  

A s s u m i n g  t h i s  we c a n  e a s i l y  s o l v e  t h e  c o n v o l u t i o n  i n t e g r a l .  T h e  r e s u l t  

i s  

A i  = A I ' e x p  - 47[ , 

Ai is the apparent, Al the true intensity difference. In table I the 

effect of atmospheric disturbances shows something remarkable: 

Tab. I: The ratio Ai/II as a function of S 

L•S 070 O71 0?2 0?3 0?4 0?5 0?6 

2~5 1.OOO 0.939 0.777 0.566 0.364 0.206 O.103 

2?0 1.0OO 0.906 0.674 O.411 0.206 0.085 0.029 

I~5 1.O00 0.839 0.496 0.206 0.060 0.012 0.002 

a reduction of the amplitude by a factor of two corresponds to S = 

0?3 (L = 2?5) or S = 0?2 (L = I75). But these values of seeing are ob- 

tained only under extremely favourable conditions. 

When using a spectrograph (to measure velocities, etc.), an additional 

distortion comes into being: the finite slit width. Using high resolut- 

ion spectrographs and focal length of more than 10 m the optimised slit 

width is of the order of 50-IOO/um, which means that with a solar image 

of about 30 cm diameter the slit width corresponds to 0?5. Frequently 

one enlarges the width in order to reduce the exposure or integration 

time. This magnitude is not small in comparison to the diameter of a 

granule close to the limb and probably larger than a filigree element 

or an umbral dot. 

Keeping in mind all these difficulties it is not difficult to under- 

stand why there is no common picture of the fine structure. In my opin- 

ion the divergent results originate in the uncertainties of observation 

and hence the modulation transfer function. 

GRANULATION 

The small scale intensity fluctuation on the solar disc, the granula- 

tion, has been known for more than a hundred years. A few months ago 

the monograph "The Solar Granulation" by Loughhead, Bray and Durrant 

was published. For many details I refer you to this book and also to 

the gossary of Bruzek and Durrant (1977) and to the review article of 

Wittmann (1979) in the proceedings of the Freiburg colloquium. Unfor- 
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tunately the proceedings of the Sac Peak meeting in 1983 have not been 

published to this day. 

The mean distance between the granules or a characteristic cell size 

has a wide scattering but a goo d mean value is I'~8-2~0 or 14OO km. This 

has been challenged twice only: I]4 by Namba and Diemel(1969) ; and I]6 by 

Hejna (1977). 

Photometric measurements of single granules have been carried out by 

Karpinsky (1981), the intensity profiles have been approximated by a 

simple analytic function. The maximum horizontal intensity variation 

corresponds to a horizontal temperature gradient of 5-10 K/km, compared 

to dT/dh(~=1) = 20 K/km for the vertical gradient in homogeneous solar 

models. 

The evolution and life-time of the granules has been discussed in de- 

tail by Mehltretter (1978) and also by Altrock and Musman (1981). Using 

the data obtained with the balloon-borne telescope "Spectrostratoscope", 

the correlation coefficient of the intensity fluctuation as a function 

of time can be expressed by an exponential function with a decay time 

of 5.9 minutes, which is in agreement with a life-time of about 15 min- 

utes. 

Contrast: The intensity ratio between the bright granules and the inter- 

granular lanes as a function of X has been summarized by Bray (1982). 

The observed general trend with X is apparently in contradiction with 

the expected wave length dependence when this ratio is a function of 

the temperature difference only. But uncertanties are large and the ob- 

servations have been performed by different observers using different 

instruments at different times. 

Alissandrakis et al. (1982) compared observed contrast measurements ob- 

tained during long time intervals, the result is extremely interesting 

for the whole physics of convection and the solar cycle. Figure I shows 

a possible cycle-dependence: at the maximum the contrast is larger than 

at the minimum. This could be a second indication of a cycle dependent 

structure of the convection zone, the first being Albregtsen and Malby 

(1981) and Albregtsen et al. (1984) who have shown that the mean sun- 

spot intensity depends on the phase of the solar cycle. 
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Fig.1. Time variation of granule-intergranule contrast at 5200 ~. 
Filled circles represent observed (i.e. uncorrected) values, 
solid bars the range of corrected values for the intersection 
of three intergranular lanes, dashed bars the range of corrected 
values for the middle of a lane. The corrected and uncorrected 
measurements of Bray and Loughhead (1977) at 5500 A are marked: 
BL. (a) and (b) refer to assumed lane widths of O~4 and 0~3, 
respectively. Alissandrakis et al. (1982). 

Intensity fluctuation: Determining the contrast or the intensity ratio 

problems arise when defining the dark intergranular lane. But on the 

other hand this is the simplest way of deriving the temperature differ- 

ence of approxmately 300 K. 

To measure the full intensity distribution well-known statistical methods 

are available and here the most convenient parameters are power spectra 

and rms-values. By transforming the data into Fourier space it is (math- 
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ematically) easy to correct the data in case the MTF is known. 

Schmidt et al. (1981) have computed different MTF's by assuming one real 

power spectrum for the granulation and comparing observations. Fig. 2 

shows the result 

Fig. 
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2. Comparison of experimental MTFs derived from the various pu- 
blished true power spectra and our observed power spectrum PSI. 
The full thick line shows the most probable MTF obrained in this 
work. The broken thick line shows the MTF which we used to check 
the upper limit of Irm s. Schmidt et al. (1981). 

Because of Bray, Loughhead and Durrant's (1984) detailed discussion I 

will only review some recent data. 

Due to the necessity of knowing the MTF in order to correct the data 

most recent observations have been carried out from balloon-borne tele- 

scopes, during partial eclipses or alternatively using a theoretical 

atmospheric MTF. In the first case no atmospheric disturbances are as- 

sumed to exist and in the second the moon's limb is used to determine 

the combined MTF of telescope and atmosphere. In a series of papers 

Ricort et al. (1979, 1981, 1982) and independently yon der LHhe (1984) 

have developed a method of deriving an atmospheric MTF under the assump- 

tion of Korff's theory on atmospheric turbulence. The first method was 

also tested during a partial eclipse. 
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The result of careful new reductions of observations with the "Spectro- 

stratoscope" by Durrant et al. (1983) is seen in fig. 3. It depicts the 

10"3 ~ .  
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10"~ I %1 ~1 [ i/ II 

r I I I 111 
2 z. 6 8 10 v 

wavenumber [ Mrn ~] 

Fig. 3. Two dimensional power per unit wavenumber suface element of the 
relative intensity fluctuations at the centre of the disk. The 
dotted lines show the six examples described here, the heavy line 
that of Ricort and Aime (1979), the triangles that of Deubner and 
Mattig (1975). Durrant et al. (1983). 

two-dimensional power spectrum of the centre of the disc; the rms-value, 

the integration over the power spectrum is 11.3%. The upper curve is the 

result of Ricort et al. (1979): 17% rms. The difference is rather large 

but do pay attention to the fact that the smaller values have a limit Of 

integration and that the largest value assumes a theory of atmospheric 

turbulence. I believe that, regrettably, these values ~re within the 

limit of uncertainty. The centre-to-limb variation of the rms-intensity 

contrast is remarkably small. 

In order to study the height dependence of granular structure Kneer et 

al. (1980) and Durrant and Nesis (1981) have analysed the intensity 

fluctuation in the wing of the Mg b 5172 line. There is a remarkable de- 

crease of rms-value near the line centre and a strong decrease of cor- 

relation or coherence. This results in a model of T(h) with a steep gra- 

dient in the deeper layers and a constant (T) for higher levels. This 

is in agreement with the Nelson-Musman model (1977). Models of this 

kind are also well suited to describe the centre-to-limb variation. The 

existence of a strong T-gradient now seems well established. 
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C-shape: The direct methods of determination of temperature fluctua- 

tions as above mentioned are supplemented by another method, namely the 

interpretation of carefully measured completely spatially averaged line 

profiles; the slogan is C-shape. The line is asymmetric due to tempera- 

ture differences between bright and dark elements as well as velocity 

shifts. 

In a recently published review article Dravins (1982) has discussed 

the observations and the theoretical aspects. 
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Fig. 4. The center-to-limb variation of the C-shape and line shift of 
X 5576. The horizontal bars indicate the rms variation of the 
bisectors at cos~= 1.0 and 0.2. Brandt and Schr~ter (1982). 

Brandt and Schr~ter (1982) have measured the C-shape as a function of 

cos ~ and near the limb it is not detectable. This rendered evident 

how to explain the limb shift as has been done by Schr~ter (1957) 

25 years ago. 

Kaisig and Durrant (1982) and Kaisig and Schr~ter (1983) have used a 

solar model with perturbations of temperature and velocities. The 

agreement with observation is fairly satisfactory as they had to as- 

sume a steep T-gradient as well. 
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At this stage new concepts enter the discussion: perturbations and cor- 

relations of T and V. The group in Naples (Caccin and Marmolino (1980), 

Marmolino and Severino (1981), Buonaure and Caccin (1982)) have devel- 

oped new methods for deriving the velocity fluctuation in the small 

scale regime of the atmosphere. 

But also experimental improvements have been made, mainly by eliminating 

the instability of spectrographs. The Florence group Cavallini et al. 

(1980, 1982) use a Fabry-Perot interferometer. The Freiburg group use 

iodine absorption cells to determine exact wavelengths. 

New aspects were introduced by Keil and Yackovich (1981) who attempted 

to measure the bisectors of the element itself in highly resolved spec- 

tra. Here a possibility of studying the granules and the intergranular 

space directly opens up. The important result is a T-scale height of 

100 km. 

In all of the above mentioned results the C-shape, that is the bisec- 

tor of the absorption line was the charactreristic criterion for further 

explanation. Recently Pierce (1984) proposed to determine the differen- 

ces between line profiles and Gaussinas. A detailed theoretical analysis 

of the utility of this proposal is necessary. 

Velocities: In connection with the line asymmetries we had to take into 

account small scale velocities. Again I will refrain from mentioning 

more than just the most recent results. Beckers (1981) has contributed 

"Dynamics of the solar photosphere" in the NASA and NCRS monograph 

"The Sun as a star". As in the case of intensity fluctuations the pro- 

blem of correction of instrument/atmosphere arises. 

An additional problem has to be considered: the measured Doppler shifts 

of different origin, viz. the granulation; the oscillation and the 

supergranulation (velocities of possible smaller scales, the filigree, 

are ignored). Here methods have to be found to separate the different 

components. 

The influence of the various quantities is seen very clearly in fig.5, 

showing the correlation of intensity and velocity. If the granulation 

is of convective origin we expect a clear correlation. The original 

data yields poor correlation but filtering the data, in this case by 

means of running means the correlation coefficient increases remark- 

ably. 
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Fig.5. Crosscorrelation function of brightness and velocity. 
Above: original values; below: residue from running mean with 
(2n+I) = 2~2 and 3~6. Mattig et al. (1969). 

The discussion of height dependance of velocity fluctuation introduces 

yet another problem, namely radiative transfer. In order to determine 

v(h) it is necesarry to derive a velocity weighting function and to 

use a velocity model. Only by comparing this with observation the re- 

sults become reliable (Canfield (1976)). 

The most surprising result is the discrepancy between Canfield (1976) 

and Durrant et al. (1979). Unfortunately Canfield had no empirical 

knowledge of the MTF, whereas Durrant et al. analysed spectra obtained 

during a partial eclipse. This has remained unresolved until this day. 

Keil and Canfield (1978) and Keil (1980a,b,c,) confirm the steep veloci- 

ty gradient, whereas Mattig (1980) and B~ssgen and Deubner (1982) favour 

a rather flat gradient. I believe this problem will not be solved until 

observations with good knowledge of all distortions are performed. 

The only two sets of velocity fluctuations as a function of position on 

the solar disc by Keil and Canfield (1978) and Mattig et al. (1981) are 

in good agreement. In both cases the largest fluctuations are away from 

the solar centre. In the uncorrected data there is at first an increase 
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and closer to the limb a decrease. But please take into account the 

strong increase of corrections approaching the solar limb. From this 

centre-to-limb variation we have to conclude that the horizontal small 

scale velocity fluctuation is a factor 1.5-2 larger that the vertical. 

This was confirmed in an analysis of Kondrashove (1983) where unresolved 

spectra of 437 iron lines were used to calculate macroturbulent motions. 

Models: In the last few years our knowledge of special details on the 

granulation has increased but we are still far away from a unique pic- 

ture and a clear physical understanding. 

Nelson and Musman (1977) and Beckers and Nelson (1978) have derived 

models with vertical and horizontal velocities but only the most recent 

Dravins et al. (1981) and Nordlund (1982) are beginning to arrive at a 

general picture of the granulation. Dravins presented a theoretical at- 

mosphere model incorporating radiation coupled time dependent hydrody- 

namics of solar convection. His method is equally useful for interpre- 

ting stellar line profiles. Nordlund has simulated time dependent be- 

haviour of granulation using basic hydrodynamical and radiative transfer 

equations. 

But, gathering all the information on granulation I have the impression 

that much higher resolved observations are needed. We have to consider 

the structure and evolution of single granules (an analysis of Namba et 

al. (1983) is a step in the right direction). The statistical descrip- 

tion can only be the first step towards an understanding of the phene- 

menon of granulation. 

Granulation in the vicinity of sunspots: 30 Years ago Macris (1953) and 

later Schr~ter (1962) have shown, that the granular structure in the 

surroundings of large sunspots changes counsiderably. Macris (1979) has 

confirmed thus and has demonstrated a strong relation between the dia- 

meter of the granules and the umbral magnetic field strength. A re- 

markably larger velocity fluctuation in active regions was found by 

Nesis and Mattig (1974, 1976) and Kaisig and Schr6ter (1983). Brandt 

and Schr~ter (1984) reported a significant change of the C-shape which 

yields a difference in velocity-height scale compared to the undisturb- 

ed photosphere. 

Mesogranulation: A new kind of pattern has been detected recently by 
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November et al. (1981), the so-called "mesogranulation". This fairly 

stationary pattern of cellular flow has a characteristic scale length 
-I of 5-10 Mm (7-14") and a spatial rms-velocity amplitude of about 60 ms 

only. The life-time of mesogranules appear to be at least 2 hours. 

SUB-GRANULAR STRUCTURES 

In the last ten years high resolution observations have revealed new 

fine structures in the solar atmosphere. Filtergrams taken in photo- 

spheric lines or in the wings of strong lines, as Ha or CaII K and H, 

show that the bright photospheric network is visible across the entire 

solar disc, in both active and quiet regions. The network has been iden- 

tified with white-light faculae by Mehltretter (1974) and with the solar 

filigree, discovered by Dunn and Zirker (1973), one solar cycle ago. 

The filigrees are embedded in the granular pattern. 

These structures, these small bright points have a size remarkably less 

than one arc sec. Coming back to the introductary remarks about the dis- 

turbances of fine structures, this means that it is extremely difficult 

to observe these fine structures. Large telescopes and good seeing con- 

ditions are needed to identify and to analyse these features. 

All quantitative results have considerable uncertainties. Koutchmy (1978) 

came to the conclusion that the mean filigree intensity is two times 

the averaged granular intensity which means that the filigree-element is 

10OO K hotter than the surroundings. But because of the difficulties in 

the restoration, fig. 6, he pointed out that he does not believe that 

he has obtained the true value of the intensity. 

Recently Muller and Keil (1983) have repeated such measurements and 

found a value in the range of 1.3 to 1.5 of the mean photospheric value 

(for the characteristic intensity of the facular points - or filigree.) 

For the typical size in the quiet photosphere they found O~2 ~ 150 km. 

To insure a proper identification of facular points they observed cal- 

cium pictures with a pass-band of 15 A too. In contradiction to this, 

Spruit and Zwaan (1981) find a much wider size distribution but in ac- 

tive regions and by using Mg b I filtergrams. 

Independent of the intensities and the widths Muller (1983) pointed out 

that: 
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Fig.6. Intensity of a filigree structure. Upper part shows the original 
data and the lower half the result of the deconvolution. Ordina- 
te are linear with respect to arbitrary units. Koutchmy (1978). 

"(a) the facular points appear at the supergranular boundaries rarely 

inside the cells; 

(b) they appear in spaces in the junction of several granules, never 

inside a granule or the space between two granules only; 

(c) the mean life-time is 18 min.; 

(d) they remain in intergranular lanes during their whole life". 

In addition to this, P. Wilson (1981) concludes again that white light 

faculae, the Ha filigree and the calcium bright points are different 

manifestations of the same photospheric features by comparing observa- 

tions in Ca K, Mg bl, Ha + 1.5 A and Ha continuum. 

Kitai and Muller (1984) have studied the relation between chromospheric 

and photospheric fine structures in active regions. They confirm the 

result by Wilson (1981) that the bright points in the Ha wing, the fili- 

gree are cospatial with facular points. 

In addition to Wilson, Kitai and Muller suppose that faint moustaches 
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(a) 13933  (b) ~,5700 

Fig.7. A subset of the observed regions is shown in both calcium and 
in whight light. The location of some facular points are indi- 
cated with arrows. 

and filigree have a common physical origine. Using the new 60 cm dome- 

less Solar Telescope Hida, Kurokawa (1982) has studied the features of 

Ellermann bombs or moustaches. The apparent length is 1.1 arc sec while 

80% have a diameter of less than 0.6 arc sec. The life-time is about 

12 min but the first maximum in the life history was attained in about 

2 min. A mean upward velocity will be around 8 km s -I which is in good 

agreement with a spectral analysis of line profiles by Kitai (1983). 

It has been well established that chromospheric plage and the active or 

bright network as shown on Ca II K232 spectrograms, are cospatial with 

magnetic fields. The observations of small scale photospheric magnetic 

fields are reviewed by Harway (1977). Here I would like to notice that 

the diameters of the flux tubes with I" to 2", observed in spectra by 

Simon and Zirker (1974), are remarkably larger than the crinkle or fil- 

igree elements. 

In addition to this Muller (1981) pointed out that strong magnetic 

fields concentrated in small tubes are associated with photospherics 
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Fig.8. Spatial distribution of the bright points in the Ha - 0.75 
filtergram. Small dots indicate the location of the bright 
points. The bright points associated with facular granules are 
indicated by encirclements. Kitai and Muller (1984). 

bright points. 

Daras-Papamargarites and Koutchmy (1983) have studied quilet sun magne- 

tic network elements using spatially highly resolved spectra and con- 

firmed that strong magnetic fields are found at the location of the net- 

work element. The corresponding magnetic field structure has a size of 

I-3 arc sec. 

By using magnetograms in the red iron line k 8688 ~ Sivaraman and 

Livington (1982) have shown that weak magnetic elements also lie at the 

roots of the K2v points. They pointed out that it is now clear that 

there is a one to one correspondence between bright points and the mag- 

netic structure in the interior of the network. 

The three-dimensional structure of the magnetic field, especially the 

distribution of the field with height has been discussed by Jones and 

Giovanelli (1982) and Giovanelli and Jones (1982). A field configuration 

which forms horizontal magnetic canopies over (lower level) field-free 

regions was discussed extensively. 
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I would like to mention this one paper only: Tarbell and Title (1982) 

have pointed out that observations with a resolution better than O~5 

show offsets between intensity and magnetic maps of faculae predicted 

by magnetic fluc tube models. Beyond this a variability in the relation 

between downdrafts speed and magnetic flux - and a relationship between 

granulation and flux tubes of different sizes are illustrated. 

SPACE OBSERVATIONS 

During two rocket flights Bonnet et al. (1980, 1982) have obtained fil- 

tergrams in Ly a and in the UV-continuum at 160 nm. The resolution is 

better than one arc sec. For Ly a this is the first one arc sec filter- 

gram. The two filtergrams have a marked difference: broader structures 

in Ly a are obvious. Another rocket flight in the same 160 nm region 

by Cook et al. (1983) was also successful.Bruckner (1980) has reported 

on earlier hiqh resolution observations from space on different occa- 

sions for example at the joint discussion during the IAU meeting 1979. 

Concerning the XUV structure of active regions I refer you to Dere (1982) 

who has discussed all the structures. 

A few remarks on the statistical analysis by Foing and Bonnet (1984a, 

1984b): In the temperature minimum region (160 nm) three characteristic 

scales are found: the small scale; and intermediate scale and the plage 

area scale. The intermediate scale of 8000 km could be related to the 

meso-granulation or associated with the oscillation. 

The dimensions of the small scale cell grains are found to be of the 

order of 600 km or O~9, the mean distances being 1400 km. The network 

and plage elements are brighter and broader, in agreement with other 

ground based results. The temperature excess of the grains is in the 

range of 80-360 K. In addition to this Cook et al. (1983) have found 

that in the cell centers the bright points are highly variable on a 

I min time scale. 

On the basis of OSO 8 observations Dumont et al. (1982) and Mourdian 

et al. (1982) have studied the structure and physics of solar faculae, 

especially in the transition region between the chromosphere and the 

corona, by analysing the profiles of SiII, SiIV, CIV and OVI lines. 

The high resolution EUV structure above a sunspot was discussed by 

Nicolas et al. (1982). The derived typical umbral model for the transi- 
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tion region. 

Earlier observations are discussed during the IAU-meeting in 1979. A 

high resolution view of the Chromosphere and Corona was given by 

BrOckner (1980). The results from "Skylab Solar Workshop III on Active 

Regions" are published by Orrall (1981). 

SUNSPOTS 

Penumbra: The characteristic scale of the penumbral fine structure is 

noticeably smaller than the mean distances of the granules. The progress 

of collection of more accurate observationed results as well as the 

progress of the theoretical understanding of sunspots in general has 

been discussed in the summer of 1981 at the Sac Peak Observatory and 

is published in the proceedings of this meeting. Two contributions by 

Moore (1981) and Muller (1981) are of special interests in connection 

with penumbral fine structure. In addition to this I want to report on 

a determination of the brightness distribution by GroSmann-Doerth and 

Schmidt (1981). The intensity distribution is almost symmetrical and 

single peaked which implies that this is in disagreement with a two 

component model of the penumbra. The rms intensity fluctuation is 13% 

and the widths of the features is not smaller than 250 km or 0135. This 

is in agreement with another determination of the width of penumbral 

filaments by Bonet et al. (1982) who used observations performed during 

a partial eclipse. Their mean value is O~37. Both values are also in 

agreement with an earlier measurement by Muller (1973). 

From the discussions on 0?2 resolution photographs obtained with the 

65 cm gregorian telescope at Big Bear Moore (1981) came to the conclu- 

sion that many, and possibly most dark fibrals, lie above and partially 

mash lower bright structures. This is in contradiction to previously 

results and means that the dark component of the penumbra is not physi- 

cally analogous to the intergranular lanes in the photosphere. 

Measurements by Tonjes and W~hl (1982) confirmed the old results by 

Muller (1973) that penumbral bright grains move towards the umbra but 

the maximum proper motion is not near the umbral border, as Muller 

pointed out. The life-time of about 3 hours in the middle of the penum- 

bra is confirmed by these measurements. 
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Fig.9. Intensity contours of a penumbral area before a and after b image 
restoration. GroBmann-Doerth and Schmidt (1981). 

New efforts to obtain more spectroscopic information of the penumbral 

fine structure have been carried out by Stellmacher and Wiehr (1980, 

1981). From nearly resolved spectra only they came to the conclusion 

that assuming the bright features at rest, the outflow in dark regions 
-I is nearly 3 km s . That is the Evershed-effect. Looking to the mag- 

netic fine structure they found no systematic fluctuations of the mag- 

netic field strength of the order of 1000 gs. Highly resolved spectro- 

scopic observations are needed to effectively attack the problem of the 

Evershed effect. 

Umbral dots: In a comprehensive paper Bumba and Suda (1980) discribed 

the inhomogeneity in a sunspot umbra "as a dark network of cellular 

elements, the center of each being filled in by a bright grain. This 

structure does not differ from the network of the photospheric granules, 

only the apparent widths of the dark intergranular space grows and its 
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darkness deepens with increasing intensity of the magnetic field". 

Disputing this Loughhead, Bray and Tappere (1979) came to the conclu- 

sion that the two patterns, photosphere and umbra, appear progressively 

more dissimilar as the resolution is improved. 

I will not discuss this here in any detail but I think it more appro- 

priate to talk about umbral dots or grains or finestructure. 

By using the name umbral granulation we are tempted to identify these 

features with a convective phenomenon and I think this is still an open 

question. 

A characteristic scale length of I~2-I~4, no changing of the general 

structure with the evolution of the spot and no change with the solar 

cycle are the main results of Bumba and Suda (1980). The life-time is 

in the range of 10-30 min. Loughhead, Bray and Tappere (1979) find a 

typical separation in the range of 0~9-I~3, with an apparent diameter 

of O~4-O~5. 

Fig.10. Negative (sunspot-core) - positive(penumbra and photosphere) 
compose the sunspot studied by Adjabshirzadek and Koutchmy 
(1980). Compare the size of umbral dots and the size of photo- 
spheric granules. 
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Adjabshirzadeh and Koutchmy (1980) derived a larger apparent half-width, 

but the life-time of 26 min is in agreement with Bumba and Suda's result 

as well as with the value of the pioneeing work by Beckers and Schr~ter 

(1968). 

Abdussamatov (1980) noticed that the true corrected mean brightness of 

the bright features is smaller than the nondisturbed photosphere. This 

was confirmed by Parfinenko (1981): for the mean contrast of bright points 

points as referred to the photosphere a value of 0~69 is given after 

correction for diffraction. Only for bright points on the boundary of 

the penumbra the contrast is hihger and reaches 1.14. This is in con- 

tradiction to a photometric analysis by Koutchmy and Adjabshirzadeh 

(1981). Using pictures in two wavelengths they conclude, that the in- 

tensity of the dots is the same as the intensity of the photosphere. 

The corrected mean diameter was calculated to 190 km or O~25. In center- 

to-limb variation studied by Adjabshirzadeh and Koutchmy (1982) the 

bright points show no foreshortening like granular structure. 

Let us return to the morphological structure. Soltau (1982) pointed out 

that there is a close relation between bright penumbrae filaments and 

umbral dots. 

In an unpublished paper GroSmann-Doerth, Schmidt and Schr~ter (1984) 

distinguished between umbral dots in a more or less undisturbed central 

umbra and dots near the penumbrae border. In any case the temperature 

is less than the photospheric value, for the central umbral dots only 

in the range of 44o0-5oo0 K. 

Unfortunately new spectroscopic information is extremely rare. Adjabshir- 

zadeh and Koutchmy (1983) studied a sunspot umbra and a bright umbral 

dot. A two component model was presented. The temperature distribution 

is nearly in agreement with photospheric models, the dark component does 

not differ essentially from older umbral models which is illustrated in 

the U-dependence of the umbral intensity. 

One remark in connection with the magnetic field. Sattarov (1982) has 

shown that in a cluster of umbral dots the Fe-line ~ 6303 A shows a 

double splitting only, whereas in the other region three components are 

visible. This means that the field is longitudinal in the dot's cluster. 

Aknowledgement: I am greatful to Mr. A. Hessenbruch for his kind help 

at preparing the manuscript. 
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Discussion 

Righini: You have shown the effect of MTF on the contrast of fine 
structures, however the instrumental stray light must be taken into 
aCcount, especially in instruments in which many reflections are involved. 

Mattig: That is correct. The MTF should include the stray light, in 
particular the instrumental part. 

E. Wiehr: Filigree easily cause "abnormal granulation" already at very 
slightly reduced seeing conditions. Might the reduced rms contrast of 
such "abnormal granulation" explain: a) the dependence on cycle via 
variation of filigree population? b) the dependence on spot magnetic 
field via density of filigree as function of field strength c) might 
"abnormal granulation" possibly yield different granule sizes? 

Mattig: As far as I know there is no observational data available on 
either of your questions. 

R. Muller: A comment on the Ron Moore photograph of sunspot penumbra: 
The cDiarter efasunspot shown suffers from a strong atmospheric astig- 
matism which artificially smoothes the structure along the filament. 



FINE STRUCTURE AND EVOLUTION OF SOLAR GRANULATION 

D. Dialetis~ C. Macris, Th. Prokakis, E. Sarris. 

Astronomical Institute, National Observatory of Athens. 

Athens, 11810, P.O. BOX 20048~ GREECE. 

Abstract 

We studied some aspects of the temporal and morphological evolution of 

the fine structure of the solar granulation. 

1. Introduction. 

This paper is a contribution to the study of photospheric granulation~ 

based on a large number of excellent photograohs of the solar ohotosphe- 

re tsken by S.Koutchmy at the Sacramento Peak Observatory with the 75 

cm tower telescope on September 25, 1975 near the minimum of the solar 

cycle. The average time resolution between successive series of about 

18 pictures is 15 sec. The mean soatial resolution is better than 0.3 ~. 

From each series of 18 pictures we have chosen the best one for our study. 

We measured the mean life time, and studied the morphological evolution 

of granules, the different types of birth and decay the relation between 

area and brightness, and the time evolution of the area for different 

types of granules. 

Time-dependent theoretical models of the ~ranulation have only recentlw 

begun to be investigated, an exactknowledgeof the manner in which granu!es involve 

and how it varies e.g. with granule size could throw useful light on 

the physics of the non-linear interactions. For these purposes we used 

photometrical and photographical methods. 

2. The mean life t~me of granulation. 

Many investigators ( Macris 1953~ Bray and Loughhead 1958 R6sch and 
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Hugon 1959, Bahng ans Schwarzschild 1961, Macris and Prokakis 1963 ) 

have determined, by using different methods, the mean lifetime of granules. 

The main difficulty in the determination of the lifetime of a granule 

is to determine the terms ~'birth " and ~death ~. The adopted criteria 

are based on the study of the morphological evolution of granules. 

The criteria are the following : 

i. A granule is born when it is formed into the intergranular region 

from the merging of two or more smaller granules, or from the division 

of a biger one. 

2. A granule dies when it is diluted into the intergranular region 

when it is divided to two or more smaller granules or when it merges 

with other granules. 

N 

lOO- 

8 o ~  

6 0 -  

4 0 -  

2 0 -  

I I I 
-450 - 3 0 0  - 1 5 0  

• • ° 

Q •  ~ o  

• ° t  • 

o I 

o l  

I I I 
0 1 5 0  3 0 0  4 5 0  s e c  

Fig. I. Distribution of the 
number of existing granules, 
from a sample of I00 ~ranu!es, 
as a function of time. N is 
the number of granules exi- 
sting after or before the time 
~ero. 

For the determination of the mean lifetime we have study the temporal 

evolution of i00 granules during a period of 18 min. By using the method 

proposed by Macris (1962), we found a mean lifetime of ii min (fig. i). 

This lifetime is a little greater than that given by previous authors. 

That was expected because of the excellent quality of oictures as it was 

easier to distinguish the granules in the successive pictl~es for linger time. 

b. Evolution of Structure. 

The evolution of structure of solar granules has been studied by several 

,uthors ( i.e, R~sch and Hugon~ 1959 ). ~ Gualitative and quantitative 
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study is presented here based on our photographic material. 

From the study of the morphological evolution of i00 granules for a pe- 

riod of 18 min we have defined the statistical distribution of different 

types of birth and death of a granule. 

For the case of birth, we have found 25 appearances from the intergranu- 

far region, i0 appearances of a new granule from the merging of two or 

more smaller granules, and 41 appearances of a new small granule from 

the fission of a big granule. 

For the case of death, we have found 13 disappearances into the inter- 

granular region, 14 disappearances from the merging with another granule, 

and 47 disappearances from the fission. 

We have also examined the morphological and temooral aspect of these 

evolutions. 

We give, in fig. 2, the temporal evolution of the area for six typical 

cases of granules, Of course the measurement of a relative area is a 

complex photometric problem involving not only the determination of in- 

tensity, but also various corrections for the instrumental profile and 

for the atmosphere~ As we can see for all the cases~ the fission of a 

granule to two or more smaller ones occurs when the granule reaches its 

maximum area~ That may indicate that at this moment an instability de- 

velopes. 

The granules show a diversity in their brightness. Bray and Loughhead 

(1967] gave the first statistics for the brightness~-area relation. Here, 

we come ~ack to this subject. Our good quality photographic material 

was used for taking isop~ots of the granules, Based on these isophots, 

we studied the relation between size and brightness for 70 granules. The 

results are given in fig, 3 where it is clear that there is weak linear 

relation between these two quantities. 

Loughhead and Bray (I~67) mention that there is almost complete absence 

of large, faint granules, and that in case of small granules the bright 

ones are very rare and less numerous than faint ones. Our present study 

verifies these conclusions. 

The main differences between Loughhhead and Bray~s results and our res~_ts 

is that we found many small, faint granules ( 40% of our total number ). 

It appears likely that this discrepancy is partly due to a ~ifference in 

the methods of performing the measurements and ~artly to the high spatial 

resolution of our material, so that we can distinguish many small granu- 

les in our study. 

We can conclude the following : 
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2 1. Decay of a ~ranule to 
the intergranular region. 

2.2. Evolution of a granule 
born by division of a biger 
granule. When it gets its 
minimum area the granule mer- 
ges with another one. 

2.3. Birth of a ~ranule from 
the intergranular region. The 
granule is divided into two 
smaller zranules after I0 ~in. 

2.4. Evolution of a granule 
born by the merging of two 
smaller granules+ 

2.5. Evolution of a ~ranule 
which is finally divided into 

two smaller ~ramules. 

2.6. Evolution oC a granule 
born by the division o~ ano~ 
ther granule° Finally after 
12 min the same granule is 
divided into two smaller 
granules. 

Fig. 2. Evolution of the area of different types of granules as a 
function time. 

a. Only a small percentage of granules a~e born from the intergranular 

region or are diluted to it~ For most ~ranu!es~ birth and death is 

only a stage of a continuous orocess where big granules are divided 

to smaller~ or smaller granules merKe to a new bigger one. 

b. There is a weak relation between area and intensity of a granule. 
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Figure 3. Brightness of granules as a function of area. 

The larger granules are the brighter. 

c. An instability may occur when a granule attains its maximum area. 

d. There are several different types of granule evolution. 

e. The mean life measured with the adopted criteria is about ii min. 
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Discussion. 

Z. Mouradian : The lifetime distribution can be decomposed into two 

curves this means two different classes of granules. Is it correct !. 

D. Dialetis : It is true that the lifetime curve seems to be composed by 

two different curves. But it is not easy to conclude that we have two different types 

of granules. This question needs a new statistical study of our population of granules. 



TEMPERATURE GRADIENTS IN THE SOLAR GRANULATION 

G~nther Elste 
Astronomy Department 

The University of Michigan 
Ann Arbor, Michigan 48109, U. S. A. 

Introduction. In earlier investigations Elste and Teske (1978, 1979) 

attempted to obtain information about temperatures, velocities and lon- 

gitudinal magnetic fields in the solar photosphere. Hyperfine structure 

broadened manganese lines were chosen to avoid the influence of non-ther- 

mal velocities, i.e. microturbulence, on equivalent widths, Table i. 

The nearby iron line is a normal Zeeman triplet and not too strong, so 

it originates still in the photosphere. 

Observations at Kitt Peak with apertures 3?5 x 2?5 and i" x i" revealed 

a decrease of the negative correlation between the continuum intensity 

and the manganese line equivalent width with increasing resolution. The 

coherence analysis showed that this becomes understandable if finer de- 

tails are picked up, in which the quantities correlate differently. This 

was supported by the results of Edmonds, Michard and Servajean (1965), 

EMS hereafter, who studied the high excitation carbon line at 5052 

with respect to the continuum. Attempts to observe Mn 5395 and C 5380 

simultaneously with the same setup at Kitt Peak failed. Therefore a 

new observing program was undertaken using two CCD's in the focal plane 

of the Echelle grating spectrograph of the Vacuum Tower at Sacramento 

Peak Observatory. 

Observing Program. One CCE recorded the profile of C 5380 and its short 

wavelength neighborhood for a reliable continuum. The other CCD recorded 

Mn 5395 in two polarization directions to be used as an indicator for the 

presence of longitudinal magnetic fields. Scanning perpendicular to the 

direction of the slit a total area of 30" x 32" of the photosphere was 

covered with a spatial resolution of 0?3 x 074. Scanning was sufficiently 

fast to enable repeating a scan of the same area every 150 seconds. Com- 

bining two successive images will therefore permit a correction for the 

5-minute oscillations. 

TABLE i. Spectral Lines Standard Deviations 

3?5 i" 0?3 EMS 
Xo s WX log T x x x photographic 
eV mA formation 2?5 l" 014 spectral 

Fe I 5393 3.2 
Mn I 5420 2.1 
Mn I 5395 0.0 
C I 5380 7.7 
Continuum 
Vel. km/s 

153 -1.7 
78 -l.1 0.020 0.042 
74 -1.5 0.027 0.049 
26 0.0 

0.010 0.024 
0.16 0.24 

0.124 
0.133 0.042 (C 5052.2) 
0.044 0.016 
0.37 0.24 (Cr 5051.9) 
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Results. Preliminary results from one of our better frames are presented 

here. The standard deviations, Table i, show the expected increase with 

resolution. Our values are about a factor three greater than those from 

photographic spectra by EMS. The correlations are shown in Table 2. 

Their behavior with increasing resolution is quite striking, in particu- 

lar the change in sign for the correlation between continuum and manga- 

nese line strength. Continuum intensity and carbon line equivalent 

width are strong positively correlated in agreement with EMS for C 5052 

and continuum. Both carbon lines originate in the same deep layers as 

the continuum and become stronger with increasing temperature. The man- 

ganese line, which weakens with increasing temperature, also shows a 

positive correlation with the continuum intensity or the carbon line 

equivalent width. For the interpretation we must realize that the ground 

level manganese line is formed about 200 km higher than the carbon line. 

Consequently there must be regions, where the deep layers are hotter, 

while the temperature in higher layers is lower than average, and vice 

versa. In other words, temperature gradients tend to be steeper in 

regions with higher temperatures in deep layers and flatter in regions 

with lower temperatures in deep layers. 

TABLE 2 

Aperture 
3~5 1.0 0.3 EMS 
x X x photographic 

2'~5 1.0 ........ 0...4 spectra 

Correlating 
Cont. and V(Fe) -0.25 -0.37 -0.49 (Mn) -0.28 (Cr 5051.9) 
Cont. and W(Mn) -0.44 -0.09 +0.58 
W(Mn) and V(Fe) -0.19 -0.16 -0.32 (Mn) 
Cont. and W(C) +0.92 +0.81 (C 5052.2) 
W(Mn) and W(C) +0.60 

In order to show the spatial arrangement of the varying temperature gra- 

dients, the points are divided into three groups according to their con- 

tinuum intensity. The divisions are set by the average plus and minus 

50% of the standard deviation, resulting in equal numbers in each group. 

Figure 1 shows the location of brighter continuum intensities as heavily 

shaded, while locations of fainter continua remain unshaded. The inter- 

mediate brightness range is lightly shaded. In a similar way Figure 2 

shows areas where temperature gradients are steeper and flatter, based 

on the criterium that the equivalent widths of both lines, carbon and 

manganese, are above or below average plus or minus 50% of the standard 

deviation respectively. Comparing the two figures shows quite nicely 

the variation of the temperature gradients with respect to the variation 

of the temperature in deep layers. 
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The analysis of the data after correction for the influence of the 5- 

minute oscillations and hopefully after an image improvement procedure 

will be presented at a later time. In particular the study of the in- 

fluence of a magnetic field concentration on the temperature gradients 

is expected to be of interest. 

Figure 1. Continuum intensity 
above or below average plus or 
minus 0/2. 

Figure 2. Equivalent widths of 
both lines above or below average 
plus or minus ~/2. 
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Question from L.M.B.C. Campos to G. Elste: 

Can you use the correlation data values to estimate a correlation scale? 

Could the correlation scale be interpreted as a difference between the 

depth of formation (of the two lines whose correlation was measured)? 

Answer from G. Elste: If two quantities correlate well we may assume 

that they refer to the physics at the same depth, and the weaker the 

correlation is, the less coupled their physics appears, the further 

apart the quantities are probably formed in the atmosphere. But for 

obtaining a measure in geometrical depth we do need model calculations 

with spectrum synthesis and certainly several iterations. 



LINE PROFILES AND LONGITUDINAL VELOCITY FIELD IN SEEING LIMITED SMALL- 

SCALE ATMOSPHERIC STRUCTURES 

(I) F. Falchi, (I) R. Falciani, 2) L.A. Smaldone 

(I) Osservatorio Astrofisico di Arcetri, 1-50125 Firenze, Italy 

(2) Osservatorio Astronomico di Capodimonte, 1-80131Napoli, Italy 

A method for bidimensional spectroscopy of the solar atmosphere 

has been developed (Caccin et al., 1983), essentially based on the 

observing capabilities of Universal Birefingent Filter (UBF) of the 

Sacramento Peak Observatory (SPO). Some results, obtained with this 

method, have been already published (caccin et al., 1984), but they 

mainly concern active regions and flare studies. We like to present here 

the preliminary results obtained when the observing and diagnostic capa- 

bilities of this method are applied to small spatial, seeing limited 

structures in the solar atmosphere. 

More details concerning the observing program and the capabilities 

of all our methods can be found in Caccin et al. (1984). 

The complete set of an H a restored and calibrated filtergram series 

is shown in Fig. I. 

We can determine the line profiles for every pixel in the FOV 

frame; the units are relative to the profiles of the mean quiet atmos- 

phere with arms error of about 10%. We can also derive the longitu- 

dinal velocity field pattern for the four observed lines, by using a 

linear approximation and by interpreting the measured line asymmetry as 

due only to line-of-sight Doppler shifts. 

We applied our method to the small spatial structures, as the 

bright points visible in the H a wings (see Fig. I.). We divided them 

in two separate classes: IBP, the isolated bright points an example of 

which is indicated in Fig, I, and EB, the bright points outside the 

penumbra of the large spot on W side of Fig. I (EB means Ellerman bombs 

according to the most accepted definition for these structures). 

For each selected point we determined the line profiles and the 
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velocity field as a mean over a minor of 3x3 pixels. Then, the effec- 

tive spatial resolution was of 1.5xi.5 arcsec 2. 

The relative variations of the H~ and H8 line profiles among the 

different bright points are of the same order of those measured at 

Fig. I. The complete filtergram series, at 21:07 UT-13-6-J980 from 

-2.0 A (lower-left) to +2.0 A (upper-right) through H~ -0.0 (middle). 

The linear scale is given in arcsec and in the grey look-up table the 

mean quiet atmosphere corresponds to 1.0. North of the bottom, West 

on the left. The arrow indicates an isolated bright point. 

different times. For each class we considered independent the change 

due to different positions or different times of observations. 

The shape of all the H~line profiles for IBP's is shown in Fig. ~. 

Similar behaviour is also observed for H B line profiles, but with a 

lower "sensitivity". If we morphologically compare the mean general 

trend of H~ and H B for IBP and EB points with the mean quiet line pro- 

files, we can draw the following qualitative conclusions: 

IBP's - the contrast C = I(IBP)-I(quiet) is always > O in the line 
I (quiet) 

wings, but C(blue wing) is much greater (and more variable than C(red- 

wing); 

- C in the line center is always > O and roughly constant; 
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- the scatter strip of the various profiles at the points of in- 

flection is narrower on the blue side with respect to that on the red 

side; 

- the line-of-sight H e velocity (measured at ± 0.6 A from the 

line core) is always downwards, with typical values of 1.5÷2.5Km/sec. 

EB's - C(blue wing) > 0 and constant; 

- C in the line center is ~ 0; 

- the scatter strip at the points of inflection is narrow on 

both sides of the line profiles; 

-noclearline-of-sight velocity pattern is evident, but certain- 

ly H e velocities can be considered zero within our error limits. 

Quantitative parameters, describing the above mentioned properties 

can be obtained by computing the mean value <I(1)> of different profiles 

and the corresponding standard deviation ~(l)for the two bright point 

classes. 

Table I.- Mean contrasts along the Ha and H E line profiles evaluated 

for isolated bright points (IBP) and for Ellerman bombs (EB) . 

H~ + Al IBP EB H E + AI IBP EB 

- 2.0 0.01±0.04 0.05±0.05 - 1.0 0.02±0.04 0.04±0.04 

- 1.5 0.03±0.06 0.08±0.06 - 0.8 0.05±0.05 0.07±0.03 

- 0.9 0.08±0.08 0.08±0.07 - 0.6 0.09±0.06 0.11±0.05 

- 0.6 0.08±0.09 0.05±0.09 - 0.4 0.14±0.06 0.14±0.08 

- 0.3 0.19±0.14 0.01±0.09 - 0.2 0.17±0.06 0.10±0.07 

0.0 0.24±0.18 0.03±0.07 0.0 0.14±0.09 0.07±0.06 

+ 0.3 0.23±0.16 0.08±0.08 + 0.2 0.02±0.11 0.06±0.09 

+ 0.6 0.12±0.16 0.16±0.11 + 0.4 0.01±0.11 0.09±0.05 

+ 0 . 9  0 . 0 0 ± 0 . 1 1  0 . 0 9 ± 0 . 0 8  + 0 . 6  0 . 0 1 ± 0 . 0 8  0 . 0 8 ± 0 . 0 4  
+ 1 . 5  0 . 0 1 ± 0 . 0 6  0 . 0 6 ± 0 . 0 4  + 0 . 8  0 . 0 2 ± 0 . 0 4  0 . 0 6 ± 0 . 0 3  
+ 2 . 0  0 . 0 2 ± 0 . 0 3  0 . 0 5 ± 0 . 0 3  + 1 . 0  0 . 0 1 ± 0 . 0 3  0 . 0 5 ± 0 . 0 3  

These H parameters are compared with the mean quiet H a profile in Figu- 

re 3 for the IBP's. The corresponding C (1) 's can be consequently com- 

puted and are quoted in Table I. for H E and EB's points too. 

We can derive a very first and qualitative explanation of our 

results. Our IBP's belong substantially to active regions and are pro- 

bably the same structures called facular knots by Spruit and Zwaan 

(1981) and facular granules by Mehltretter (1974). According to the 

results of Wilson (1981), Spruit and Zwaan (1981) and Kitel and Muller 

(1984), these structures represent spectral signatures of the presence 
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Fig. 5. Schematic comparison of 

the quiet H e profile 

(circles) with that 

(dashed) given by the 

"wall effect" (see Fig. 4) 
and with the final asymme- 

tric profile (continuous), 

caused by downward motions. 
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of elementary magnetic flux tubes. A very schematic sketch for a magneto- 

static flux tube is given in Fig. 4, together with the associated down- 

ward motions. Various line-of-sights are mixed altogether (see Fig. 4) 

within a pixel in our images. This fact originates a "wall effect" 

(Caccin and Severino, 1979), because the mean optical path within the 

tube allows to "see" deeper photospheric layers, i.e. layers in which 

the source function is greater than in the mean quiet photosphere. In 

Fig. 5 the circle profile qualitatively represents the line profile due 

to the "wall effect"; it is symmetric and has a positive contrast rela- 

tive to the mean quiet profile. Since many line-of-sights intercept 

downward moving elements within the tube, the observed profile can be 

supposed as due to a convolution of the red side dotted profile with a 

suitable velocity distribution function. The final profile (continuum 

in Fig. 5) fits the above stated morphological properties derived for 

the IBP's. 

As far as the EB's line profiles are concerned, their main feature 

is a positive wing contrast and this might be simply explained by a 

density increase at lower photospheric levels. 
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A. RIGHINI: 

Are you sure that the red asymmetry that you observe on the H a 

might not be due to a minor blue shift of the center of the upper part 

of the line due to the presence of a magnetic field which channels the 

convection excluding therefore an inward mass motion? 

R. FALCIANI: 

We calibrate our mean reference profiles on two areas (15x 25 arc- 

sec 2 each) of quiet atmosphere, assumed then to have no line-of-sight 

velocity. Consequently, we have to interpret the measured red asymme- 

tries on IBP's as due to downward motions relative to the mean quiet 

atmosphere. 

C. ALISSANDRAKIS: 

Did you observe any difference in the pattern or in the velocity 

of the Evershed effect between H~ and H E ? Our observations at the core 

and the wings of H~ suggest a decrease of the value of the velocity with 

height. 

R. FALCIANI: 

The general H~ Evershed pattern around the big spot (on the W side 

of our frames) morphologically agrees with the results of Maltby (Solar 

Phys. 43, 91, 1975). Representative H~ line-of-sight velocities are of 

the order of 2.5 Km/sec towards the disk center and 0.5 Km/sec in the 

opposite direction in the mean Evershed channels. Similar patterns, 

but with lower values, are observed in H E. Our dopplergram determina- 

tions refer to the maximum sensitivity part of the line profiles (i.e., 

to the inflection points). Care has to be used to compare line-of-sight 

velocity values derived from different portions of the line profile. 
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ABSTRACT 

Observations of solar faculae and netwo~rks reveal the unresolved nature of the magne- 

t i c  f i e l d  conf igurat ions,  wi th present achieved spat ial  resolut ions.  ~Jhile the appar- 

ent f i e l d  is weak (fromafewgauss to several hundreds) the " t rue" f i e l d  is l i k e l y  to 

be much stronger (up to kilogauss f i e l ds ) .  

There are various methods to determine the f i e l d  strength in the unresolved f l ux  tube. 

They vary according to the choice of spectral l ines,  the weight given to the observa- 

bles ( i n tens i t y ,  p ro f i l es ,  po lar isat ion . . . ) ,  model assumptions and physical consi- 

derations. 

The purpose of th is  paper is  to give a review of these methods and assessment of t he i r  

capacit ies and l im i t s .  

INTRODUCTION 

Observation o f s o l a r  magnetic f ie lds  obtained with high spat ia l  resolut ion and away 

from sunspots exh ib i t  a d i s t r i bu t i on  from a few gauss up to k i lo  gauss f i e lds .  See for  

example observationsobtained at Sac Peak (Simon and Zi rker ,  1974) and magnetic map 

(Fig. 1) obtained by S. Koutchmy (Daras-Papamagaritis and Koutchmy, 1983). 

The question to be discussed here is whether photospheric magnetic f ie lds  are unre- 

solved and thus quite strong even when apparently they are weak. 

I t  is s t i l l  too d i f f i c u l t  to give a complete synthesis of a l l  methods used. Observ- 

at ional condit ions and the par t i cu la r  solar features observed might have been d i f f e r -  

ent in each experiment. When spat ial  resolut ion is poor, i t  is not easy to evaluate 

the "cont r ibut ion"  or the weight of each of the detai ls  seen in a high resolut ion ob- 

servation (Fig. 1). Even i f  a " t yp ica l "  f l ux  tube may sa t i s fy  the observation i t  is 

hazardous to claim that a l l  f l ux  tubes s t i l l  unresolved in Fig. i are the same. The 

main e f f o r t  in th is  review is to describe each method in the simplest way and also 

to mention i t s  main l im i ta t i on  due to model dependence 

There is some confusion on the way to handle rad ia t ive t ransfer .  On the one hand we 

may use a powerful numerical program to solve the equations. But since the true at-  

mosphere is general ly not known, we may doubt about the s igni f icance of the resu l t  

and loose ins igh t  on the way the method used depends on the uncertainty in the model 
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Figure I : Photospheric Networks 

a Maps of the i n t e n s i t y  of the magnetic b As in a but in the l ine  wings of 
f i e l d  deduced from measurements in the Fe x = 6302.5A. 
l ine  center of Fe x = 6302.5A. 

On the other hand, we know that model dependency may be reduced in the measurements 

of magnetic f i e l ds .  For example, in the case of homogemo~magnetic f i e l d ,  we may use 

Miln~-Eddington model to f i t  the observed Stokes parameters. The surpr is ing resu l t  is 

that th is  inversion program turns out to be a re l iab le  method to determine magnetic 

f i e l ds ,  i f  the parameter of Miln~Eddington model are kept free in the processus of 

i t e ra t i on .  Thus these parameters and the magnetic f i e l d  should be determined simulta- 

neously. While Miln~-Eddington model is a poor approximation of the true atmosphere, 

i t  is  s t i l l  a powerful mathematical tool provided i t s  parameters are not predetermi- 

ned. 

The assumption of purely longi tud inal  f i e l d  w i l l  bring about simple ana ly t ic  express- 

ions fo r  the i n tens i t y  and c i r cu la r  po lar izat ion p ro f i l es .  Thus the descript ion of 

the various methods w i l l  become quite clear with l i t t l e  loss of general i ty .  Indeed 

observers often considered e x p l i c i t l y  or i m p l i c i t l y  purely longi tud ina l  f i e lds .  

Depth dependence of magnetic and ve loc i ty  f ie lds  cannot be considered so simply. Such 

gradients may lead to ef fects not to be reviewed here (Semel et a l . ,  1980) 

Figure 2 is quite i ns t ruc t i ve .  D is t inc t  ~ components are v i s ib le  in I p ro f i l e ,  ( f ig:  
m 

2b) but no more in the observed o ro f i l e  I t (2a). The peak posit ions in V t the observ- 

ed c i r cu la r  po lar izat ion ( f i g .  2d) correspond to those of the o, the separation of 

which is a measure of the f i e l d  strength. But the same peaks separation of  the V 
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Fi gure 2 

p r o f i l e  may be due to weak f i e l d  as we l l  depending on l i n e  w id th  (compare f i g .  2d 

w i th  2h and 2 f ) ,  Doppler  broadening must be cons idered in  t h i s  c o n t e x t .  In any case 
dI 

when a small  V t i s  no t  p r o p o r t i o n a l  to  ~F~ i t  i n d i c a t e s  unreso lved  magnet ic f i e l d .  
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I .  THE SIMPLEST TWO COMPONENTS APPROACH 

Radiat ive t r a n s f e r  is  reduced to i t s  s implest  expression in  the fo l l ow ing  way : 

I )  Magnetic fd, eld w i l l  be assumed to be l o n g i t u d i n a l .  

2) A l l  spectral  l i nes  considered as Zeeman t ~ i p l e t ,  but w i th  d i f f e r e n t  Land~ 

factors g. 

The unresolved s t ruc ture  w i l l  be reduced to two components on ly .  

- A magnetic element w i th  r e l a t i v e  surface S, magnetic f i e l d  H. fm(X) denotes 

the l i ne  i n t e n s i t y  p r o f i l e  i f  i t  were not af fected by Zeeman e f f ec t  (g = 0). 

- A background element wi th  r e l a t i v e  surface 1 - S. fB(X) w i l l  be the l i ne  i n -  

t ens i t y  p r o f i l e  in  absence of  magnetic f i e l d .  The p o s s i b i l i t y  of  a weak magnetic f i n d  

H B w i l l  be considered. 

For the magnetic element the i n t e n s i t y  and c i r c u l a r  po la r i za t i on  p r o f i l e  w i l l  be g iv -  

en by : 

1 
Im = E [ f m  ( i  - gAXH) + fm (X + gAXH) ] (1) 

i 

Vm = ~ [ fm (~ + gAil l)  - fm (X - gAXH)] (2) 

Where AX H is the Zeeman displacement fo r  a normal t r i p l e t  given by 

AX H = C . H (3) 

where C is a known constant. 

Noting by I B the i n t e n s i t y  in  the background, the observed i n t e n s i t y  I is  then given 

by : 

I = ( i  - S) I B + S . I m 

In absence of  magnetic f i e l d  in  the background (H B 

i za t i on  is given by : 

V = S . V 
m 

I f  a weak f i e l d  H B is assumed to be in  the background 

AX B = CH B 

(4) 

= 0) ,  the observed c i r c u l a r  po lar -  

(s) 

(3a) 
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the c i r c u l a r  po la r i za t i on  from the background element w i l l  be given by : 

VB = - fB (x  , g AXB) - fn  (x  - aAXB) 2 ~ 

eq .  5 s h o u l d  be r e p l a c e d  by : 

(2a) 

V = S . V m + (1 - S) V B (5a) 

I I .  BABCOCK TYPE MAGNETOGRAPH 

1) Magnetograph response 

By development in ser ies of  the p r o f i l e  fm(~) equation 2 fo r  V m 

i 
Vm = f ,  m( X)gaX H + 3~II f (  ~)(~) (g&~H) 3 + . . . . . . .  

becomes 

(6) 

The signal  measured by the magnetograph V = S.V m 

H M by 

V 
H,M= 

g . c . f ' c ( ~ )  

is reduced to a magnetic s ignal  

(7) 

where f ' c (X )  is  the c a l i b r a t i o n  of  the magnetograph by a p r o f i l e  fc(A) e i t h e r  c a l c u l  

ated or taken equal to the l i ne  p r o f i l e  in  the q u i e t  photosphere. 

I nse r t i ng  equation 6 in  equation 7 we obta in : 

f '  (~) 
m 

HM= S.H. - -  
f '  (~,) c 

[ 1 - e g2H2 + . . . . . .  I (8) 

f (~)  
i m . C2 

where o = - - -  (9) 
3! f ,  m 

For weak f i e l d  (or  fo r  small g fac to r )  and i f  fc = fm the magnetograph signal  H M is 

equal to the magnetic f l u x  = S.H. 

An inadequate choice of  fc(~) would be the o r i g i n  o f  a f i r s t  order e r ro r .  

Simultaneous observat ions wi th several spectral  l i nes  have shown s i g n i f i c a n t  d isa,  

greements due to tha t  kind of  e r ro r .  

The second and higher terms in  equation 8 describe the magnetograph sa tu ra t ion  when 

Zeeman displacement is not smal l .  
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2) Line r a t i o  technique 

Consider two i d e n t i c a l  l i nes  tha t  d i f f e r  only by t h e i r  g f ac to r s .  For example : 

Fe ~ = 5250 A gl = 3 

Fe i = 5247 /~ g = 2 
2 

H I and H 2 are the magnetic f i e l d s  measured by these two l i nes .  

The r a t i o  r is  given by using equat ion 8. 

H I I - e g l  2 H 2 + . . . . .  

r - 
H 2 I - e gz 2 H 2 ÷ . . . . .  

S, H, fm' and fc being the same f o r  the two l i nes  

Keeping only the f i r s t  two terms in the ser ies  development : 

1 -  r 
H 2 = 

e (g2 _ g22 r) 

(10) 

( i i )  

and in  the present case 

1 - r 
H 2 = (12) 

e(~) ~5+ 4 ( Z - r ) ]  

when r ÷ i H 2 ~ O. Otherwise we have an i n d i c a t i o n  f o r  s t rong f i e l d .  To determine 

the f i e l d  from equat ion 12 i t  is  s t i l l  necessary to determine e. Thus the r e s u l t  i s  

s t i l l  model dependent ( the e x p l i c i t  choise of  fm(~)) .  However th i s  dependence may be 

reduced by measuring r a t  d i f f e r e n t  wavelengths in the l i n e .  Successfulchoice of  fm(~) 

should y i e l d  a determinat ion o f  H 2 independant on wavelength. 

Now the problem o f  f i e l d  d i s t r i b u t i o n  becomes impor tan t .  In the case of  two components 

model i t  means a weak f i e l d  in the background The con t r i bu t i ons  from strong f i e l d  

element to the two l i nes  are given by H 1 and H2, aH the con t r i bu t i on  from the back- 

ground i d e n t i c a l  f o r  the two l ines  (no sa tu ra t i on  e f f e c t  f o r  weak f i e l d ) .  The t o t a l  

f i e l d  measured by the two l ines  would be H I + ~H and H 2 + ~H. 

~H 
Put ~ - and then : 

H 2 

H I + ~H 2 H 1 
r = r - (13) 

H 2 (1 + ~) H 2 

1 - r = ( i  - r ) (1 + ~) (14) 
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equation 12 becomes 

2 1 - r ( i  - r ) (1 +m) 
H = = (12a) 

o [5 + 4 ( i  - r ) ]  e [5 + 4 ( 1 - r ) ( 1 + ~ ) ]  

when 1 - r is small 

H~2 = Ho2 (1 + m) 12b) 

is a free parameter and the so lu t ion  for  the strong f i e l d  is ~ dependent. 

Choosing ~ pos i t i ve  w i l l  increase the f i e l d ,  a choice o f  negative ~ w i l l  lead to a 

weaker f i e l d .  

The approximated ana ly t i ca l  approach has been given here fo r  the purpose of  demonstra- 

t ion  only.  I t  may be va l i d  when the f i e l d  is not too strong and the der i va t ion  o f  

equation 11 from equation I0 is possib le.  

3) Observation and numerical computations o f  r .  

Fraz ier  and Stenf lo  (1978) measured r at four wavelengths in these l ines : 

± a~ = 22,5 47,5 72,5 97,5 mA 

r = 0.76 0.85 0.98 1.08 

They found a f i e l d  strength H = 960 gauss. 

When a smooth d i s t r i b u t i o n  of  magnetic f i e l d  has been assumed, the maximum f i e l d  

strength became much higher Hma x = 2000 gauss. 

This corresponds to ~ > 0 in the ana ly t i ca l  example. 

I t  is easy to conceive the case with negative ~. 

To i l l u s t r a t e  i t  I assumed a two component model : 

- strong f i e l d  element wi th H = 675 gauss about 30% less than s ingled value solu- 

t ion  mentioned above (960 gauss). 

- a background wi th weak f i e l d  wi th a f l u x  = 6 . S.H 

A Miln~-Eddington has been employed wi th the fo l l ow ing  parameters with the usual te r -  

minology. Background has been chosen equal to photosphere. 
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background = 
photosphere 

strong f i e l d  
element 

Doppler 
broadenino 
Ak D m~ 

31.9 

50 

Damping 
Constant 

0.2 

0.2 

Line to continuum 
Absorption coe f f i -  
cient ra t io  n o 

2.2 

0.5 

Magnetic 
f i e l d  gauss 

~ . H  

H = 675 

S has been f ixed to 0.5 e.g. same surface for  the two elements. 

- The parameters for  the strong f i e l d  element has been f ixed a f te r  some i t e r a t -  

ion and are very close to those found by Harvey et a l .  (1972). See § 3. 

- S l i t  width and instrumental p ro f i l e  have been considered by integrat ion over 
b 

31 mA. 

- No ve loc i t ies  have been assumed. 

Results of computation and comparison with observation is given in the fo l lowing tame 

± A~ m# 23 48 73 98 

observed 0.76 0.85 0.98 1,08 

calculated 0.921 0.934 0.984 1.067 = o 

calculated 
6 = -0.2 0.761 0.842 0.977 1.079 
(~ < O) 

Note that the re la t i ve  moderate f i e l d  675 gauss may sat is fy  the observation very well 

when negative f lux  (~ < O) is added. 

Thus quite a wide range of magnetic f ie lds  may sat is fy  the same observed rat ios r. 

4) Doppler shi f ts  and in tens i t i es .  

Frazier and Stenflo also measured ve loc i t ies  and brightness in the two l ines : the 

surprising resul t  was that no s ign i f i can t  dif ference between the linescould be detect- 

ed. Equation 1 for  example predicts difference in in tens i ty  between the l ines i f  

strong magnetic f i e l d  were present. Even~more sophisticated computation~confirm this 

predict ion.  

At present, the best candidate to explain this contradict ion would be the assumption 

that magnetic f i e l d  varies strongly with depth. I f  that is true, then also the pres- 

ent appl icat ion of the l ine ra t io  technique to the polar izat ion measurement should 

be reviewed. T i l l  now no computations have been successful to sat is fy  a l l  observables. 
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5) Line ra t io  technique with three l ines has been applied by Wiehr (1978). Another 

experiment by the same author was to measure magnetic f ie lds  at three d i f fe ren t  wave- 

lengths in the same l ine  simultaneously. The results obtained by Wiehr indicate that 

the magnetic f i e l d  was not unique but had a range from 1200 to 1800 gauss. The range 

was found to be the same in plage in act ive regions and in networks. 

Beside the advantage of using three l i n g  instead of two, there is an in teres t  in us- 

ing l ines " insens i t i ve"  to temperature. Indeed the l ines used by Wiehr are much 

better in th is  respect than l ines 5250 and 5247. In our analyt ica l  example that  

means that fm(1) d i f fe rs  only very l i t t l e  from fB(k).  But the l ines used by Wiehr 

are not rea l l y  i den t i ca l .  We may suspect that  fm(1) for  each l ine  does change s l i gh t -  

l y  due to temperature and ve loc i ty  f luc tua t ions ,  and that  these changes are not the 

same for  those l ines.  

I I I .  FITTING OF OBSERVED I AND V BY USE OF MILNE-EDDINGTON MODEL 

The solut ion of rad iat ive t ransfer  equations for  homogeneous f i e l d  and in the case of 

Miln@-Eddington has been given by Unno (1956). 

These equations have been used to determine the magnetic f i e l d  in unresolved struc- 

tures. 

1) Beckers and Schr~ters (1968) observed magnetic knots in v i c i n i t y  of sunspots. 

The apparent f i e l d  was t y p i c a l l y  250-400 gauss. The Miln~-Eddington parameters for 

the l ine used, 6173 A, were f ixed from the photospheric p ro f i l e .  

A good f i t  of observed c i r cu la r  po lar izat ion pro f i les  was obtained by assuming 

stray l i g h t  of the order of 67%. The typical  range for  the magnetic f i e l d  was 600 to 

1400 gauss. When stray l i g h t  is  assumed the magnetic f i e l d  was found to be almost 

ve r t i ca l .  

The determination of the magnetic f i e l d  in th is  case is model dependent through the 

assumption that Miln@-Eddington parametersare the same in the photosphere and in the 

magnetic knots. 

In terms of the model described in § I i t  means that fm = fB = fphotosphere" Also 

the determination of the parameters of Miln@-Eddington in the photosphere may not be 

unique. For example, in th is  model the planck funct ion B is assumed to be l inear  

with • opt ical  depth in the continuum. 

B = Bo(1 + ~o T) 

From th is t the  center to limb e f fec t  for  the normalized l ine  p ro f i l e  is given by the 

factor  : 

(3 o Cos e 

A(e) - 

1 + 13 o Cos e 
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f (~, e) : A (e) f (~, o) 
P P 

Where <) is the hel iographic angle and fp (~, 0) and fp (~, o) are the normalized 

l ine  p ro f i les  at e and at disc center respect ively.  

Now in general the center to limb e f fec t  for  photospheric l ines is small. 

Observers therefore tend to put Bo÷ ~ and A = 1. 

However the true in te rpre ta t ion  should be that  Hiln~-Eddington model cannot describe 

center to limb e f fec t .  And in general A should be one of the parameter to be deter- 

mined and may be qui te d i f fe ren t  in photosphere and in facula. 

2) Harvey et a l .  (1972) observed I and V pro f i les  for  the l ine  5250 ~ and also 

magnetograph measurement with the l ine  5233 ~. The las t  measurements were considered 

to be the true average f i e l d .  

A two-components model has been assumed, the non-magnetic component to be ident ica l  

to the photosphere. 

Miln~-Eddington model has been used through Unno equations. B o has been assumed very 

large (A = 1), but a l l  other parameters were free. 

I t  resulted that magnetic f ie lds  range from 200 to 700 Gauss. 
2 

Doppler broadening in the magnetic element was found to be larger by about ~ than in 

the photosphere. The in te rpre ta t ion  advanced was that th is  is due to dispersion of 

magnetic f i e lds  of the order of I000 gauss. So that when the observed f i e l d  is 500 

gauss there is s t i l l  a range of f ie lds  of ± 500 gauss. 

This in te rpre ta t ion  excludes other causes of broadening and perhaps re ly  too much on 

the physical meaning of Miln~-Eddington's parameters. 

3) Comparison and discussion of the two exoeriments. 

The results in i )  and 2) are d i f f e ren t .  

In paper 1 (Beckers and Sch~6ters, henceforth B.S.), the magnetic f i e l d  range is 

600 < H < 1400 gauss 

In paper 2 (Harvey et a l . ,  henceforth H.L.S.)the range of the average f i e l d  in the 

magnetic element : 
200 < H < 700 gauss 

Kilogauss f ie lds  are then obtained through the assumption of non homogeneous f i e l d  

and in terpre ta t ion  of l ine  broadening by "Zeeman microturbulence". 

The dif ference between these resul ts could be a t t r ibu ted p a r t i a l l y  to d i f fe ren t  ob- 

servat ional condit ions and select ion ef fects ,  e .g.B.S,  could d is t inguish magnetic 

knots in the high resolut ion photographic spectra. 

One fundamental di f ference in the two approaches deserves oa r t i cu la r  a t tent ion.  In 
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both cases the authors were led to analyze the data as i f  the f i e l d  were p rac t i ca l l y  

long i tud ina l .  So i m p l i c i t l y  they solved equations 1 to 5 described in § I in terms 

of which the discussion is s impl i f ied .  

In both cases fB was chosen equal to the quie£ photosphere p r o f i l e ,  while B.S chose 

fm = fBi H'L'S l e t  fm to be free, th is  is a crucial  di f ference. By inspection of the 

V p ro f i l e  i t  is easy to see that i t  may be approximated by d i f fe ren t  combinations of 

fm(X) and AX H. I f  the p ro f i l e  of fm(X) is chosen wide, that is large F~JHM, then AX 
H 

w i l l  be found small and vice versa. In other words there is a kind of competition 

between AX D and AX H. Useless to say that the best f i t  w i l l  be obtained when fm(X) is 

l e t  free, which is the case in paper 2 (H.L.S.).  Indeed they f ind that fm(X) is much 

wider than the photosphere prof i le~ that is  AX D is increased subs tan t ia l l y ,  and as 

a consequence the magnetic f i e l d  was found much weaker. 

While in H.L.S.'s paper, H resul ts from a better f i t ,  the estimate of the f i e l d  dis-  

persion is not certa in.  These authors are r i gh t  to assume a d i s t r i bu t i on  of magnetic 

f ie lds  that increases l ine  width. However the quant i ta t ive  in terpre ta t ion  of the in-  

creased broadening in terms of "Zeeman microturbulence" is hard to accept : 

a) The quant i ta t ive  physical meaning of Miln@-Eddington parameters is l im i ted ,  

even when a good f i t  to observed p ro f i l e  is obtained. 

b) True Doppler broadenings may be quite dif#e~ent in f l ux  tubes and in the 

quiet  sun. 

c) Radiative t ransfer  is not consistent. Ei ther magnetic f i e l d  is assumed tovarv 

strongly along the l ine  of s ight  and the radiat ive t ransfer  used is wrong> or i f  ma- 

gnetic f i e l d  is assumed constant along the l ine  of s ight  and varies l a t e r a l l y  then 

Stokes parameters have to be obtained f i r s t  and then summed over the area observed. 

The amount of dispersion in magnetic f i e l ~ m i g h t  be quite d i f fe ren t  than what has 

been determined so simply by H.L.S. 

IV. FOURIER TRANSFORM OF THE V PROFILE. Tarbell and T i t l e  (1977) 

As usual Fourier transform is a very elegant technique. The F.T. of the V is defined 

by : 

Fv(X ) =fwiXXdx (15) 

applied to equation 5 : 

Fv(X ) = -S. i .Fm(X ) sin (gAX H x) (16) 

I f  fm(X) is a Gauss, Lorentz or Voigt funct ion,  i t s  Fourier transform Fm(X ) w i l l  

have no zeros. 

So that the equat ion: 
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Fv(Xo) = 0 

is  reduced to 

(17) 

Sin (gAXHXo) = 0 (18) 

and the f i r s t  i n t e r e s t i n g  zero is  given by 

gA~ H . x ° = ~ (19) 

(20) or gAX H x 
O 

No assumption of  l i ne  p r o f i l e  is  necessary to determine the magnetic f i e l d  by equat- 

ions 17 and 20. 

T i t l e  and co l labora tors  have con t ro l l ed  tha t  the method may be appl ied to much more 

complicated cases, e.g.  general i n c l i n a t i o n  of  magnetic f i e l d s .  Because of  s ignal  to 

noise ra t i o  the method was sens i t i ve  only to f i e l d s  stronger than 1000 gauss. The 

authors found typ ica l  f i e l ds  of  the order of  1600 gauss. The same authors compared 

these resu l ts  wi th  those obtained by f i t t i n g  I and V through Miln@-Eddington model 

(see § I l l ) .  This l a s t  method gave s im i l a r  resu l t s  only when Doppler broadening was 

assumed to be w i t h i n  10% of  the photospheric value ! 

Now assume tha t  weak magnetic f i e l d  may reside in  the background and subs t i t u te  equa- 

t ion  6a fo r  equation 5 to obtain Fv(X ) through equation 15. 

Fv(X ) =- i  [SFm(X ) s in (gAXHX) + ( l -S)  FB(X ) s in (gAXBX)] (16a) 

where FB(X ) is the F.T. of  fB (x ) .  

The equation Fv(Xo) = 0 is  no more simple. 

This time the so lu t ion  depends on a l l  the parameters S, AX H, AX B, fm(X) and fB(X) ! ! !  

To i l l u s t r a t e  t h i s ,  assume 

1 AXH 
S = -  , AX B - , fm(X) = fB(X) 

2 2 

equation 17 then becomes 

AXH I 
cos (g Xo) - 2 

2 

2 and YA~H = 3 x 
o 

to compare wi th  equation 20. 
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V. FOURIER TRANSFORM OF I PROFILE; ROBINSON METHOD. 

The F.T. of the in tens i ty  p ro f i le  I is given by 

FI(X ) =J l g iXXd  x (21) 

To give the most simple demonstration of the Robinson method I w i l l  be taken from 

equation 4. 

FI(X ) : ( l - s )  FB(X ) + S Fm(X ) cos (gAz H x) (22) 

where FB(X ) and Fm(X ) are the F.T. of fB(~) and fm(~) respect ively.  

Now assume another l ine ident ical  in every respect to the former l ine except i t s  in- 

Sensi t iV i ty  to Zeeman ef fect  (g = o). The F.T. of the in tens i ty  p ro f i le  is denoted 

by Fr(Z ) . 

(x) : ( l -S) FB(X ) + S Fm(X ) (23) 

combining equations 22 and 23 

s Fcos (gAx N ×) - i ]  = ( I -S)  + (24) 

i f  we assume fm (x) = fB (z) 

F I 
S [cos (gAz H x) - I ]  = ~ -  1 (24a) 

the r ight  hand side is determined from observation and equation 24a may be solved 

easi ly  to f ind A~ H and S. 

The method has been developped by Robinson to a general d is t r ibu t ion of magnetic 

f ie lds  and also for the use of a reference l ine which is not completely insensi t ive 

to Zeeman ef fect .  

The method is sensit ive to strong f ie lds >1000 gauss. At present this method is the 

only one to measure d i rec t l y  magnetic f ie lds related to s t e l l a r  a c t i v i t y .  

The method has been applied to faculae (Robinson, 1980). The f i e l d  found was of 1600 

gauss occupying 10% of the surface. 

The f i r s t  serious l im i ta t ion  of the method comes from the assumption fm(X) = fB (x) 

that allows to use equation 24a, the solution of equation 24 is model dependent 

through the ra t io  

FB (unknown in general). 
F 

m 
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A second problem is to f ind  a couple of ident ica l  l ines.  In pract ice the two l ines 

are " s l i g h t l y "  d i f f e ren t  and a "cor rect ion" is  necessary. The method becomes re l i ab le  

only when the e f fec t  due to magnetic f i e l d  is  much stronger than the correct ion.  A 

th i rd  l im i t a t i on  comes from the use of Sears formulae when the magnetic f i e l d  is not 

long i tud ina l .  

VI. THE INFRARED LINE. Harvey and Hall (1975) 

For the same ve loc i ty  d i s t r i b u t i o n ,  magnetic f i e l d  and g fac tor l the  ra t io  of Zeeman 

s p l i t t i n g  to Doppler broadening is proport ional to wavelength only.  At 1.6 ~ Zeeman 

s p l i t t i n g  w i l l  be r e l a t i v e l y  three times larger than in the v i s i b l e .  One may expect 

that o components becomes completely separated and the i r  wavelengths given by the 

peaks of the V p ro f i l e .  

Harvey and Hall (1975) observed Zeeman e f fec t  with a l i ne  at 1.6 ~. They found 

H = 1600 gauss and the re la t i ve  surface occupied by the f i e l d  was about LO% ( i f  fm 

is assumed to be equal fB). Also, they found a downward motion in the f l ux  tube with 

a ve loc i ty  of about 2 Km/sec. For photospheric l ines observed in the visibl~downward 

motions of about 0.5 Km/sec. correlated with magnetic f ie lds  in faculae and network 

were p rac t i ca l l y  the ru le ,  and mentioned by almost a l l  observers. Some doubts about 

th is  red s h i f t  arose from the questions whether i t  comes from the f l ux  tube only or 

from the surrounding as we l l .  Also the nature of the red s h i f t  is not completely 

clear since i t  is general ly measured r e l a t i v e l y  to the quiet  photosphere. The l ines 

in the quiet  photosphere are not symmetric and possess some blue sh i f t s  due to the 

convection. The apparent observed red s h i f t  needs some correct ion before i t  may tran- 

slate to "absolute" ve loc i t i es .  But in any case the red s h i f t  in the in f rared l ine  

seems to be so strong that the only conclusion could be that  ve loc i ty  in f l ux  tube 

increases with depth. The in f rared l ines at 1.6 ~ being formed deeper than the l ines 

in the v i s i b l e .  

More observations have been taken by Giovanel l i  (1977) and a l l  the data was correct-  

ed and compiled to give a p icture of f l ux  tube with increasing downward motion with 

depth (Giovanel l i  et Slaughter, 1977). 

The resu l t  of these observations is that i t  is d i f f i c u l t  to conceive strong and th in  

f l ux  tube with the observed regime of ve loc i t i es .  

We may imagine stat ionary s i tua t ion  at least  as a f i r s t  approximation. For a th in  

f l ux  tube the fo l lowing equations apply (Unno and Ribes, 1979). 

B 2 dP dv 
Pi + ~ = P (25) . . . .  pg - p v - -  (26) 

8~ e dz dz 

Pi - -  v R B = A Ti (27) P = - - u  pT (28) 
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Where Pi and Pe are gaz pressure ins ide and outs ide,  B - magnetic f i e l d ,  v - ve lo-  

c i t y ,  and T - temperature. 

The f i r s t  equation represents pressure balance between ins ide and outside th is  ma- 

gnet ic tube. The second equation stands fo r  the equation o f  motion p a r a l l e l  to ma- 

gnet ic f i e l d  ( s ta t i ona ry ) .  Third equation resu l ts  from magnetic f l u x  conservat ion 

and frozen matter condi t ion in magnetic f i e l d  ( s ta t i ona ry ) .  A is a constant. The 

las t  one is the per fec t  gaz state equat ion. 

We def ine scale height  H x f o r  a var iab le  x by 

dx 

1 dz - - =  (29) 
H x x 

where z is the height  va r iab le .  Then i t  is easy to der ive 

P • 5' = e = Hpe ( I  - 2 --Hpi ) 

B_~. z H H B 
8~ Hpe - Pi 

(30) 

where Hpe , Hpi 

Since v << sound v e l o c i t y  the scale height  fo r  pressure H 
P 

the temperature. 

H H 
T Pi Pi 

B' ~ e ( 1 + 2  - - - 2  ) 

T i - T e H v H T 

and H B are the scale height  fo r  Pe' Pi and B respec t i ve ly .  

w i l l  be propor t iona l  to 

(31) 

Where T e and T i are the temperature outside and ins ide the tube and H v and H T scale 

heights fo r  ve l oc i t y  and temperature respec t ive ly .  

F i r s t  conclusion from equation 31 is that  fo r  the condi t ion •' > 0 the temperature 

ins ide must be higher than outside T i > T e. This is accepted by many observers. 

We may now give typ ica l  estimates fo r  the quan t i t i es  in equation 31. 

H 
Pi 

130 Km << 1 H T ~ 1200 Km Hpi 
H T 

I t  is d i f f i c u l t  to assume an excess o f  temperature more than 1000 degrees 

I000 ° K Ti - Te H I 
From th is  observat ion H v is pos i t i ve  and roughly P ~ -  

H 2 
V 

B' ~ 12 (32) 

B' is very high and as a consequence magnetic f i e l d  cannot be very strong in a th in  

magnetic tube. Scale height  fo r  magnetic f i e l d  is small .  

2 (33) 
H B = ~ HP e 
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That is~magnetic f ie lds  decrease very rap id ly  with height. In view of these d i f f i -  

cu l t i es ,  Giovanel l i  (1977) suqgested a departure from "frozen" matter condit ions. 

I t  seems we have to abandon something : e i ther  the image of " th in"  magnetic f l ux  

tube that is drop equation 25 (va l id  in absence of magnetic tension),  or part of the 

data obtained with the inf rared l ine  : strong f i e l d  ? or ve loc i ty  ? 

V l l .  CENTER OF GRAVITY METHOD (Rees et a l .  1979 ; Semel, 1981). 

1) Description of the method. 

By de f i n i t i on  the centers of grav i ty  of the pro f i les  ( I  + V) are given by 

• _ ~ ( I  c ~  - ( I  -+ V ) ) x  d~ 
(34) 

where I is the continuum in tens i t y .  c 
When equations 1 to 5 in § I apply, i t  is easy to show that the apparent magnetic 

f i e l d  H A is given by 

>'G- - ~G+ S . I W H mc m 
H A - - (35) 

2C g I c W 

S I I! + ( I  - S) W B 
W = mc m I B c  ( 3 6 )  

I 
C 

where Imc and IBc are the continuum in tens i t i es  in the magnetic and background ele- 

ments respect ively.  W m, W B and ~'I are the equivalent widths of the l ine  in the magne- 

tic,background and observed elements respect ively.  

-When the magnetic f i e l d  is not purely long i tud ina l  equation 35 is s t i l l  a good appro- 

ximation, where H stands for  the longi tud ina l  component of the f i e l d .  

-Rees et a l .  (1979) extended equation 35 to 3 dimensional conf igurat ions of the ma- 

gnetic f i e l d .  

Observational test  of th is  method in sunspots was sat is fac tory .  However, in faculae 

simultaneous observations with several l ines have shown serious discrepancies i nd i -  

cating unresolved st ructure : the only possible in te rpre ta t ion  (Semel, 1981). 

I f  H i and Hj are the observed f ie lds  with l ines i and j respect ively by equation 35: 

H i Wmi / Wmj 

Hj W~ Wj 
(37) 
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where Wmi, W i ,  Wmj, Wj are the equivalent widths in the magnetic and background ele-  

ments and for  the l ines i and j respect ively.  
H. Thus the observed ra t io  I 
H. 
J 

t e l l s  us about the re la t ive  weakening of the corresponding l ines in the magnetic 

element. 

A corre lat ion was found between the observed magnetic f ie lds  and equivalent widths : 

the stronger the l i ne ,  the stronger the f i e l d  observed. 

~'Je may conclude that ,  in f l u x  tubes, weak l ines weaken re l a t i ve l y  more than strong 

l ines.  Curve of growth is l i k e l y  to change appreciably in the magnetic element : 

l ines tend to be less saturated. 

2) Tentative to determine H (Bezanger, in prep.) 

From eqaution 35 we can obtain eas i ly  

H i Wi H. Wi 
WBi O - -  WBj 

H ~ 
W i I Jj 

WBi WBj 

(38) 

where WBi and WBj the equivalent widths in the background for  the two l ines respect- 

i ve ly  are the only unknown on the r i gh t  hand side. 

Note that equation 38 is more general than equation 35 : i t  may be applied even i f  

H B ~ O. 

There might be d i f fe ren t  wayyto estimate ~IBi and WBj, for  example assuming that they 

are the same as in the quiet  photosphere. Here, i t  was assumed that the background 

is the same in d i f fe ren t  points in the faculae and that WBi can be determined by 

l inear  regression. 

Consider the re la t ion : 

Wi, k = WBi + ~i Hi, k (39) 

where d i f fe ren t  k means d i f fe ren t  point  in the same faculae. 

I t  was found that the corre lat ion (39) was good enough for  the ensemble of points 

in the same faculae. This led to the determination of WBi. 

When several l ines are observed simultaneously, i t  is easy to see that p lo t t i ng  

W. W. 
H. 1 against 1 

i WB i WB i 

should y ie ld  a s t ra igh t  l i ne .  The slop of the l ine  determines H. 
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Observations of four l ines in several faculae have been performed by means of the 

HAO Stokesmeter at Sac Peak Observatory. The resul t  was a d is t r ibu t ion  of f ie lds 

from 400 to 940 gauss. Best corre lat ion coef f ic ients were obtained in two cases 

where the magnetic f ie lds  were 500 and 600 gauss. 

No model of rad iat ive transfer is necessary in this method. However an assumption 

concerning the background is necessary and is the source of main l im i ta t i on  in the 

present two components model. 

V l l l .  FIT OF OBSERVED LINE PROFILES THROUGH COMPUTATION OF A FACULAR MODEL 

By computing l ine formation in LTE, Rees (1971, 1974) has f i t t e d  14 observed l ines.  

Chapman (1977) considered 10 l ines and included depth var ia t ion of magnetic f i e lds .  

For best f i t  i t  was necessary to consider 

- unresolved structure, 

- kilogauss f ie lds .  

Thus, this approach joins the other experiments discussed obove. I t  is d i f fe ren t  

from other methods in considering in detai l  rad iat ive transfer and a physical model 

for  faculae. Complete description cannot be given here for such an elaborated calcul- 

at ion.  Al l  observables cannot be completely sat is f ied,  for  example, because of NLTE 

ef fects ,  Chapman disregarded four l ines considered too strong. But few aspects di~ 

rec t ly  related to effects of magnetic f ie lds  w i l l  be discussed here. 

- Wilson depression has been determined by Chapman requir ing pressure balance 

according to equation 25. The level of continuum-optical depth = 1 is 160 km lower 

in the f lux tube than in the surrounding. That means a temperature difference of 

more than 3000 ° between inside and outside the tube at this level !! From this must 

resu l t  a very strong heat-f low into the cool f lux  tube. This problem has been dis- 

cussed by Spruit (1977). 

- The Zeeman ef fect  on in tens i ty  l ine pro f i les  is basical ly  given by equation 1 

§ I. I t  must be included to give the best f i t  fo r  the observed l ine prof i les  and 

lead to the determination of magnetic f ie lds  in the present context. While several 

effects are in competition, i t  is not easy to evaluate this method even when the 

calculated l ine  pro f i les  match f a i r l y  well the observed ones. But i t  is possible to 

discuss the case when the Zeeman e f fec t  may be dissociated from others. 

In § I I  the l ine ra t io  technique has been described by using two l ines ident ical  ex- 

cept the i r  g factors. When Frazier and Stenflo observed such l inm e.g. 5250 (g = 3) 

and 5247 (g = 2) they found that the i r  in tens i ty  p ro f i les  were p rac t i ca l l y  the same 

in faculae as well as in quiet sun. So that l ine  ra t io  technique applied to in tens i -  

ty p ro f i les  of these l ine indicated weak f i e l d .  The authors then suggested that un- 

detected difference between in tens i t ies  of these l ines is due to depth dependence 

of the magnetic f i e l d  and cannot be considered when Hiln~-Eddington model is used. 
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Now Chapman considered depth dependance of magnetic f i e l d  with a r e a l i s t i c  l ine  for -  

mation theory, thus the problem can be rediscussed now. The calculated pro f i les  are 

quite close to the observed ones and we may think that the problem is set t led at 

f i r s t  approximation. However the difference between the calculated pro f i les  of the 

two l ines is often not as small as the observed one. l!e may wonder what would be the 

resul tant magnetic f ie lds  i f  in the processus of f i t t i n g  a par t icu lar  weight were 

given to the difference in in tens i ty  of the two l ines ? 

IX. CONCLUSION 

How strong is the magnetic f i e l d  in an unresolved structure ? The answers given are 

by no means unique and the divergence is quite s ign i f i can t .  The f i r s t  reason for 

this is simply that the magnetic f i e l d  is not unique : the d is t r ibu t ion  of the f i e l d  

may be wide, perhaps from 600 to 1600 gauss. The magnetic f i e l d  may be time depend- 

ent (~/ilson, 1983) and changes with height. Photospheric and chromospheric f ie lds  

are quite d i f fe rent .  

The second reason for  the divergence in f i e l d  determinations may come from, too 

simple assumptions. In general the model of two components assumed is even more de- 

generate than the one given in §I.  For example, assumptions that Doppler broadening 

is the same everywhere or that the non magnetic component has the same atmosphere as 

in the quiet sun etc. That may explain why on the one hand the determination of ma- 

gnetic f i e l d  is not unique and on the other sometimes i t  is not possible to sat is fy  

a l l  observations. 

Our judgement should not be too severe in spite of the discrepancies. Let us rememb- 

er that often the apparent f i e l d  is quite weak, say i00 gauss, and we are looking 

for a method to in fe r  from i t  the " true" f i e l d  about one order of magnitude strong- 

er. This is by no means a "small correct ion",  the task is rea l l y  d i f f i c u l t .  

A given solar feature with apparent weak f i e l d  may be analyzed by two d i f fe ren t  me- 

thods. Both may ce r t i f y  that the magnetic structure is unresolved and that the "true" 

f i e l d  is "~eveLral '' times stronger than the apparently observed one. Quant i ta t ive ly ,  

in this par t icu lar  case "several" may mean seven for the f i r s t  method and fourteen 

for the second. We may disregard these f ie lds strengths as overdetermined obtained 

through far-reaching ext rapolat ion,  and s t i l l  consider both methods as powerfull 

and useful l .  

Natural ly solar physicists cannot be sat is f ied  with strong and undetermined magnetic 

f i e lds ,  somewhere between 700 and 1400 gauss. The next step is obviously to improve 

spatial  resolut ion with instruments l i ke  spectrotourel le in Pic-du-Midi, the future 

~T  and THEMIS in Canary islands. Again methods l ike  those discussed here must be 

used to test whether magnetic structure has been resolved. Eventually i t  may be 

s t i l l  necessary to f ind the "true" f i e l d  but this time with much smaller "correct- 
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t ion" than those needed now. In the next decade LEST and especial ly SOT in space 

Will a t ta in highest spat ial  resolut ion. 
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COMMENTS 

From : A. Righini 

I want to make a remark about inward motion in f lux tubes. Recently we have observed 

the l ine bisector in some photospheric iron l ines in active regions. The conclusion 

is that the l ine approaches the gravi tat ional  red shi f ted laboratory l ine suggesting 

that the red sh i f t ,  often interpreted as an inward motion, is in r e a l i t y  a minor 

convective blue sh i f t  of the l ine.  

From : C. Zwaan 

Together with Jack Harvey we measured I and V prof i les  in the IR using the KPNO FT 

Spectrometer. We found for  the majority of active and quiet  regions typical  f i e l d  

strength between 1200 and 1800 gauss, and - for a l l  regions except emerging f lux  re- 

gions - no s igni f icant  downflow. 

ACKNOWLEDGEMENTS 

I am gratefu l l  to my colleagues Z. Houradian, J. Rayrole and Cl@o Pace for  helpful l  

discussions. 



EVERSHED EFFECT AND MAGNETIC FIELD IN PENUMBRAL FINESTRUCTURES 

E. Wiehr, Universit~ts-Sternwarte, 3400 GSttingen, W.-Germany 

G. Stellmacher, Institut d'Astrophysique, 75014 Paris, France 

Individual penumbral finestructures occur in highly resolved white light 

photographs as a 20 - 30% intensity fluctuation with typical widths of 

200 - 300 km (Muller 1973). In contrast, best resolved penumbral spectra 

(see e.g. Mattig and Mehltretter 1968; Beckers and SchrSter 1969; Stell- 

macher and Wiehr 1980, 1981) typically show continuum streaks with 5 - 8% 

intensity modulation and widths of 1000 km. Consequently, the investiga- 

tion of penumbral spectra yields only restricted information about true 

penumbral finestructures. From averaged intensities of locally bright 

and dark penumbral finestructures published by Muller (1973) Kjeldseth- 

Moe and Maltby (1974) deduce two corresponding temperature stratifica- 

tions. However, Stellmacher and Wiehr (1980) were unable to fit observed 

line asymmetries with superposed line profiles calculated with these 

models. 

From an exceptionally highly resolved penumbra spectrum taken at the 

evacuated Locarno telescope on July 4, 1983 at e = 30 °, Wiehr et al. 

(1984) confirm previous findings by Stellmacher and Wiehr (1980) that 

the line core shifts are predominant in dark, the line asymmetries, how- 

ever, in bright spectrum streaks (Fig. I). In addition, Wiehr et al. 

find for the Fe+5264.8 line a continuous dependence of these line para- 

meters on the continuum brightness in the sense: the darker the contin- 

uum, the smaller the line a6ymmetry and the larger the line core shift 

(Fig. 2). This result fits the suggestion by Stellmacher and Wiehr (1980) 

that the line asymmetries are a result of the limited spatial resolution 

achieved in the spectra, which yields a superposition of differently 

bright structures with their corresponding different line core shifts. 

The only parameter which then varies with continuum brightness would be 

the line displacement, thus suggesting an increase of the Evershed flow 

with decreasing temperature of the penumbral finestructures. 

Wiehr et al. 1984) also investigate the line widths determined from the 

steeper (i.e. 'symmetric') part of the profiles - thus disregarding the 

profile asymmetries. They find for Fe+5264.8 (g = 0.1 ~ 2m~ penumbral 

splitting) an increase of these line widths with decreasing continuum 
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brightness (see Figs.1 and 2). Considering that the thermal line widths 

are slightly smaller in the cooler dark structures, this increase might 

be interpreted as an enhancement of the microturbulence with decreasing 

continuum brightness, thus supporting the idea by Beckers and Schr~ter 

(1969) of an enhanced microturbulence generated by the Evershed flow. 

In contrast, Stellmacher and Wiehr (1981, end of §6) give an interpre- 

tation in terms of maeroturbulence: If the relation between velocity 

and true structure brightness is non-linear (still compatible with the 

spectrum brightness dependence in Fig. 2a!), a superposition of unre- 

solved structures might well yield broader profiles for darker spectrum 

streaks. 

The systematic variation of the line width with structure brightness has 

an important consequence for the discussion of magnetic field fluctua- 

tions in penumbral finestructures: From a highly resolved penumbral spec- 

trum of Fe 6302.5 (g = 2.51 Stellmacher and Wiehr (1981) find no syste- 

matic fluctuations of the line broadening by Zeeman effect. Their nume- 

rical simulation of line profiles at limited spatial resolution (N 2" 

in the spectra) show that field strength fluctuations up to 1000 Gs 

would be compatible with that result. These calculations consider ther- 

mal but not turbulent line broadening: The above discussed turbulence 

increase in darker structures may compensate an enhanced Zeeman broaden- 

ing in brighter structures. On the other hand, a possible enhancement 

of the magnetic field in the dark structures could only be considerably 

below that 1000 Gs excess, otherwise the additional turbulence broaden- 

ing found would yield a measureable line broadening in the spectra. 
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Fig. I: Variation of Fe+5264.8 ~ over the centerside penumbra from a 
spot at 0 = 30 ° observed on July 4, 1983 at the evacuated 
Locarno telescope. 
Icont = continuum intensity in units of the neighbouring 

photosphere; 
rcore = central line depth; 

WHM s = width at half maximum of the steeper (i.e. 'symmetric') 
line flank; 

shift = displacement of core, respectively, gravity center of 
the line; 

asym = bisector inclination extrapolated from continuum to 
zero level. 
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Discussion 

Mattig : Are you sure, that the change or not change of halfwidths of 

the lines is really related to the magnetic field ? Dark and bright 

structures could have different other effects than magnetic field 

strength. 

Wiehr : I have shown in my second slide a systematic increase of the 
O 

width of a non-magnetic line (Fe + 5264,8; g = 0.1 1.3 mA/SOO0 Gs) 

with decreasing continuum brightness. This might indicate enhanced 

microturbulence in darker penumbra structures. Such effect, of course, 

has to be subtracted from the magnetic broadening. Additional informa- 

tion might be obtained when investigating lines with different Zeeman 

broadening but equal excitation and strengths. 

Alissandrakis : Do you observe an abrupt change in the magnetic field 

at the penumbra-photospheric boundary ? 

Wiehr : We do not find contradiction to Beckers and Schr6ter who report 

a decrease of the field strength within I"-2" from Bmax/2 to zero. But 

such investigations require highly resolved polarization profiles rather 

than our simple study of fine broadening. 



BRIGHT POINTS IN H~ !!INGS AND CONNECTED MASS FLOI~IS IN THE SOLAR CHROMOSPHERE 

P. Mein, J.-M. Malherbe, Z. Mouradian, N. Mein and B. Schmieder 
Observatoire de Paris, Section de Meudon 
92195 Meudon, Principal Cedex, France 

and 

R. Muller 
Observatoire du Pic-du-Midi et de Toulouse 
65200 Bagni~res-de-Bigorre, France 

ABSTRACT 

Many mass flows in the chromosphere are phys ica l ly  connected with br ight  photospher- 

ic  points. Bidimensional spectroscopy with high spat ial  resolut ion is very well su i t -  

ed fo r  the study of both kinds of  structures. We give some prel iminary resul ts deriv- 

ed from recent observations of the MSDP at the Pic-du-Midi.  

I - INTRODUCTION 

I t  is well known that photosphere and chromosphere are strongly coupled in a l l  ther- 

modynamical processes. Dark surges v i s ib le  in the H~ core are rooted in br ight  facu- 

lae. L i t t l e  surge- l ike features can be associated with "moustaches" or Ellerman 

bombs. Perhaps some connection does ex is t  between spicules and br ight  points of f i l i -  

grees. Any invest igat ion of such structures requires simultaneous observations at 

d i f f e ren t  places of the sun (bidimensional f i e l d )  and d i f fe ren t  wavelengths (spectro- 

scopy). Moreover, high spat ial  resolut ion is necessary in most of the cases. These 

required capab i l i t i es  are joined together in the MSDP observations, which consist in 

several simultaneous images of the same f i e l d ,  in a set of wavelengths corresponding 

to a whole l i ne  p ro f i l e .  The "Multichannel Subtractive Double Pass" spectrographs 

have been described in previous papers (Mein, P., 1977; 1980; 1984). 

I I  - MSDP AT THE TURRET DOME OF THE PIC DU MIDI : HIGH RESOLUTION IN BIDIMENSIONAL 

SPECTROSCOPY 

A time sequence was obtained on October 19, 1983, at the Pic-du-Midi,  with good see- 

ing condit ions. The f i e l d  (4' x 30") included a spot located 4%, 26°I~. The spectral 

resolut ion was 0.26 A ( local bandpass 0.09 A). The exposure time was short enough 

(0,2 s) to ensure high qua l i t y  p ictures.  

The f igure (1) shows the resu l t  of data-processing. The f i e l d  is res t r ic ted to 
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2' x 23", and the pixel  size is 0.22". The four maps are respect ively : 

1. In tens i ty  f luc tuat ions in the Ha wing (~ ± IA). We can notice the spot and 

surrounding br ight  points. 

2. In tens i ty  f luc tuat ions in Ha core (± 0.32 A). The f i b r i l s  are v i s i b l e ,  as 

well as many l i t t l e  absorbing features. 

3. Br ight  regions in the wings, and dark regions in the core, have been v isual -  

ized simultaneously in order to show the geometrical connections. 

4. Dopplershifts in br ight  points (at ± 0.65 A) and dark features (± 0.32 A). 

Upward ve loc i t ies  are represented by br ight  areas. 

Fi gure i .  

I I I  - SELECTED STRUCTURES ; ~OPPLERSHIFTS AND LINE PROFILES 

We have selected two structures consist ing in a br ight  point and the connected ab- 

sorbing feature. The f i r s t  one A is located between the spot and the disk-centre. 

The second one B is on the other side ( f i g .  2). In both cases : 

The dark feature points towards the br ight  point ,  

- The dark feature does not extend beyond the br ight  point.  

- The radial ve loc i ty  is approximately continuous between dark feature and 

br ight  point .  

The sizes of the selected structures are very small : I0" x i "  (A) and 5" x I "  (B). 

The f igure (2) shows the in tens i t y  curves (broken l ine)and dopplershif ts (so l id  l i n ~  

along each structure.  Blueshi f ts are noted pos i t i ve ly .  
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The dynamical behaviour is s im i la r  in A and B : downward motions in the br ight  point  

and the beginning of the dark feature, bueshifts at the end of the dark feature. The 

well-known reverse Evershed e f fec t  (D ia le t is  et a l . ,  1984) can be recognized by the 

re la t i ve  length of the redshi f ted part in the absorbing feature, which is greater in 

the case of A. 

Since we did not analyze so far  the time evolut ion of the st ructure,  we can only 

suggest a few models which could account for  the instantaneous observations ( f i g .  3): 

an Evershed flow in curved stat ionary magnetic l ines (a),  opposite flows in s t ra ight  

l ines (b),  a free f a l l  inside r i s ing  magnetic l ines (c) . . . .  In f i g .  3, b lueshi f ts  

are represented by so l id  l ines.  Arrows indicate the material ve loc i ty .  

I A 

5 

A 

(b) 

I A 

B . " ~  

- Figure 3. 

Lines pro f i les  can be derived from the 9 MSDP channels. Most of them are asymmetric 

and can be explained by a "cloud model" with high ve loc i t ies .  Some of them are broad- 

ened, and could be explained in many ways : shears, h e l i c i t y ,  microturbulence . . .  

IV - CONCLUSION 

Many of the observational aspects of the structures A and B are s im i la r  to surge cha- 

rac te r i s t i cs  : cont inu i ty  in the doppler curve along the s t ruc ture ,  redshif ted foot 

and blueshi f ted top, broadened pro f i les  (Schmieder et a l . ,  1983; 1984~ Mein, P. et 

a l . ,  1983) 

Do s im i la r  behaviour imply s imi la r  acceleration mechanisms ? The answer cannot be 

given without a detai led time analysis ( in progress). Improved solut ions of t ransfer  

and MHD problems, used simultaneously, could help in re ject ing unrea l i s t i c  dynamical 

models. 
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V - DISCUSSION 

O. Engvold. Your ve loc i ty  images showed very pronounced b lueshi f ts  in the sunspot 

umbra. Is th is  mainly an instrumental e f fec t  due to low l igh~ level or does i t  re- 

present a true mass flow ? 

P. Mein. Dopplershifts in the umbra are computed in the l ine core, where the l i g h t  

level is not too low compared with the surrounding chromosphere. Such b lueshi f ts  

should be checked by fur ther  measurements, and also by analysis of time evolut ion.  

C.E. Al issandrakis.  The f i r s t  structure that you showed resembles arch f i lament sys- 

tems. Did you check the po la r i t y  of  the magnetic f i e l d  at the locat ion of the br ight  

points ? 

P. Mein. Unfortunately,  we have not any simultaneous magnetograms of thins act ive 

region. But i t  is  very l i k e l y  that magnetic f i e l d  gradients play an important role 

in acceleration mechanisms. 
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QUANTITATIVE FILTERGRAM IMAGERY OF THE SOLAR 
ACOUSTIC OSCILLATIONS 

Audouin  Dol l fus - Observa to i re  de P a r i s - M e u d o n ,  F rance  
Did ier  Di l lard,  Ecole Po ly techn ique,  France.  

J e a n - M a r c  Mongui l le t ,  Ecole Po ly techn ique,  France.  

ABSTRACT 

The so lar  b i re f r ingen t  f i l ter  FPSS is used at the focus  of a 28om d iamete r  so la r  
re f rac to r ,  at Meudon Observatory ,  to p roduce  images in a large f ie ld of view, with a 
spect ra l  reso lu t ion  of 4 . 6  x 104. The ins t rument  is ca l ib ra ted for  abso lu te  Dopp le r  
ve loc i ty  measu remen ts  in the wings of the s t rong l ine NaD1, and is present ly  used for  
quant i ta t ive Imagery  of the radia l  veloci ty  mot ions in the pho tosphere  with a reso lv ing 
power of nea r  0 . 8  arc  sec, The cohe ren t  f ive minutes acoust ic  osc i l la t ions  of la rge  
spher ica l  ha rmon ics  deg ree  ~, (o f  a few hundreds)  are  d i rect ly  imaged.  The power  
spec t ra  of the veloc i ty  s t ruc tures  are der ived over  the f ie lds;  Four ie r  t rans fo rm spec t ra  
are computed.  Severa l  maxima are observed  which c h a r a c t e r i z e  at least  3 supe r imposed  
c o h e r e n t  osc i l la t ions  systems of typical  e lements  d iamete rs  14, 4 . 3  and 2. 1 Mm and 
probab ly  a system with 22 Mm. Vert ical  ve loc i t ies  a re  der ived.  Spat ial  f i l ter ing by opt ical  
and by computer ized  techn iques  p roduces  separa te  images for  each  of these cohe ren t  
osc i l la t ing modes.  

1 - THE SOLAR INSTRUMENT FPSS 

The so la r  b i re f r ingen t  f i l ter  FPSS (l=iltre Po lar isant  Solatre S~lect i f )  of Observa to i re  
de Meudon is present ly  used at the focus of a re f rac to r  of  28cm d iameter ,  d i rect ly  
pointed at the Sun, and p roduces  an on -ax i s  and p o l a r i z a t i o n - f r e e  image of the Sun, 
en la rged  by a Bar low lenses system to a d iamete r  of  84turn in a w ide- f i e ld  mode,  or  
135mm for  high reso lu t ion  purpose .  The 80ram d iamete r  en t rance  c i rcu la r  f ie ld of  view 
iso lates a por t ion of the Sun of respect ive ly  10 .9  arc  rain or  6 . 8  arc rain d iamete r ,  which 
is r e - i m a g e d  at the same size at the exit focal  p lane of the ins t rument ,  on a Kodak 2415 
emuls ion.  The FPSS ins t rument  will be desc r ibed  e l sewhere  (Do l l fus  et al,  1985) .  
|n fo rmat ion  is a l ready  found in Dol l fus ( 1 9 8 4 ) .  

For the work which fo l lows,  the instrurnoent was used to record  radia l  ve loc i t i es  by 
Dopp le r  shifts in the wings of the NaD1 5896 A l ine. The FWHM of the l ine, of 0 . 3 8  ~, is 
2 . 7 5  t imes la rge r  than the width 0 . 1 3 8  ,~ of the band t ransmi t ted by FPSS. We record  
image sequences  at severa l  d is tances  t~x f rom the l ine axis, in o rde r  to exp lo re  the radia l  
veloci ty  f ield at d i f fe rent  depths  into the pho tospher i c  layers.  The smal les t  work ing 
d is tance ,is ±0 .05  ~ and c o r r e s p o n d s  to a height  above the '~ '5000= l  r e f e rence  level of  
a round 500 kin, which is n e a r  the min imum of tempera tu re .  The images which are 
ana lysed  here  are taken with Ax=0.08  ~ and thei r  he ight  of fo rmat ion  is a round  400 kin. 

The in tensi t ies are d i rect ly  conver ted  into radia l  velocit ies~ ~.he t ransmiss ion  band 
is tuned to scan a long the wing of the l ine; the s ignal  averaged over  a la rge port ion of 
the f ield feeds a photomul t i~ l ie r  and a reco rde r .  The response  is a lmost  l inear  for  a 
veloci ty  range  of +5 km sec -~ .  A longi tud ina l  mot ion of 100 m sec -1 p roduces  a con t ras t  
of 1 .3%.  The th resho ld  sensi t iv i ty is a round  50 m sec °1.  

The images are ana lysed quant i tat ive ly by d ig i ta l lzat ion on a PDS m ic rodens l tomete r  
with 12 intensi ty  bits. For the large f ield images,  the scann ing  aper tu re  is a square  of 
25p, m size ( 0 . 6  arc sec .  at the so lar  su r face ,  or 400 k in ) .  For  the high reso lu t ion  
images,  the size aper tu re  of 20 /~m c o r r e s p o n d s  to 0 . 3  arc sec. or 200 kin. 
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Eigure 1 : Acoustic oscillations of high degree in the 

photosphere. Velocities are dark for upward, 

bright for downward. Filter FPSS at D 1 -0.00 2 

Field 124 x 90 Mm 2 - July 13, 1983 at 11:56 UT. 

2 - DIRECT IMAGES OF THE 5 MIN. ACOUSTIC OSCILLATIONS 

F igure  1 shows the por t ion of an image taken with the high reso lu t ion  84ram 
d iamete r  so lar  size. The a rea  is cen te red  at 0 .21 R e f rom disk cen te r ,  at lat i tude 15~1 
and at cent ra l  mer id ian.  The f rame size is 124x90 Mmz. The f i l ter  is tuned at - 0 . 0 9  
f rom the axis of  NaD1 5896 ~. The angu la r  reso lu t ion  reachs  0 . 7 5  arc  sec. The br ight  
e lements  a re  t rac ing the downward mot ions,  the dark  patches are the upward moving 
areas .  Li fet ime ana lys is  shows that these s t ruc tures  are osc i l la to ry  phenomena .  They are 
p roduced  by the 5 minutes acoust ic  osc i l la t ions  of la rge spher ica l  ha rmon ics  deg ree  I in 
the pho tosphere  ( D e u b n e r ,  1981) .  

The somewhat  i r regu la r  mott led pat terns which a re  d isc losed  are s imi la r  but 
s h a r p e r  than those  desc r ibed  by o ther  obse rve rs  (Noyes ,  1967, Shee ley  and 8ha tnaga r ,  
1971, Bray et a l . ,  1974) using s p e c t r o h e l i o g r a m s  of f l l te rg rams taken in the same and 
o ther  ; ines, Other  images taken with the w ide- f ie ld  mode have been pub l ished by Dol l fus 
et al (1984)  and by Dol l fus ( 1 9 8 4 ) .  

3 - SIZE OF THE OSCILLATING ELEMENTS 

Four ie r  t r ans fo rms  of the images have been computed ,  using a FFT a lgor i thm : 

u and v are the spat ia l  f r equenc ies .  The fea tu res  appea r  in the four  co rne rs  of a square ,  
they are re f ra ined  at center .  
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For the wide f ie ld images,  a zone of 400 X 400 pixels was exp lo red  by steps of 2, 
The Four ie r  image,  averaged  in po lar  coo rd ina tes ,  p roduces  the radia l  d is t r ibut ion of 
ampl i tudes  shown in f ig. 2 ( a )  in which the hor izonta l  axis is the size of the osc i l la to ry  
e lements ,  or  hal f  the spat ia l  f requency .  A maximum charac te r i zes  a typical  size of 4 . 8  
± 0 . 2  Mm fo r  the osc i l la t ing e lements ,  he rea f te r  des igna ted  Mode I. Ano ther  maximum Is 
observed  at 13 ± ] Mm and c o r r e s p o n d s  to a d ist inct  Mode I1. A Mode III is suspected  at 
22 ± 3 Mm a l though the f ie ld of ] 60  X ]60  Mmz Involves only few of these e lements .  
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'Figure 2 : Amplitude of the Fourier Transform 

a : wide field image b : High resolution image 

For  the h igher  reso lu t ion  image of f ig. ] ,  the FT curve was der ived f rom three 
a reas  ,as  ind icated in f igure  2 ( b ) .  The Modes  I and II are  con f i rmed ,  with typical  s izes 
of respec t ive ly  4 . 4  ± 0 . 3  and ] 4  ± 2 Mm. A new Mode is exhib i ted he rea f te r  des igna ted  
Mode O, with a typical  osc i l la t ing e lemen t  size of 2. ] ± 0 . 2  Mm. 

4 - VERTICAL VELOCITIES 

Veloci ty  h is tograms were der ived.  For  the wide f ield images,  in o rde r  to min imize 
the la rge sca le  luminance var ia t ions ,  four  a reas  cover ing  each a so lar  su r face  of a round  
570 Mmz are used. These measu remen ts  are normal ized  and added to p roduce  the 
h is togram of f ig. 3 ( a ) .  The h is togram of a funct ion is the der ivat ive of the inverse 
funct ion.  The ver t ica l  osc i l la t ions  p roduce  a sinuso:,'dal d is t r ibut ion of con t ras t  over  the 
f ield which,  a long a d i rec t ion  x, is A i / i  = a sin x. The der ivat ive of arc sin x Is y = ( ] -  
xZ) -a - /z  and p roduces  two symmetr ic  asymptot ic  r ises at ± a f rom the zero con t ras t  which 
is the zero  veloc i ty  re fe rence .  In the f ig. 8 ( a ) ,  severa l  symmetr ic  peaks are ident i f ied.  
They are in te rpre ted  as the p resence  of asymptot ic  ra ises smoothed  by gauss ian  
spread ings .  Severa l  supe r imposed  osc i l la t ions  mode are again  ind icated"  the i r  maximum 
ver t ica l  ve loc i t ies ,  der ived f rom the d is tances  between the symmetr ic  peaks,  are  
respec t ive ly  220 ± 40 m / s e e .  , 600 ± 60 m / s e c ,  and ]080  ± 80 m / s e e .  Direct  analys is  of  
the images ident i f ies these va lues respect ive ly  with Mode I, Mode II and the less c lear ly  
es tab l ished Mode III. 
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The same approach was developed with the high resolution f rame of fig. ] for 
which five areas were se lected,  150 X 150 plxels each ,  coverlng a surface of 900 Mmz 
per area.  The resulting histogram,  in fig. 3 ( b ) ,  isolates again peaks,  for Mode  II with 
500 ± 40 m / s e e ,  for Mode I with 250 ± 25 m / s e e  and a temptative value of ] 0 0  ± 20 
m / s e o  for Mode  O which Is a lower limit because the contrasts are a l ready reduced near  
the cut t -of f  of the modulat ion transfer  function. 

Number of 
p i x e ~ _ _  

300 

200 

10O 

-HISTOGRAM FOR VELOCITIES a 
- 1 4 0 0 0  p i x e l s  o f  4 0 0 x 4 0 0  Km 2 

" 

• i .  
6 

-1500 -500 0 +500 +10O0 +1500 m/s. 

MODE I MODE II MODE III 
2 2 0  -+ 4 0 m / s e c .  6 0 0  ± 6Om/sec. 1 0 8 0  + 80m/s. 

Number of 
~ixels 

t000 

~500 

.000 

500 

0 
-i000 -600 

MODE 0 
100 ± 20m/see. 

HISTOGRAM FOR VELOCITIES h 

90000 pixels of 200x200 Km" 

-200 0 +200 +600 +800m/s 
MODE I MODE II 

250 ± 25m/see. 500 ± 40m/s 

Figure 3 : Histogram for velocities 

a : Wide field image b : High resolution image 

5 - PERIODS 

The osci l latory character  of the structures was analysed after dlgitallzatlon of the 
first 40 images of a fi lm, taken on July "15, ] 9 8 3 ,  starting 07h20m UT for a total duration 
of 30 rain. covering 6 complete  cycles of photospher ic  osci l lat ions,  at the rate of an 
Image every ] 5  s e e . .  All the images have been r e - f r a m e d  in x and y by feature 
corre lat ions;  they were corrected from vignetting and for l a r g e - s c a l e  luminance 
variat ions,  by subtracting a fitted quadrat ic polynomal field. Then,  a same area  of 196 X 
220 plxels covering a surface of 39 X 4.4 MmZ was selected on each image.  

A temporal  Fourier  t ransforms 

I ( i , j )  = [ [ ~ A P O ( k )  x Ik( i ,  j) 

A P O ( k )  x I k ( i , j )  

of the image was applied as follows : 

x sin (2rr x 15 x ( k - ' l )  / T )  ]z  + 

x cos (2rr x ] 5  x ( k - ] ) / T ) ] z ]  ¢/¢ ,,I 

in which APO (k)  is an apodlzation function independent  of the period. Only the pixels 
I ( i , j )  having the proper osci l lat ion period will add coherent ly  their effects to produce a 
sizeable intensity in the image.  Six of these images are reproduced in the fig. 4.  for 
periods increasing by steps from 120 to 420 seconds.  There is no area  of the field with a 
period at 120 sec. The maximum Is reached at around 300 sec.  The histogram ( f igure 
5) shows a maximum at T = 300 sec.  ( the background is due to permanent  defects in the 
images,  which add coherent ly ) .  Detai led analysis of the scans assign periods of 300 ± 
30 sec.  for Mode  I and 330 ± 60 s e c .  for Mode  II. The periodic character  of Mode  O was 
recognized.  
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Figure 5 : Histogram from the 
Fourier Transform images. 

Figure 4 : Temporal Fourier Transform 

sequence of images. 

6 - FILTERED IMAGES 

The dist inct  osc i l la t ion modes  were  images separa te ly  by spat ia l  f i l ter ing.  Modes  I 
and II were  iso lated by the opt ical  Abbe method . Modes I, II and III were a lso f i l tered 
and imaged with the compute r  a f ter  d ig i ta l izat ion (Do l l fus  et al,  ]984 ,  Dol l fus,  "1984). 
We p roduce  here  on f igure  6 f i l te red images fo r  the Modes I and O. The t ransmiss ion  
bands used are shown in the f igure  2 ( b ) .  

CONCLUSION 

The cohe ren t  f ive minutes acoust ic  osc i l la t ions  of la rge spher ica l  ha rmon ics  
deg ree  I were  d i rect ly  imaged over  the pho tosphere  with the ins t rument  FPSS.  They 
appea r  to spli t  into severa l  d ist inct  typical  cohe ren t  systems. The numer ica l  data which 
were der ived f rom quant i ta t ive imager ies  are g rouped  in the table.  
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PHOTOSPHERIC OSCILLATIONS 

MODE SIZE(Mm) VELOCITY(m/sec)  PERIOD(seo 

O 2 . 1 ± 0 , 2  ~ 100±20 - 
I 4 , 5 ± 0 . 3  250±25 300±30 
II 1~±3 450±30 330±60 

( l id  (22±3)  1080±60 - 

I 
lOMm 

F I E L D  M O D E  M O D E  O 

2 0 0 x 2 0 0  P i x e l s  F i l t e r 2 . 2 - 6 . 6  M m  F i l t e r  1 - 2 - 2 . 2  M m  

Figure 6 : Spatial filtering of the oscillations. Modes I and O. 
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Summary 

The structure of photospheric magnetic fields is dominated by the 
interaction between granular convection and isolated flux tubes. Our 
current understanding of compressible convection, and of both kinematic 
and dynamical aspects of magnetoconvection is summarized. These theories 
are related to the formation and location of intense magnetic fields 
within the photospheric network. The overall structure of sunspots is 
reconsidered and related to umbral and penumbral features. 

I. Introduction 

In the first part of this meeting we learnt about observations: now 

comes the turn of theory. This is the proper ordering, since theory 

usually struggles to keep up with observational results: as Parker puts 

it, "Nature is cleverer than we are". The aim of this review is to 

analyse the interaction between small-scale convection and magnetic 

fields, to ask questions and to present a few results. I shall be 

particularly concerned with the relationship between small flux tubes 

and the granulation, and with fine structure in sunspots. In addition, 

I shall try to indicate what we would be able to learn by increasing the 

resolution of our telescopes. 

2. Granulation 

All our notions about convection in stellar atmospheres really 

depend on the behaviour that is observed in the solar photosphere. This 

has already been described by Mattig here and in the recent book by Bray, 

Loughhead and Durrant (1984). Theory cannot add much to the observations 

of photospheric granulation, though more sophisticated numerical simul- 

ations have become available. Two-dimensional studies of nonlinear 

compressible convection (Hurlburt, Toomre and Massaguer, 1984) and 

three-dimensional anelastic computations by Nordlund (1984) show that 

compressibility leads to strong horizontal flows and vigorous downdrafts. 

Moreover, overshooting convection excites internal gravity waves in 
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stably stratified regions (Toomre, Hurlburt and Massaguer, 1984) as 

discussed by Nesis. 

Solar convection seems to show a hierarchy of scales, from giant 

cells (which have never been observed) through supergranules and meso- 

granules (which may correspond to associations of granules (Kawaguchi, 

1980)) to the photospheric granulation. Would we expect smaller scales 

to appear as the resolution of telescopes is increased? The granular 

velocity field generates thermal or shear turbulence, with a Reynolds 

number R ~ 109 and a magnetic Reynolds number R m = 106 . Energy dissip- 

ation will occur on the viscous lengthscale ( ~I0 cm) or the magnetic 

scale (~ 30 m) with a field B ~ 30 G. Comparison with other turbulent 

flows suggests that small-scale motion on scales less than 100 km will 

be roughly homogeneous. 

Finally, how do granules evolve? Most are apparently formed by 

fission of larger granules. The only relevant calculation demonstrates 

the instability of an axisymmetric cell to nonaxisymmetric modes when 

the Reynolds number is sufficiently high (Jones and Moore, 1979). 

Presumably a similar (purely hydrodynamical) process causes the break- 

up of polygonal granules. 

3. Small-scale magnetic fields 

The properties of slender isolated flux tubes have been reviewed 

by Spruit and Roberts (1983). The unstable stratification leads to an 

adiabatic instability, causing downflow, evacuation and collapse unless 

the field is sufficiently strong (Parker, 1979a). Within the flux tubes 

there may be nonlinear oscillations (Hasan, 1984), providing a source 

of turbulent diffusion and generating waves that heat the chromosphere 

(Ulmschneider, 1984). Various problems still remain. How is the 

filigree related to the flux tubes? Does it outline their walls, form- 

ing crinkles, or is it produced in points by ohmic heating? Is the 

ad&abatic description valid? The turbulent diffusivity, ~ = 1011cm2s -I, 

produces a characteristic timescale ~ = R2/~ in a tube of radius R; for 

a typical flux tube, T z 10 min so diffusion cannot be neglected. In 

order to maintain a flux tube in a steady state for periods greater 

than 10 min a slow flow ( ~I00 m s -l) inwards and downwards across the 

field is required. An isolated flux tube will have a lower temperature 

than its surroundings and so generate a flow around itself (Deinzer et 

al., 1984a,b). However, flux tubes cannot be considered in isolation 

from the ambient granular convection, since observations of facular 
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points (Muller, 1983) and magnetic field measurements (Title, Tarbell 

and Ramsey, 1984), show that intense fields form i~intergranular lanes. 

Magnetoconvection has been studied in considerable detail (Proctor 

and Weiss, 1982). Solutions of the kinematic problem (where a steady 

convective velocity is prescribed) evolve to a steady state with mag- 

netic flux confined to isolated sheets or tubes. For two-dimensional 

rolls there is a unique symmetrical solution, with no distinction between 

updrafts and downdrafts (Galloway and Weiss, 1981); in an axisymmetric 

cell nearly all the flux in contained in a tube around the central axis 

(Galloway, Proctor and Weiss, 1978). Galloway and Proctor (1983) 

obtained solutions for a hexagonal cell with a central updraft. At the 

top of the cell they found strong fields, as might be expected, at the 

corners but more than half the flux was distributed over a broad region 

around the centre of the cell. 

Systematic studies of the dynamical problem have so far been con- 

fined to two dimensions. In the Boussinesq approximation motion is 

excluded from the stagnant flux tubes. Symmetry is lost and multiple 

solutions can be found, with a tendency to favour wider cells (Weiss, 

1981a,b). Compressible calculations (Cattaneo, 1984; Hurlburt, 1984) 

show that flux tubes are evacuated and that flux concentration is 

limited by magnetic pressure as the Mach number approaches unity. These 

results are confirmed by Nordlund's (1984) three-dimensional simulation 

of the interaction between granules and magnetic fields. 

The question, where do flux tubes form, is not yet adequately 

answered. Observations show that facular points (Muller, 1983) and 

intense magnetic fields (Title et al., 1984) occur between the granules 

but weaker fields (< 600 G) are just as likely to be found within granules 

and presumably correspond to the facular granules observed at Pic du Midi. 

Nordlund's numerical experiments show the formation of strong inter- 

granular magnetic fields - but in the calculations of Galloway and 

Proctor most of the flux eventually ends up at the centre and not at the 

corners of the cell. Of course, individual granules may not survive long 

enough for such a state to be achieved and compressibility or dynamical 

effects may change the field configuration. Nevertheless, it is clear 

that the competition between inflow at the base of a convection cell and 

outflow at the top is of great importance (Parker, 1979c). In the 

absence of a fully compressible, three-dimensional calculation we must 

rely on simple models. If we assume that magnetic flux is confined to 

a slender flux tube then we can investigate the motion of that tube within 

a convective cell, including certain dynamical effects. The tube drifts 

relative to the ambient gas at a rate determined by magnetic buoyancy, 
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tension along the lines of force and turbulent drag (Parker, 1979a). 

Model calculations (Schmidt, Simon and W~iss, 1985) show that small 

flux tubes, with fluxes F ~ I018 mx, are swept into intergranular lanes, 

where they remain. Larger flux tubes tend to be dragged inward, with 

the assistance of magnetic buoyancy, and end up at the axis of the cell. 

This result suggests that tubes with F ~ 1018 mx and fields that fan 

outwards near the photosphere may be responsible for facular granules. 

Such a tube could sit at the centre of a granule, like a sunspot 

surrounded by a moat; but the fission of the granule would leave it at 

a corner in the convective pattern. On the other hand, the small flux 

tubes, with fields of up to 1500 G, would remain between granules, 

moving along the intergranular lanes and collecting preferentially at 

the corners. More precise observations are needed to confirm details 

of this behaviour. 

4. Sunspots 

So far we have been discussing the effect of convection on magnetic 

fields when the average field is relatively weak. In pores and sunspot 

umbrae strong fields extend over large areas. Strong vertical fields 

inhibit overturning convection but allow oscillatory convection if the 

magnetic diffusivity is less than the (radiative) thermal diffusivity. 

Before considering small-scale features in sunspots we need to have 

some idea of their overall structure. The discovery of 5-minute oscil- 

lations in sunspots (Thomas, Cram and Nye, 1982) implies that they are 

reasonably coherent. This does not, of course, preclude a tight clus- 

tered structure (Parker, 1979b) and it is inevitable that some convec- 

tion must occur even within a monolithic plug (Knobloch and Weiss, 1984). 

Observations of penumbral filaments show fine structure that is 

apparently associated with convection rolls. There is, however, a 

conflict between observations of the Evershed flow which is horizontal, 

and magnetic measurements, most of which suggest that the field is 

inclined. To resolve this contradiction, it has been supposed that there 

are two field components, a horizontal field in the dark interfilamentary 

regions, where the Evershed flow occurs, and an inclined field in the 

bright filaments. Over the years, many attempts have been made to 

explain both convection in rolls and the Evershed effect with such a 

two component model but none of these theories seems satisfactory. It 

appears more likely that the field is nearly horizontal over most of 

the penumbra, as found by Wittmann(1974). In that case, the penumbra 
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must be shallow, with an abrupt transition between magnetized and field- 

free plasma; indeed, a model calculation suggests that the magnetized 

layer is only 100 km deep (Schmidt, Spruit and Weiss, 1985). Moreover, 

shallow penumbral models offer a better opportunity of explaining bright 

grains and associated structures, while the Evershed flow appears as a 

natural consequence of pressure differences at the footpoints of a flux 

tube (Meyer and Schmidt, 1968). In such models the penumbra only con- 

tributes a small fraction of the total magnetic flux. Energy is prin- 

cipally transported by radiation, though convection occurs in rolls 

aligned by the almost horizontal field. The overall dynamical equilib- 

rium of the sunspot depends on curvature forces in the transition zone 

at the umbral-penumbral boundary, where the Wilson depression increases 

from 200 to 600 km, as pointed out by Mattig (1969). 

Within the umbrae, where the field is nearly vertical, only oscil- 

latory convection can occur. It is natural to identify the ubiquitous 

umbral dots with time-dependent convection of this type (Parker, 1979d; 

Knobloch and Weiss, 1984). The bright dots have diameters of about 

10 km and lifetimes of around 25 min (Adjabshirzadeh and Koutchmy, 1980, 

1983; Koutchmy and Adjabshirzadeh, 1981). Their general properties can 

be explained in terms of highly nonlinear oscillations, with a brief 

burst of activity as a hot element rises, followed by a long quiescent 

period as it gradually cools off. The individual cells are larger than 

the bright dots and may have diameters of 300 km with lifetimes of, say, 

8 hours. It is not clear how such cells would couple to convective 

motions deeper down. Oscillatory motion occurs when 6, the ratio of 

the magnetic to the thermal diffusivity, is less than unity. At the 

photosphere (as in most of the solar interior) ~ < I, owing to the 

efficiency of radiative transport; at depths in the range 2000-20000 

km, however, the opacity increases, owing to ionization, and 6 > I. 

Below 2000 km, overturning convection will occur, with natural scales 

of order 1000 km. Whether there are two distinct regions, or whether 

oscillatory motion is coupled to overturning cells below, has yet to 

be determined. 

5. Conclusion 

In this brief survey I have tried to emphasize those puzzling 

questions that might be answered with the aid of better observations. 

As solar physicists, we accept it as self-evident that we should try 

to understand small-scale processes at the surface of the sun. There 
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are also more general reasons for regarding such questions as important. 

The solar photosphere is a unique laboratory where hydromagnetic be- 

haviour can be observed; combining theory with detailed observations 

therefore extends the range of physics. Moreover, it is Only by under- 

standing the interaction between magnetic fields and convection there 

that we shall be able to describe the structure of the fields in stellar 

interiors, which are not accessible to observation. 

The future holds out the prospect of higher resolution in the 

observations~ New techniques will be employed for ground-based observ- 

ations, while better measurements will be made from space. These ob- 

servations provide an opportunity not only of understanding photospheric 

features but also of using magnetic fields as a probe to study structures 

deeper in the sun. 
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Discussion 

Schatzman: From the point of view of the theory, what decides between 

upward and downward motion in a hexagonal cell? In Hurlburt the motions 

are downwards at the axis; in the modal model (anelastic approximation) 

of Massaguer et al., they cannot decide. 

Weiss: In the strict Boussinesq approximation solutions are degenerate 

and the preferred sense of motion is therefore determined by non- 

Boussinesq effects. In the laboratory the most important effect is the 

variation of viscosity, ~, with temperature: if dg/dT < 0 (as in a liquid) 

motion is upward on the axis, but if dv/dT > 0 (as in a gas) the motion 

is downward. In a star the most obvious effects are the density strati- 

fication and the variation of the thermal diffusivity, K, with depth. 

The density stratification favours up-hexagons (which are subcritically 

unstable). I don't know what happens when < decreases downward. 

R~sch: The slide already projected on the Monday afternoon session 

shows images of a 12" x 12" field obtained at approximately 90 second 

intervals where the central granule increases and explodes, then one of 

the pieces explodes, and so on several times. That is what Kawaguchi 

has called a family of granules. His co-worker Oda has demonstrated 
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in a paper in Solar Physics (93, 243, 1984) that such families, and 

more generally the "exploding granules" are essentially distributed 

along the contours of the mesogranulation. (All pictures from Pic du 

Midi.) The average horizontal velocity during expansion is of the 

order of I or 2 km s -~. 

Weiss: Are the observations then consistent with the existence of a 

critical size such that a granule explodes whenever it exceeds that 

size? 

RSsch; Quite consistent. 

Muller: It must be noted that the estimated diameters and lifetimes 

of facular points in the quiet sun and in umbral dots are the same, 

namely 150 km and 25 mins respectively. 

Weiss: That is an interesting fact, though the two phenomena seem very 

different: a facular point in the network is associated with the intense 

magnetic field in an isolated flux tube, while an umbral dot is associ- 

ated with a field strength that is somewhat lower than the average 

umbral value. 

Wiehr: The line ratio measurements yield a unique range of field 

strengths (e.g. kilogauss ± 30%). Hence, the variety of flux values 

discussed should originate from different flux tube diameters rather 

than field strengths. 

Weiss: For small flux tubes in intergranular lanes, corresponding to 

facular points, this should certainly be so. If there are flux tubes 

at the centres of granules, however, one would expect the field to fan 

out at the photosphere, where there is a radial outflow, so that the 

field strength is somewhat less. For a flux of 1019 mx distributed 

over the surface of a granule the field would still have to be about 

1000 gauss. 

Pneuman: I believe it was stated some time ago by Parker that flux 

tubes such as the sunspots you discussed should be subject to the inter- 

change instability which has a growth rate much faster than the lifetime 

of the spot. What are your thoughts as to how this instability might 

be suppressed? 

Weiss: Curvature of the field lines does encourage interchanges but 

this is counteracted by the stabilizing effect of the stratification, 

with less dense fluid lying above denser plasma. F. Meyer, H.U. Schmidt 

and I showed some time ago (MNRAS 179, 741, 1977) that a flux tube is 

in fact stable provided the radial component of the field decreases 

upwards at its outer boundary. This condition is satisfied for simple 

sunspot models, which is why the spots survive. 

Alissandrakis: I wish to point out that in a recent study of the 
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Evershed flow in H~ and the photosphere, together with observations of 

the magnetic field (Dialetis, Mein, Alissandrakis, Astrcn. Astrophys., 

submitted) we find that the general characteristics of the flow are 

consistent with siphon flow. 

Weiss: That is very reassuring. I believe that this is the only satis- 

factory explanation of the Evershed effect. 

Semel: I like the way you explain the observed non-collinearity between 

the velocity and magnetic vectors, in the penumbra. However, I wish to 

mention that you may also add a third component to explain the inward 

flow observed with strong spectral lines, in the chromosphere. 

Weiss: The inward flow is observed at a different level from the normal 

Evershed effect, and presumably follows lines of force that enter the 

photosphere in the umbra. Since the umbral field (unlike the penumbral 

field) is greater than that in isolated flux tubes in the network, the 

siphon model of Meyer and Schmidt would predict a flow of gas into the 

umbra but out of the penumbra. In each case we expect the velocity to 

be along the field lines. 



RELEVANCE OF MAGNETIC FLUX EXPULSION FROM THE LOWER SOLAR ATMOSPHERE TO THE 
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Evidence for the continual injection of material into the corona from the lower 
solar atmosphere is certainly clear from observations of spicules, macrospicules, 
explosive events in the transition region, etc. I t  is also clear that the large 
amount of magnetic flux emerging into the upper atmosphere (~ 5 x lO 22 Mx/day) 
estimated by Golub (1980) could replenish the entire polar magnetic field of the Sun 
in about 4 hours were i t  not rapidly dissipated or ejected outward via small-scale 
magnetic reconnection. I f  such elements are injected into the coronal magnetic field 
diamagnetically, the consequences for the acceleration of the solar wind could be 
important. We use the term 'diamagnetic' here to denote material that is injected 
between the lines of force of the preexisting ambient field rather than along them 
as is generally assumed. As has been shown long ago by Schl~ter (1957) and Parker 
(1957), such material is subjected to an outward Lorentz force by the displaced ex- 
ternal f ield i f  the field diverges outward (the melon-seed effect). 

I f  such diamagnetic material can be coupled with the ambient medium effectively, 
then a powerful acceleration mechanism for the solar wind becomes available since 
the ambient coronal magnetic field (which contains most of the energy of the corona) 
then plays an active role in accelerating the gas. The observed high-speed solar 
wind streams (700-800 km/s) at l A.U. evidently cannot be produced by gas pressure 
forces alone and the effectiveness of Alfv~n wave pressure has not been verified on ei- 
ther observational (Athay and White, 1978, 1979a,b; Cheng et al, 1979) or theoretical 
(cf. Leer et al, 1982) grounds. Hence, although Alfv~n wa~pr---essure cannot and should 
not presen~y--Ee ruled out as the accelerating mechanism for the wind, i t  should be 
pointed out that there do exist other mechanisms which uti l ize the coronal magnetic 
field in, perhaps , even a more direct way to accelerate coronal gas outward. 

Con~ider a diamagnetic element of internal gas pressure Pi and magnetic 
pressure B i /8~" immersed in a diverging external magnetic f ie ld 'of  strength B~. I f  
the size of the body is small as compared to the scale over which B a varies, th~n the 
net force on the body, to a close approximation, is given by 

--P Z 
F 

I f  the body is pressure dominated, i .e.,  p~>~ B.218~ , then the internal gas 
pressure must essentially balance the external m~gl~etic pressure giving 

_ _ _  _ ( VoC p ~ p ~,~_ (2) 

where M is the mass, ~ the average density,'p the average pressure, and T the 
temperature of the body. Hence, in this case, the force is proportional to the te~-  
erature and inversely proportional to the scale over which the external f ield diverges. 
It is independent of the field strength. I f ,  on the other hand, the body is magnetic- 
ally dominated (pi((Bi2/81T) , the force is related to the magnitude of the field by 
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(Cargil l and Pneuman, 1984). In al l  the above expressions, of course, the external 
gas pressure has been neglected assuming that the plasma beta is small in the region 
of our interest (the corona). 

To i l lus t ra te  the general effectiveness of diamagnetic material in the corona 
towards the acceleration of the solar wind, Pneuman (1983) has calculated a simple 
solar wind model which consists of a mixture of ordinary ambient magnetic gas along 
with a certain percentage, R, of the mass f lux consisting of small diamagnetic elements. 
Although the force, of the form given by Equation (2), acts only on the diamagnetic 
elements, i t  is assumed that i t  is transmitted to the wind as a whole uniformly 
through coupling between the two mixtures. In addition, the corona is assumed iso- 
thermal with both the magnetic and diamagnetic material having the same temperaturea 
The resulting velocity profi les, corresponding to a coronal temperature of l . l  x lOVK, 
are shown in Figure l .  Noting that R = 0 corresponds to the Parker solution for 
an isothermal corona, we see that the speed of the solar wind is increased s ign i f i -  
f icant ly  as more and more diamagnetic material is introduced. 
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V e l o c i t y  as a f unc t i on  of  r a d i a l  d is tance  from the s o l a r  cen te r  f o r  
d i f f e r e n t  values o f  R, where R is the r a t i o  o f  the mass f l u x  in d iamagnet ic  
material to the total mass f lux.  

The evolution of the shape of diamagnetic plasmoids as they are accelerated 
outward into the corona has recently been studied in some detail by Pneuman and 
Cargill (1984). To do th is,  we assume the plasmoid to be a prolate el l ipsoid of 
width w and length 1, both of which can vary with time as the body moves in the ex- 
ternal magnetic f ie ld .  In order to study the evolution of both w and l with time 
in addition to the motion of the center of mass located at rc( t ) ,  we u t i l i ze  the 
tensor v i r i a l  equations developed by Parker (1957) as well as the force balance 
equation integrated over the entire body which gives the net force. This results 
in three independent d i f ferent ia l  equations for w, 1, and rc, i . e . ,  

(3) 
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(4) 

(5) 

o J 

F= ~ / F O  , ~ " #  ?: &/'T~m~'~,vDo)lA)~7"/,Jr'~'~'o W is the initial 
width, l~ t~e initial length, B^ the e~i~ceWn~l fi~l~ str~ngt~ at th8 reference ]eve] 
r n ~,~ the initial averageUdensity in the body, a the internal sound speed, E~ 
a~a E, "the initial energies in the internal longitudinal and transverse magnetic ,o 
field~°respectively, k^ = wJlo, and n a measure of the divergence of the external 
field where we have as~umed~that 

Also Z I 

~(~ C,~--O ~, '00" 

{ C , O  = - ~7"(x~-,) Cp,'C~ "" 

where m( = I / ( l  - k2) I/2 , k = w/l, and Q~(K) is an associated Legendre function 
of the second kind given by 

j l , ( + j  ,< 

The reader is referred to Pneuman and Cargill (1984) for the derivation of 
Equations (3), (4), and (5) and a discussion of their solutions and physica] impli- 
cations subject to varying i n i t i a l  conditions. We merely l i s t  here some of the 
main conclusions regarding the evolution of shape of both pressure dominated and 
magnetically dominated bodies as they move outward in an ambient magnetic f ie ld : 

I .  For to ta l ly  pressure dominated bodies (no internal magnetic f ie ld,  e = e. = O; 
~o = l ) ,  no equilibrium with the external magnetic f ie ld  exists and the ~ody ~longates 
along the f ie ld  lines while contracting lateral ly.  This result was previously found 
by Parker (1957). The velocity of elongation is of the order of the sound speed while 
the contraction occurs in an oscil latory manner with a period of the order of the 
transit time of a sound wave across the body. The time-scale for this elongation is 
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much shorter than that for the motion of the center of mass so that the body should 
quickly evolve into a true jet rooted at the bottom to the solar surface. 

2. I f  the body is to ta l ly  magnetically dominated ( @o = 0), an equilibrium with the 
external f ie ld  is possible. I f  the body is i n i t i a l l y  in equilibrium and the center 
of mass begins to move outward in a diverging f ie ld ,  i t  w i l l  expa.n.d sel f -s imi lar ly  
maintaining i ts i n i t i a l  shape while remaining in equilibrium with the' ext-e-rnal f ie ld.  
I f  the f ie ld  strength declines outward as r "n, both w and l increase as r n/2. I f  the 
body is not i n i t i a l l y  in equilibrium, i t  w i l l  seek out i ts  equilibrium shape and 
oscil late around i t  with a period of the order of the time for an Alfv~n wave to cross 
the body. The center of mass moves outward at a speed determined by the average 
shape of the body. 

3. For situations between I. and 2., 4.e., bodies which are neither to ta l ly  pressure 
dominated or magnitically dominated, the deformation is more complex. An equilibrium 
with the external f ie ld  is possible for any internal plasma ~ and shape but, in 
general, the body tends to elongate more and more as i t  moves outward with the rate 
of elongation increasing as the internal plasma pressure contribution (@~) is in- 
creased. 

The physical results discussed above can be demenstrated graphically by an exami- 
nation of Figure 2 which gives a plot of k/k as a function of t ime,~ , for different 
values of Co • Since k = w/l (k n being i t s ° i n i t i a l  value), i t  is a good parameter 
in which to visualize the shape, T.e., k = 0 is a long thin pencil shape and k = l 
a sphere. Here a to ta l ly  pressure dominated body corresponds to #b = l and a to ta l ly  
magnitically dominated body to ~o = 0. We see that f o r ~  = l ,  k decreases monotonically 
indicating a continual elongation of the shape with time. A~ ~obecomes smaller, how- 
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ever, the rate of elongation decreases unt i l ,  in the l imi t~o = 0, the solution is 
the horizontal line k/k o = l corresponding to a completely self-similar solution 
as discussed in 2. 
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In summary, we see that the ultimate fate of a diamagnetic body as i t  moves 
outward into the corona due to forces exerted by the external f ie ld is cr i t ica l ly  
dependent upon how important the internal gas pressure is relative to the internal 
magnetic pressure. I f  the pressure is identically zero, the body wi l l  expand self- 
similarly for all time i f  dissipative processes do not occur. I f  the internal~ is 
non-zero, however, i t  wi l l  ultimately deform into a jet  since the magnetic energy 
continually declines in our model whereas the thermal energy does not. This conclusion, 
however, rests upon our assumption that the temperature of the body remains isothermal. 
I f  i t  declines as expected, the result could be quite different. Future work (Cargill 
and Pneuman, 1985) wil l  remove the restriction of isothermality. Also, hydrodynamic 
effects could also change our picture considerably. Such effects are currently under 
consideration by MacGregor (1984). 
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MAGNETIC AND VELOCITY FIELD ANALYSIS OF A QUIET REGION NEAR THE CENTER OF THE SUN 
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2 - I n s t i t u t  d 'Ast rophysique - CNRS - 98 b is ,  Bd. Arago, F 75014 Par is .  

Abst rac t  - A selected region of the quiet  Sun near the center of the d isc was analy- 

zed in order to deduce parameters concerning regions of h igh ly  concentrated magnetic 

f i e l d ,  inc lud ing network elements. The present analysis covers a sequence of spectra 

corresponding to a t o t a l  t ime laps of 6 min over the same reg ion.  Spectra of both 

magne t i ca l l y  sens i t i ve  and i nsens i t i ve  l ines  were measured in d e t a i l  in order to de- 

duce the v e l o c i t y  d i s t r i b u t i o n  around magnetic f l ux  tubes. Large ampli tude f i ve  mi- 

nute o s c i l l a t o r y  components were removed using an averaging over t ime procedure. 

P re l im ina ry  resu l t s  are discussed as wel l  as fac to rs  which could a f fec t  t h e i r  i n t e r -  

p r e t a t i o n .  

i - I n t r oduc t i on .  

High reso lu t i on  observat ions a l low the analys is  of network elements which of ten are 

resolved in t i n y  concentrated magnetic f i e l d s .  These elements correspond to the very 

t yp i ca l  " l i n e  gaps" on a good spectrum and to f i l i g r e e s  on a photospheric or minimum 

temperature region p i c tu re .  One k i l og  auss l ong i t ud ina l  magnetic f i e l d s  are t y p i c a l  

fo r  these reg ions.  However, we do not yet know from the observat ions the de ta i l ed  

3-dimensional  d i s t r i b u t i o n s  of the temperature,  v e l o c i t y  and magnetic f i e l d s  of the- 

se reg ions.  This is s p e c i a l l y  d i f f i c u l t  as there are no reasons to be le ive  tha t  a 

t y p i c a l  s t a t i o n a r y  pat te rn  e x i t s .  The v e l o c i t y  f i e l d  of the qu ie t  photosphere fo r  

example, is wel l  known for  showing an o s c i l l a t o r y  component at the photospheric le -  

vel in the v e r t i c a l  d i r e c t i o n .  In th i s  paper we s p e c i f i c a l l y  consider the t ime va- 
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r ia t ions  of d i f fe rent  parameters at a time scale of order of the 5 min osc i l la t ions  

using spectra obtained with the best ( t yp i ca l l y  0.7 arcsec) spatial resolut ion.  

2 - Observations. 

The spectra of three iron l ines Fe 5576 A (Magnetically insensi t ive l ine) and Fe 

6301.5 A (g=l.5) and Fe 6302.5 A (g=2.5) with c icular polar izat ion analysis, were 

observed simultaneously with the SPO tower-telescope over a region, see f igure 1,s i -  

tuated near the center of the disk where no ac t i v i t i es  l ike pores or even fa in t  fa- 

culae were detected (June 8, 1976). S l i t  jaw pictures and f i l tergrams before and af- 

ter the spectrographic observations were also performed. More deta i ls  can be found 

in Koutchmy and Stellmacher, 1978 and Dara-Papamargariti and Koutchmy, 1983. For the 

present analysis, we extracted a set of 10 uniformly distr ibuted best resolut ion 

spectra ( tota l  duration 5.5 min of time over a 120 arcsec length) obtained with the 

s l i t  moved in order to fo l low the solar rotat ion (with a step of 0.1 arcsec) during 

the whole time sequence. Earth atmospheric induced d i f f e ren t i a l  ref ract ion effects 

were also minimized. 

Figure 1. 

3 - Analysis and Results. 

Using a Video Image processing machine, each spectrum was properly enlarged and co- 

lor coded with isophotes and the apparent location of the center of the l ine contour 

orawn. From the comparison of l e f t  hand and r ight  hand c i r cu la r l y  polarized spectra 

we deduced an "e f fect ive"  value of the longi tudinal  component of the magnetic f i e l d  
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over each region (named A,B,C, see f i g . l )  showing a d is t r ibu t ion  of concentrated 

magnetic f i e l d .  Outside these regions, and inside when the magnetically insensi t ive 

5576 A l ine is considered, we measured the Doppler sh i f ts .  Assuming that the l ines 

are formed in the same layers (an assumption supported by the fact that a l l  three 

l ines are coming from the same mul t ip le t  of the same atome, with a simi lar l ine 

strength) the deduced longi tudinal  (in our case i t  is also the ver t ica l  one) com- 

ponent of the ve loc i t ies  is presumably the same, so an average value is computed for 

each point along the s l i t :  v = <v(5576); VR(6301.5); VL(6301.5); VR(6302.5); 

VL(6302.5)> resul t ing in a good precision (±0.05 kmsec " I )  in ~l" The precision 

in the determination of Btl is of order of ±50 gauss; as a p ro f i l e  of B, along 

the structures is measured, we also considered a parameter which is presumably less 

sensit ive to errors: <B> = j ~ l  xdl ,  especial ly  when seeing effects are present, as 

this parameter is integrated along the smeared p ro f i l e  of the magnetic structure. In 

order to clear out the influence of the image qua l i ty  we f i r s t  looked for seeing re- 

lated corre la t ion.  

Each spectrum was also scanned with a d ig i t a l  microphotometer for deducing IK, the 

f luctuat ions of the continuum in tens i ty  near the 5576 l ine and I(~o) the f luctua- 

t ions of the central in tensi ty  of the magnetically insensi t ive l ine.  Figure 2 shows 

the i r  average in tens i t ies over 3.5 min of time. From each scan of I k, we computed 

t log I. CAt'. ", s ..,.,) 
I ! . . . . .  ! i 

! j ! i  i 
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Figure 2 

the RMS value corresponding to each spectrum of the time sequence. On f igure 3, the 

measured values of B max, corresponding to the best defined magnetic regions A and 

B, are plotted as a function of the RMS measured at the same time. No corre lat ion 

ex i ts ,  so the observed f luctuat ions of Blt seem not to be related with the seeing 
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re la ted  parameter RMS. A fu r ther  evidence is coming from the test  i l l u s t r a t e d  on f i -  

gure 4 where we p lo t ted for  both magnet ica l ly  sens i t i ve  l i ne ,  the observed values of 

B max of one st ructure as a funct ion of the value observed for  the other one. There 

also no co r re la t i on  seems to ex is t .  We conclude from these resu l ts  that  real var ia-  

t ions  of B,, and, a f o r t i o r i ,  of <B~> seem to emerge from our measurements. 
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Figure 4 

F i n a l l y  on Figure 5 and 6 we p lo t ted ,  as funct ion of t ime, the measured values for 

both magnetic regions, log I (~o) ,  vg n, and <B|i> for  both 6301.5 and 6302.5 l ines .  

I(~o) is the centra l  i n t ens i t y  of the 5576 A l ine  (temperature sens i t i ve)  and vlj 

corresponds to the amplitude of the observed ve r t i ca l  ve l oc i t i e s  over the magnetic 

s t ruc ture .  
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Figure 5 f igure 6 

4 - Discussion. 

Outside of magnetic regions, large amplitude ver t ica l  ve loc i t ies ,  up to ±1.1 km- 

sec -1, are observed. Over the magnetic structures, time variable ver t ica l  veloci -  

t ies ,  up to ±0.5 kmsec -1, are also observed but the stat ionary component, as dedu- 

ced from the averaging of 5.5 min of time sequence, is less than 0.1 kmsec -1. When 

the variable amplitudes of the magnetic f i e l d  (±30%) are considered (only the ver- 

t i ca l  component Bi(), no corre lat ion seems to appear with the observed temperature 

excess (presumably related to the central in tens i ty  of the l ine) but a s l ight  ant i-  

corre lat ion seems to emerge with the observed ver t ica l  ve loc i ty  f i e l d  (a "negative" 

ve loc i ty  corresponds to an increase of the magnetic f i e ld )  when figures 5 and 6 are 

scrut inized. F ina l ly ,  we d e f i n i t e l y  noticed that no stat ionary large inf low nor out- 

f low are present over the magnetic structure with a precision better than 0.1 

kmsec -1. We hope soon to improve these results and we are acknowledged to Dr.G. 

Stellmacher who presented these prel iminary results at the Meeting. 

References - Dara-Papamargariti,H. & Koutchmy,S.:ig83, Astron. Astrophys. 125, 280 
Koutchmy,So & Stellmacher,G.:1978, Astron. Astrophys. 6__7_7, 9 3 ~  

Discussion 

G. Elste : What is the size of the magnetic regions ? 

G. Stellmacher : 3 to 2 arc sec at the center of the l i ne ,  but much smaller in the 

continuum. 
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This contribution concerns two problems. The first one is connected 

with the possibility of the creation of strong small-scale magnetic 

field in the subphotosphere during the formation of a short-lived, 

substantially unsteady magneto-hydrodynamic (MHD) vortex, and the se- 

cond one is connected with the dynamical response of the photosphere 

to the emergence of such a magnetic field. 

Some important results obtained in laboratory plasma experiments 

on the creation of the so-called dynamically stable current filament 

(DSCF) are taken as a basis for the proposed mechanism of strong smal~ 

scale magnetic field formation. 

It has been found experimentally (Komelkov et ai.,1962; Komelkov 

et ai.,1960; Anderson et al., 1958) that the DSCF and the coaxial pla~ 

ma are simulatneously formed in various plasma configurations. The 

structure of the current and magnetic fields, as they are revealed f~m 

photographic and probe measurements (Komelkov et ai.~1962), is shown 

in Fig. I. 

In the most general case a plasma current filament and a coaxial 

plasma are formed in an initially toroidal eddy current. In particular, 

they have been observed when plasma cluster is extracted through an 

axial gap. More stable filaments are formed when external longitudinal 

magnetic fields are applied. 

The filament and coaxial plasma have their own longitudinal magne- 

tic field of the order of 102 to 104 G, Fig. la, which can be detected 

in both polarities. Fig. Ib presents the longitudinal magnetic field H z 

and current density Jz distribution over two cross-sections of the 

chamber% ~he magnetic field maintains its direction over the entire 

cross-section; the decrease near the axis is in agreement with the di- 

stribution of the current since the source of this field is the dyna- 

mical current filament with an internal helix moving with a velocity 

of the order of 4 to 150 km/s. 
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Fig.1. a) Structure of the currents and magnetic fields in a plasma 
jet and plasmoid; I - current helix, 2 - longitudinal currents, 3 - 
azimutal magnetic field, 4 - longitudinal magnetic field, b) Longitu- 
dinal magnetic field H z and current density Jz distribution over two 
chamber cross-section (Komelkov et al., 1962). 

DSCFs are stable over a wide range of time (5 to 200 s), pressure 

(102 to 105 dyna/cm 2) and density (10 -10 to 10 -3 g/cm3), at different 

value of the discharge, which suggests that it is rather likely to ob- 

serve similar phenomena everywhere in Nature where plasma currents ex- 

ist. They will be formed in the general case when a sharp nonuniformity 

in the distribution of currents and magnetic pressure arises. 

Three quesions may be asked: I. IS it possible that such dynamic 

structures are formed in the solar subphotosphere? 2. If this is possi- 

ble, do they have long enough time to reach the photosphere? 3. What 

will be the dynamicai response of the photosphere, i.e. the main obser- 

vable effects. 

It is rather difficult to give answer to these questions especially 

to the first two ones concerning the problem of the small-scale struc- 

ture of MHD turbulence. 

Orszag and Tang (1979) suggest the following simple physical expla- 

nation for the production of small-scale motions by MHD flows. When the 

kinematic viscosity is small and equal to the magnetic diffusivity, an 

initial weak magnetic field is streched and convected by the velocity 

field and thus wrapped into tigh£ "ropes" that closely follow the large- 

scale fluid flow. Neighbouring lines of forces are thus stretched into 

close proximity to each other and the magnetic diffusion can locally 

reconnect them. When the lines of force snap, their tension force reacts 

back on the flow field to produce small eddies on top of the larger con- 

vecting ones, giving an enhanced cascade process. Dynamical forces like 

those provided by magnetic fields and stable stratification have stabi- 

lizing effects on small amplitude motions but they may also have desta- 
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bilizing effects. Thus a lot of small-scale motions can be reduced to 

smaller ones and fade away. 

An analogy with the above-mentioned results from laboratory plasma 

experiments leads to very interesting conclusions about the evolution 

of such vortex structures in the subphotosphere. A small-scale vortex 

moving acceleratively in a magnetic rope or, in the more idealized 

case, in a magnetic tube, is put under the same dynamical influences as 

a plasma cluster, in laboratory experiments, extracted through an axial 

gap with longitudinal magnetic field. Thus it is rather possible that 

in the subphotospheric layers dynamical structures, similar to the 

DSCF with coaxial plasma, confined between their own azimutal and lon- 

gitudinal magnetic fields can be formed. 

Our analysis of experimental results leads to the following two 

conclusions: I. The lifetime of DSCF is approximately equal to the 

time that the current needs to travel the distance S = 2~ (L/~)r, 

where L is the helix length, ~ is the helix spacing and ~ is the radius 

of the helix usually equal to 0.25 of the radius of the current fila- 

ment. In other words, the lifetime of DSCF is equal to the time of its 

formation. 2. The helix velocity depends on the pressure in the follow- 

ing way V = Vo/1.5(log P - log Po ) . 

This regularity gives us a possibility to obtain some quantitative 

estimates of the lifetime t and the depth of formation h of such dyna- 

mical structures. As an example, we estimate t and h for vortex of a 

characteristic size of 100 km, close to the dimensions of photospheric 

bright points (MUller, 1981). 

For subphotospheric layers at a pressure of 106 dyna/cm 2 we obtain 

V = 6.5 km/s. It is about three times higher than the turbulent velo- 

city ---<U2) I/2 = 2.1 km/s that occurs there. The formation time of DSCF 

is 160 s. For comparison, the magnetic diffusivity time [~ for turbu- 

lent plasma is 500 s. If we assume that the vortex moves toward the 

photosphere with a velocity equal to the mean value of the helix and 

turbulent velocity we obtain a depth of formation h = 720 km. This re- 

sult suggests that the depth of ~500 km, where the turbulence is stron- 

gest, is possibly the place of formation of such vortices. 

In order to investigate the dynamical response of the photosphere 

to the emergence of the longitudinal magnetic field of such a short- 

lived vortex we built a two-dimensional time dependent MHD model. The 

model in cartesian coordinates describes a magnetic arch system which 

grows linearly with time. 

The behavior of the photospheric plasma above the place of increase 

of the magnetic flux is described by the equations of the two-dimensio- 
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nal MHD of a compressible media of fully ionized hydrogen plasma. (see 

Dermendjiev, !983). The effects of thermal conductivity, gravity and 

Joule heating are taken into account, viscosity and radiation are ne- 

glected and ion and electron temperatures are calculated separately. 

For the numerical solution of the model we used the modification 

of the two-step Lax-Wendroff difference scheme as in Freeman and Lane 

(1968). The following scenario was used. 

We place a two-dimensional 50x50 network with a step ~x = ~z = 

I km in the photosphere at a height of 100 km above the bottom of the 

photosphere. The initial atmosphere is assumed to be motionless with 

temperature T = 5330 K and density ~ = 1.54xi0 -7 g/cm 3 (Gingerich et 

al., 1971). The boundary conditions, besides the magnetic pulse at the 

lower boundary, are set in such a way as to saitsfy a first-order ex- 

trapolation (Chu and Sereny, 1974). In accordance with the observatio- 

nal and laboratory experiments data we assume an initial value of the 

magnetic induction at the lower boundary B = 1500 G and a growth of 
o 

the magnetic field dB/dt = 10 G/min. 

We confine our attention only to the result obtained in the time 

interval equal to the Alfv6n wave travelling time after setting the 

magnetic pulse, since most of the characteristics of the solution ap- 

pear during this time. In Fig. 2 five consecutive profiles of the tem- 

perature and density, normalized to the respective initial values are 

shown.They are cross-sections of the respective two-dimensional profi- 

les taken on the central part of the studied region. The numbers asso- 

ciated with the profiles indicate the time. 

Due to the continuing presence of the magnetic field gradients near 

the lower boundary, relatively hotter (T/T ° N 1.6) and denser ( ~/~ 

2.6) layer is formed. It represents the so-called T-layer (Tikhonov 

et al., 1967). The formation of this layer results in the efficient 

transformation of the magnetic energy into Joule heating of the plasma 

and the kinetic energy of macroscopic motions. After about 2 s an in- 

stability is developed and a shock wave with a velocity ~ 18 km/s is 

formed. 

Conclusions: The proposed mechanism for strong small-scale magnetic 

field formation is rather controversial and needs a theoretical argumen- 

tation. Here it is presented as one possibility only. However, regard- 

less of the manner of formation of such a magnetic field, the effects 

of its emergence in the photosphere are very interesting. The above- 

described numerical simulation treats only the initial phase of the 

emergence and simulates the process development in a rather short cha- 

racteristic time; more detailed analysis will be published elsewhere. 
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Fig. 2. Electron temperature (a) and density profiles (b) for five 

consecutive times t = 0.4, 0.8, 1.2, 1.6 and 2.0 s. 

Nevertheless, the following conclusions can be made. 

The hotter and denser region in the investigated area provides a 

reasonable simulation of a photospheric bright point. The shock wave, 

formed during the development of instability of the T-layer, may pro- 

duce a small-scale transient phenomenon in the chromosphere above the 

bright point, as was reported by Dr. Mein at this colloquium. Due to 

the emerging flux, bright points will appear as a pair. 
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Discussion 

J.C. Vial : Is your mechanism a good candidate for explaining 

"coronal bullets" ? 

Dermendjiev : In the case of division of the vortex, when it penetra- 

tes the photosphere, a part of vortex ejects. However, it is more 

probably the ejected plasma to be observed as a surging arch than as a 

"coronal bullet". 



THE STRUCTURE OF THE SOLAR GRANULATION 

R. Muller and Th. Roudier 
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65200 Bagn6res-de-Bigorre, France. 

Abstract - The structure of the solar granulation has been analysed 

using computer-processed images of two very high resolution (O~25) 

white light pictures obtained at Pic du Midi Observatory. The narrow 

range of sizes of granules is not confirmed : on the contrary, it is 

found that the number of granules increases continuously toward the 

smaller scales; this means that the solar granulation has no characte- 

ristic scale. Nevertheless the solar granules appear to have a vertical 

size of I~37, for which drastic changes in the properties of granules 

occur; in particular the fractal dimension changes at the critical 

size, which is also the size of the granules providing the largest 

contribution to the total granule area and radiation. The granules 

smaller than the critical size could be of turbulent origin. 

I - Introduction. 

Two granulation photographs of very high resolution (O~25) obtained 

with the 50 cm refractor of Pic du Midi Observatory have been computer 

processed and analysed in order to study in detail the structure of the 

solar granulation. The informations yielded by the image processing 

include the position of the centre of gravity, the size distribution, 

the area contribution of granules of given size to the total area, the 

power spectrum of brightness fluctuation, 6Irm s. In this paper we pre- 

sent the results obtained for the area distribution, the area contribu- 

tion, as well as a fractal analysis of granules. The results are dis- 

cussed in terms of a turbulent convective origin of the solar granules. 

2 - Computer image processing. 

The granulation photographs have been digitized, the microdensitometer 

scanning aperture and step being respectively of O~O14 and O~O1. First, 

the digitized pictures are filtered in order to reduce the high 

frequency noise due to the graininess of the photograph and to bring 
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all the granules, including the smaller and fainter ones, located in 

dark intergranular spaces, to the mean photospheric intensity level 

(low frequency filtering). The 3dB levels of the filter, in the 

Fourier domain correspond, toward the high frequencies, approximately 

to the resolution of the instrument,while toward the low frequencies 

it corresponds approximately to the mean distance between granules 

(Figure I). Then we define a threshold level : only the intensities 

above this level are kept and form closed areas which correspond to 

granules (Figure 2) 

The level at which the original photographs are reproduced by the 

processed images is 1.O1 x I, I being the mean intensity of the photo- 

sphere. We are also forced to introduce a cut-off area A ; features 
o 

smaller than ~o' which is roughly the size of the resolution of the 

photographs, are eliminated, because most of them are created artifi- 

cially by the image processing. 

1,0 i 

-i,0 

i. 

Figure I. The filter used for the solar granulation 
pictures filtering. 



244 

a 

Figure 2. (a) original photograph 
(b) processed image of the granulation, corres- 

pondina to the central square in (a), which 
is not at the same scale as (b). 
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Finally the parameters defining the filter, the threshold level and 

the cut-off area Ao, are adjusted empirically in order that the granu- 

lation pattern becom~as similar as possible on both the processed and 

the original images (Figure 2). The parameters change slightly from one 

picture to another, due to change of the resolution of the scale and of 

the graininess of the films. 

3 - Area distribution of granules. 

One of the granule parameter yielded by the image processing is the 

granule area. Figure 3 shows that the number of granules increases 

continuously toward the smaller scales. That means that the solar 

granulation has no morphological characteristic scale. 
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Previous determinations exhibit (Namba and Diemel, 1969), on the 

contrary, a maximum and a narrow range of the size distribution, which 

have been interpreted as strong evidence of a characteristic size for 

the solar granulation (Bray et ai.,1984). The area distribution in 
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Figure 3, resulting from a very high resolution picture, does not give 

an evidence of such a morphological characteristic size. 

4 - Area contribution of granules of given size to the total area. 

n A. 
1 1 to the total area of n i granules having an area A i contribute ~n.A. 

the granules. The main contributors to the i 1 total area, and conse- 

quently to the radiation emitted by the granules are the granules of 

intermediate size, around I~4 (Figure 4). The smaller granules, although 

being very numerous, contribute very little to the total area, and 

still less to the radiation as they are fainter than the larger ones. 

Thus the solar granulation gives the visual impression of having a 

narrow range of sizes, that is to say a characteristic size, because 

the small granules contribute very little to the total radiation : they 

do not catch the eyes. But, in fact, the solar granulation has no mor- 

phological characteristic size. 
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Figure 4. Area contribution of granules of given size 
to the total area. 



247  

5 - Area-Perimeter relation : fractal analysis of the solar 

granulation. 

It is evident from Figure 2 that many of the granules are irregular 

and even complex in shape• The Area-Perimeter relation P~ A D/2 (where 

D is the fractal dimension), is used to analyse the planar shape of 

the granules (Mandelbrot, 1977, Lovejoy, 1982). For smooth shapes such 

as circles and squares, P% A I/2 and thus D = I, the dimension of a 

line. As the perimeter becomes more and more contorted and tends to 

double back on itself, filling the plane, P ~A, and D approaches the 

value 2. The log A vs log P relation as determined from measurements 

made on the processed pictures is linear (Figure 5), but a sharp chan- 

ge in the slope and consequently in the factal dimension, occurs for 

a diameter of d = I~37 (if it is assumed that the granules are circu- 

lar , A ..... . The fractal dimension of the granules smaller than 

logA 
(km z) 

6.38 

d:1~7 5. 

5.57. 

4 .94  
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Fig.5. Area-perimeter relation of solar granules measured. 
Each point represents one measured granule. 
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I737 is of 1.25, while it is as high as 2.15 for the larger ones. That 

means that the shape of granules begins to be contorted above I~37, 

probably because they are merging, splitting or exploding. As D cannot 

exceed the value 2, the questionnable value of 2.15 may be due to the 

small range of sizes of the larger granules (between I~37 and 3"). 

6 - Conclusion. 

The top of the convection zone being a highly turbulent atmosphere we 

would expect an increasing number of smaller granules, either produced 

by a monotonic increase of the growth rate or by a turbulent cascade. 

This expectation is confirmed by our results, but from the only inspec- 

tion of Figure 3, it is not possible to discriminate between those two 

possibilities. Fractal analysis for solar granulation provides an 

additional important information : the value of the parameter D for the 

granules smaller than I~37, is very close to the value of 1.33 predic- 

ted for isobars in a turbulent, homogeneous and isotropic atmosphere 

(Mandelbrot, 1977). Our results are thus in favour of a turbulent 

cascade of the convective energy. Kawaguchi (1980) reported that almost 

all the granules reaching a size of I~5 will fragment or merge, which 

suggests that the change of slope of the area-perimeter relation is due 

to the fragmentation and merging of granules. Thus the granule size 

I~37 is probably associated to the characteristic size of fragmentation 

of granules. Moreover the granules of size I'[37 are the main contribu- 

tors to the total granule area and radiation. It thus appears that I'~37 

is a critical size for the solar granulation, for which changes of the 

properties of granules occur. 

References 

BRAY, R.J., LOUGHHEAD, R.E. and DURRANT, C.J.: 1984, The Solar Granula- 
tion, 2nd edition, Cambridge University Press. 

KAWAGUCHI, I. : 1980, Solar Phys. 6_~9, 207. 

LOVEJOY, S. : 1982, Science 216, 185. 

MANDELBROT, B : 1977, Fractals (Freeman, San Francisco). 

NAMBA, O. and DIEMEL, W.E. : 1969, Solar Physics, 87, 243. 



A MODEL FOR THE RUN OF THE HORIZONTAL AND VERTICAL 

VELOCITIES IN THE DEEP PHOTOSPHERE 
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A more detailed knowledge of the transition region between the convec- 

tively stable and unstable layers is desirable for the theoretical 

approach to solar convection, and for the understanding of line forma- 

tion (asymmetry). It is assumed that the dynamics of this layer is de- 

termined by the overshoot. The term "overshoot" is used in Astrophysics 

for situations in which the convective motions disturb the convectively 

stable layers. This is also known as "penetrative convection" which is 

probably responsible for the generation of gravity waves in the photo- 

sphere, as well as for the asymmetry of absorption lines. 

In the deeper photosphere we found correlation between the intensity 

and velocity fields but not in the middle and upper photosphere. There- 

fore, the atmosphere in its vertical extension is not homogeneous from 

the dynamical point of view. The asymmetry of the absorption lines could 

reflect this situation. In this investigation we tried to find out the 

extension up to which the velocity field is correlated with the inten- 

sity field, i.e. up to which height in the photosphere the overshoot 

can be observed. Therefore, we investigated the dynamics of the lower 

photosphere by determining the variation of the horizontal and vertical 

small-scale (<3?5) velocities with height in the atmosphere. 

We used spectrograms taken with the baloon-borne spectrograph at three 

different positions on the solar disc (/u=1.0, 0.6, 0.2) in the wave- 

length range 5120-5124 A. The small-scale horizontal and vertical 

Doppler-velocities were measured using absorption lines of different 

strength which could be ordered in the five levels, O to IV correspon- 

ding to rest intensities of 95%, 85%, 65%, 30%, and 18%. Thus, we ob- 

tained information about the variation of velocity with height in the 

photosphere. 

To give velocity as a function of height in the atmosphere it was 
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necessary to specify the correspondance between the measured velocity 

and the geometrical height. There are two ways of doing that. 

If we assume that the motion whose velocity we have measured is located 

in a specific level of the photosphere, we can try to find its geome- 

trical height by means of contribution functions. Or, we may consider 

that the motion is spread out over the entire compressible atmosphere. 

Then, a method has to be used which takes into consideration the con- 

tribution of the entire atmosphere to the measured velocity. 

This is the case in the method of velocity weighting functions which 

is a perturbation method based on Taylor-series development of the 

first order (see Mein, 1971; Canfield, 1976). 

Tab. I. Comparison between the measured velocities Vob s and the velo- 

cities V calculated by equation (I). Vmod(Z) model run; 

VOI, VO2, HI' H2: 4 parameters used in the calculation. 

/u = 1.O: vertical velocity; /u = 0.2: horizontal velocity. 

Fe 5121,65 A: absorption line for which the velocities were 
calculated. 

96% 

85% 

65% 

30% 

18% 

Fe 5121, 65 

p=1,0 p=0,2 

km 
H1=75km VOl= 1,0~Z 
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The functional dependence between the observed velocities Vob s and 

the model velocities Vmod(Z) is the following: 

Vob s = fWv (z) Vmod (z) dz 

The velocity weighting function Wv(Z) was calculated for each absorp- 

tion line which was used for the measurement of velocity. The model 

run of velocity Vmod(Z) was determined by 4 parameters (V01 ' V02 : 

velocity amplitudes, HI, H 2 : scale heights) in such a way that equa- 

tion (I) gave the observed velocities Vob s. The calculation was per- 

formed for the vertical and the horizontal velocities. 
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Fig. 1.  Model run of vertical (above) and horizontal (below) velocity. 

(1) 

The measured velocities are shown together with the velocities calcu- 

lated by the model in Table I. Here, Vmod(Z ) and the 4 parameters used 

in the calculation are also given. In Figure I, the model run of velo- 

city with height in the atmosphere is shown. The vertical and horizon- 

tal velocities decrease exponentially up to a height of 150 and 200 km, 
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respectively, above ~5 : I. The velocities have a minimum at 150 and 

200 km, and increase again but with different slopes above this height. 

Based on our results of the coherence analysis (Nesis et al., 1984) 

we interpret this model run of velocity in the following manner: there 

is an overshoot up to a height of 150 km for the vertical velocity. 

Above this level there is a secondary motion of non-convective nature. 

The different locations of the minima of the vertical and the horizon- 

tal velocities and the different steepness of the model run above the 

minimum indicate that the overshoot of the horizontal velocity has a 

different behaviour. This is also inferred from our results of the 

coherence analysis. At present, we are not able to interpret the over- 

shoot of the horizontal velocities satisfactorily. 

The time which is necessary to bring the convective motion up to the 

height of 150 km beginning at ~ = I can be calculated. If we use the 

change of velocity with height in the photosphere given by the model, 
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Fig. 2. Vertical velocity (model run) and the inferred dynamics of the 
deep photosphere. 5-8 min: life time of a granulum (see text). 

we find a duration of 5-8 min. This is in good agreement with the life 

time of a granulum of 6 min (Mehltretter, 1978). 

This agreement can be understood if we assume that the ordered velocity 

pattern of granulation gradually disappears within about 150 km above 

= I. The motions which we found above this level must be due to 
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secondary motions which are induced by convective motions either di- 

rectly or indirectly. It is possible that the secondary motions are 

due to gravity waves. These considerations are summarized in Figure 2. 
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E.Wiehr, UniversitMts-Sternwarte G~ttingen, D-3400 G6ttingen 

G.Stellmacher, Institut d'Astrophysique, F-75014 Paris 

Empirically determined umbral temperature stratifications usually are 

based on measurements in darkest sunspots. However, the existence of 

brighter umbrae became important since Albregtson and Maltby (1981) 

found a relation between spot brightness and the phase of the solar 

cycle. An explanation of this finding was given by SchOssler (1980) who 

considers a cycle dependent age of the fluxtubes rising from deep layers. 

We investigated umbrae of different brightness photoelectrically in three 

clean continuum windows at 4365 ± I/8; 6305 ± I/4 and 8089 ± I/2 

strongly simultaneously in the 13 th, 9 th and 7 th order of the f = 10 m 

Echelle grating spectrograph at the Locarno observatory (Wiehr et al. 

1980). Using a @ = I arcsec aperture we measured the intensity minima 

('dark cores') of individual umbrae in the spot groups from Sept. 29, 

1982 at 12°N, 14°E and from July 31, 1983 at 22°S, 36°E. 

The evacuated Gregory telescope at Locarno has a field stop in its prime 

focus which largely reduces scattered light (Stellmacher and Wiehr 1970, 

Fig. 2). The remaining influence of seeing was minimized by selecting 

the deepest mean values from time-scans over several minutes. The high 

quality of these measurements is indicated by the lowest relative inten- 

sities which amount (without any correction !) to 4.3%, 10.5% and 20.5% 

in the above three windows; in agreement with the prediction of the model 

M4 by Kollatschny, Stellmacher, Wiehr & Fallipou (1980). We assume these 

lowest intensities to represent umbral background (i.e. inter-dot mate- 

rial).Simple calculations show that a given contribution of dots with 

photospheric temperature yields brighter umbrae with a pronounced blue 

excess as compared to our measurements (see Fig.l). The assumption of 

cooler dot material may remove this problem. As lower limit for such re- 

duced dot brightness one may use our highest umbral intensities (32%, 

45%, 51%; see Fig.l) if one assumes that this umbra is 100% covered by 

dots. Even the assumption of such cool dots still yields an unrealistic 

blue excess for our medium bright umbrae. This excess is also not suffi- 

ciently reduced when using the flat dot model by Adjabshirizadeh and 

Koutchmy (1983). 
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As a consequence of these considerations we state that umbral dots can 

not account for different umbral brightness observed. Instead, we pro- 

pose dots to represent a less important additive for umbrae of different 

temperatures. From corresponding calculations we find that our observed 

umbral continuum intensities as function of wavelength (Fig. l) are well 

reproduced by 'down-scaled' photosphere models taking a chosen 

5040 5040 
A@ =-T~ T~--- 7. The corresponding temperature stratifications 

T T (Fig.2) are considerably flatter than those 

which are obtained by 'up-scaling' of the steep umbral model, M4, by 

Kollatschny, Stellmacher, Wiehr & Fallipou (1980), since the deep layers 

of that model are in radiative equilibrium (r.e. ~ T4~T q eff × TR; see 

Stellmacher and Wiehr 1975). 

These r.e. models with corresponding Tef f fit our highest observed umbra 

intensities significantly worse than do the flatter photosphere-type 

stratifications (see Fig. I). For the lower umbral intensity observations, 

this difference becomes less significant thus allowing for a smooth tran- 

sition between the more convective photosphere-type and the more radia- 

tive umbra-type stratifications. Such variable influence of convective 

energy transport for umbrae of different brightness might additionally 

manifest in the population of dots, although the dot brightness alone 

can not account for the color curves observed. 
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Fig. 2: Temperature vs. optical depth models used for the calculations 
given in Fig.l; phot. represents the Holweger (1967) model 
modified for deep layers by the Vernazza et al. (1973), M4 
represents the umbral model by Stellmacher and Wiehr (1981; 
cf. other references). 
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Discussion 

Have you observed photoelectrically ? 

What is the size of the diaphragma ? 

At what zenit distance you have observed ? 

Do you have an influence of atmosphere dispersion ? 

: We observed photoelectrically with a I arc sec. aperture 

near solar meridian passage. The maximum offset from chroma- 

tic refraction does not exceed I arcsec in agreement of 

theory. However our measuring procedure by "waiting for best 

moments", i.e. lowest intensities minimizes the influence of 

remaining refraction. 

: From V profiles of infrared lines a singly peaked distribu- 

tion of field strengths is found, with the maximum near 

1500 ± 300 gauss. Clearly we can only measure field strength 

above the limit set by the line width, that is above 600 gauss 

in our case. 

: I appreciate this measurement which confirms my result from 

the three-slit-polarimeter ( A & A, 1978) for isolated field 

regions of variable diameter. 



SOME RESULTS OF PHOTOSPHERIC FINE STRUCTURE INVESTIGATIONS AT THE 

PULKOVO OBSERVATORY. 

V.N. Karpinsky 

Pulkovo Observatory 

196140 LENINGRAD USSR. 

Observatio~with the Soviet Stratospheric Solar Observatory and Pamirs 

Solar telescope allow to make the following conclusions : 

I. All the photospheric levels are strongly inhomogeneous. The 

brightness and excitation temperature differences are as large as 

IOOO°K at small distances with horizontal gradients up to 5-10 K km- 

2. The two-dimensional spatial spectrum of granulation brightness 

field is represented by two power functions k n with n = 1.2 and 

n = - 5 for the ascending and descending branches respectively. 

The sight velocity spatial spectrum should have in that case its 

maximum at a period of about A = 800 km, a steep growth (~ k 5) and 

slow decay (~ k-l). Inertial domain of the spectrum should be 

absent and energy and dissipative domains are overlapped. The 

granulation brightness field differs significantly from the 

Gaussian field and is an ensemble of two-dimensional bright and 

dark impulses from some "starting" brightness level, which is lower 

than the mean photospheric one. "Births" and "deaths" of granules 

take place seldom. Proper motions with brightness fronts velocity 

up to 20 km s -I, divisions and couplings are more typical. Two 

granules can be drawn together but may stay separated by a narrow 

steady space between them. There are some reasons to distinguish a 

special class of dot granules which are smaller than 200 km and 

unevenly distributed over the solar surface. 

3. The sight velocity photospheric field is represented by homogeneous 

vertical columns. The regularity is very sharply broken in the 

very thin (20-50 km) transition stratum at a height of about 

300 km above T 5 = I level. On the contrary, the "brightness" field 

has a very fine vertical structure, which is three-dimensional ir- 

regular formations with boundaries slowly inclined to the hori- 

zontal plane (< 10°). 
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The coexistence of the coherence minimum K = 0.5 for A = 1500 km and 

the maximum K = 0.9 for A = 2900 km in the coherence spectrum bright- 

ness - sight velocity is an explanation for the discrepancy between 

different authors and argumentation for low correlation in photospheric 

fine structure. 

It seems that the conception of convective overshoot is not a construc- 

tive explanation for the major observing facts. Some aspects of the 

photospheric fine structure nature are discussed. 
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ATMOSPHERIC FINE STRUCTURE AS A PROBE FOR THE SOLAR INTERIOR 

Cornelis Zwaan 
Sterrewacht "Sonnenborgh" 
Zonnenburg 2 
3512 NL Utrecht, The Netherlands 

Introduction 

In order to gain more insight in the solar interior we should read the 

solar face intently, and interpret its features carefully. Most of our 

present knowledge is based on global data (diameter, mass, luminosity, 

neutrino flux, abundances) and on large-scale features: Doppler shifts 

caused by rotation and oscillations, magnetic phenoma such as sunspot 

groups and active regions, and the patterns in the activity cycle. The 

study of atmospheric fine structure promises new insight in the solar 

interior - below I discuss some examples. These studies are made 

possible by many efforts invested in site testing and in developing 

the instrumentation for high-resolution studies. Pioneering work has 

been carried out by Professor RDsch, and to him and his collaborators 

we owe heliograms of the best quality obtained as yet. 

Magnetic elements as tracers for velocity fields 

The idea is simple: small magnetic elements are passively carried by 

flows. However, the implicit "float-plus-sea-anchor" model (fig. la) 

is inadequate in many cases, because this model does not agree with 

Maxwell's law V.~ = 0 : any magnetic element in the atmosphere is 

part of a fluxtube that has no ends (fig. Ib). Forces act on the flux 

tube due to (I) buoyancy (F b may be positive or negative), and (2) 

curvature: F m = B2/(4~R), where R is the radius of curvature. Only a 

submerged fluxtube may be in a static equilibrium with respect to the 

ambient medium (fig. 2a) but such an equilibrium is not stable (van 

Ballegooijen 1982a,b). Hence the fluxtubes are in a dynamical 

equilibrium: they move at a constant lateral velocity v d with respect 

to the ambient medium such that a balance is achieved between the 

forces due to buoyancy, curvature of field lines, and (3) hydrodynamic 

drag F d (:) p Vd2 r -2 (@ is the mass density, r is the radius of the 

tube), and (4) Coriolis effect F e = 2~ x 3. Let me illustrate the 

dynamical equilibrium with an example. Van Ballegooijen (1982a,b) has 
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Fig. i: Models for velocity tracers: a. float plus sea anchor, 
b. magnetic fluxtube. 

computed models for adiabatic fluxtubes rooted in a toroidal magnetic 

field just below the base of the convection zone. After the top of a 

flux loop has emerged the fluxtube legs stand nearly vertical in the 

convection zone, and the dynamical equilibrium requires that the legs 

drift apart with a speed v d relative to the ambient medium (fig. 2b). 

/ \ 
/ \ 

104km 

photosphere 
( ~  Vd- -  

Vd~ 

~V d 

~V d 

V d -- __k--Vd 

Fig. 2: a. Unstable static equilibrium of a submerged flux loop, 
b. dynamic equilibrium of an emerged flux loop. 

This lateral velocity v d depends on the magnetic configuration, in the 

example of fig. 2b: on the field strength B t in the toroidal system. 

From observational data on large active regions, with • = 3 x 1022 Mx, 
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van Ballegooijen estimates a systematic drift v d i 70 m s -l, and 

hence a field strength B t in the toroidal system of a few times 104 

Gauss. 

We conclude that the displacements of magnetic elements in the 

atmosphere do not relate to motions somewhere in the convection zone 

in the simple float + sea anchor model. In order to interpret the 

motions of the tracers we need to know where the magnetic fluxtubes 

are anchored, the effects of the overlying velocity field, and the 

main characteristics of the magnetic structure in which the tracers 

are embedded. Probably magnetic elements may be used as tracers for 

large-scale velocity patterns in the convection zone but in the course 

of the interpretation a model for both the velocity field and the 

magnetic field has to be developed and improved. 

The measurement of displacements of tracers is not simple either. 

Positions need to be measured with a precision of a fraction of an arc 

second relative to a frame of reference defined, for instance, by the 

disk center and the E-W direction. This requires either a very stiff 

telescope, or a clever scheme to minimize the effects of flexure and 

vibrations of the telescope (see Schr~ter and W~hl, 1975). 

Large-scale structure of the magnetic field in the solar interior 

During and shortly after the peak of its development, a large active 

region shows the well-known characteristics: 

(i) The orientation of the long axis of the regions is nearly E-W, the 

leading parts being slightly closer to the equator. 

(ii) Most regions are bipolar, or become bipolar after some decay of 

the region. 

(iii) During the 2 x ii years magnetic cycle the active regions follow 

the polarity rules discovered by Hale. 

(iv) The typical separation between the centroids of magnetic flux of 

opposite polarities within a large bipolar active region is about 

1 x 105 km. 

Whereas many of the rules specifying the solar activity cycle are 

trends, no tight relations, the above rules (i), (ii) and (iii) are 

well defined and they apply to the vast majority of active regions. So 

these rules reveal a clear pattern of the magnetic field in the solar 

interior. Since the heuristic dynamo models by Babcock and by Leighton 

we understand this pattern as the result of the differential rotation 

wrapping the magnetic field into toroidal flux bundles. 
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The well-defined orientation of the active regions indicates that the 

turbulent convection cannot play havoc with the magnetic field. Hence 

the field strength in the toroidal system B t should exceed the 

equipartition field strength Beq (Zwaan, 1978), which is about 1 x 104 

Gauss at the bottom of the convection zone. (There are compelling 

reasons to situate the toroidal magnetic flux system in the interface 

between the bottom of the convection zone and the radiative interior, 

see Galloway and Weiss, 1981, and van Ballegooijen 1982a,b,c). 

Note that at B t ~ 1 x 104 Gauss the magnetic flux of a large active 

region • = 3 x 1022 Mx may be stored in a flux bundle with a radius 

r ~ 1 x 104 which is about one fifth of the pressure scale height Hp 

near the bottom of the convection zone. In this way we may understand 

how large active regions emerge as coherent structure. Moreover, the 

measures of the whole magnetic flux loop constituting a large active 

region form a plausible set (fig. 3). (Probably the toroidal flux 

~ - -  photosphere 

- -  bottom 
conY. zone 

d~lO 5 km 

Fig. 3: Schematic picture of a large active region emerged from a 
toroidal strand (see text). 

bundles released in the emergence of an active region are not circular 

- more likely these are flat ribbons scooped up by overshooting 

convection). Models invoking strong magnetic fields in the toroidal 

flux system require a mechanism to counter the buoyancy (see van 

Ballegooijen 1983, and SchUssler, 1984). 

Emerging Flux Regions 

The birth and early development of an active region is a process that 

is determined by the structure of the magnetic field in the convection 

zone prior to the emergence, and by the adjustement of the magnetic 
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field to atmospheric conditions. To take advantage of such an event, 

observations are needed with an angular resolution better than an arc 

second. 

The first sign of an emerging flux region is a tiny, compact and 

bright bipolar plage (Sheeley, 1969). In Ha the arch filament system 

is observed (Bruzek, 1967), which suggests magnetic loops connecting 

faeular elements of opposite polarity. The facular feet move apart, at 

first the rate of separation exceeds 2 km s i, then it drops to 

values between 0.7 and 1.3 km s -I (Harvey and Martin, 1973). New flux 

emerges somewhere in between the diverging faculae. If sufficient 

magnetic flux becomes available, pores and eventually sunspots are 

formed near the leading and following edges of the active region (see 

i -. l 
I i/ Xx I 
I / \ I 
I / \ I 
~, / \ I 

I , z ~  I I 

Fig. 4: Emergence of a bundle of flux loops, separation of polarities 
and coalescence of sunspots. Broad arrows indicate local displacements 
of fluxtubes. Real emerging flux regions consists of many more 
separate flux loops. 

Zirin, 1974). Sunspots grow by coalescence of pores and faculae (see 

Vrabec, 1974). 

The course of events in an emerging active region is well described by 

a rising top of a loop, consisting of many flux tubes (fig. 4). The 

buoyancy of the fluxtubes causes the separation of elements of 

opposite polarity and the coalescence of elements of the same polarity 

into sunspots. Apparently somewhere near to the bottom of the 

convection zone the bundle of fluxtubes is held tightly together for 

the lifetime of the sunspots. 

A time series of spectrograms and slitjaw pictures (Zwaan, Brants and 

Cram, 1985), analysed by Brants (1985a-c), brought more insight in 

some aspects of emerging flux regions. The well-known downdrafts in 
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chromospheric and photospheric spectral lines over emerging flux 

regions appear to be localized in small areas, adjacent to but not 

coinciding with sunspot pores. Brants and Steenbeek (1985) describe 

such a downdraft area developing into a small pore that later 

coalesces with other small pores in the formation of a large sunspot 

pore (fig. 5). Probably such a downdraft corresponds to the "convec- 

SOLAR 
DISK ~ \  
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< .... ~ G1 
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F i g ,  5 :  T h e  g r o w t h  o f  a s u n s p o t  p o r e ,  D o t t e d  i s o p h o t e s  r e p r e s e n t  t h e  
isophotes in the next frame. The shaded area in frame a., indicated by 
the arrow, is the site of a strong downward flow (from: Brants and 
Steenbeek, 1985). 

tive collapse" of fluxtubes from a field strength of several hundred 

Gauss to a field strength B = 1500 Gauss (see Spruit 1979). 

Large-scale upward flows are found near the main polarity dividing 

line B// = 0 and small-scale upward flows in the vicinity of polarity 

reversals elsewhere in the region. Here matter darker than the average 

photosphere is observed to be rising. 

We would like to know the field strength in the tops of the flux loops 

at the very moment of emergence. Close to the main polarity dividing 

line Brants (1985b,c) finds a very strong transverse field of at least 

2000 Gauss. Probably this part of the magnetic field has emerged quite 
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early in the birth process of the region since it is attached to the 

magnetic field in the leading sunspot mass. Moreover, the local field 

is strained by a strong velocity shear in the photosphere (Brants and 

Steenbeek, 1985). Hence the strong transverse field near the leading 

sunspot may be is not typical for the magnetic field during emergence. 

During the observations quite probably new flux emergence occurred in 

the central part of the active region, where inclusions of opposite 

polarity are found. In adjacent resolution elements with strongly 

inclined field Brants (1985c) estimates field strengths of about 500 

gauss. The granulation in the central part is characterized by a 

system of aligned, abnormally dark intergranular lanes; such systems 

have been described by Bray and Loughhead (1964, p. 67). Brants and 

Steenbeek (1985) find that an individual alignment (fig. 6) lives for 

Fig. 6: Isophotes in a portion of an emerging flux region, showing a 
dark alignment in the granulation, between the arrows (from: Brants 
and Steenbeek, 1985). 

about I0 minutes. Assuming that such an alignment is caused by the 

penetration of a flux tube into the photosphere, thereby controlling 

the granulation, the speed of rise is estimated from the diameter (= 
-i 

1500 km) and the lifetime to be about 3 km s If this speed equals 

the Alfv~n speed, the field strength in the tube would be about 600 

Gauss and the total flux in the tube about 1 x 1019 Mx; the latter 

figure agrees with estimates of the magnetic flux per loop in arch 

filament systems (Born, 1974). So the present data suggest that 
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magnetic flux emerges as a loop of many fluxtuhes; (the most conspi- 

cuous among) these tubes are characterized by a field strength of 

several hundred Gauss and a flux of about 1019 Mx. 

More precise information on the magnetic field in the top of the con- 

vection zone, just prior to emergence, requires time series of white- 

light photographs, and Ca II and Ha filtergrams at an angular 

resolution better than an arc second, supplemented by at least a few 

magnetograms. The scope of such data were greatly enhanced by a 

collection of high-resolutlon spectrograms in the two directions of 

circular polarization. 

Structure and evolution of magnetic elements 

Sunspots are formed exclusively in recently emerged flux, during the 

finale of the emergence process. Once a sunspot is formed the 

desintegratlon process sets in immediately. After a period of some 

days to some weeks, or, rarely, some mouths, exclusively facular and 

network elements remain. Apparently sunspots are fabricated and for 

some time maintained by processes in the deep convective zone (Zwaan, 

1978). From the observational data known to me I infer that the same 

applies to sunspot pores, and perhaps even to magnetic knots (i.e. 

magnetic elements of about 1019 Mx, or somewhat larger, that do not 

show up as dark in the photosphere). In any case, the magnetic 

network, consisting of small elements of high field strength, is the 

only long-lived magnetic feature on the face of the Sun. 

The intranetwork field, discovered by Livingston and Harvey (see 

Harvey, 1977) has recently been confirmed by videomagnetograms 

obtained at Big Bear Solar Observatory (see Martin, 1984). As yet 

little is known about this magnetic field, except that its pattern 

seems irregular, and that it is variable on a time scale of about half 

an hour. 

For umbrae of sunspots the most plausible model resembles a composite 

flower (fig. 7): in the convection zone the magnetic field is a bundle 

of separate fluxtubes, with more or less field-free plasma between the 

tubes, wheras in the atmosphere the fanning fluxtubes meet. Such a 

composite model can accomodate the umbral dots and other bright struc- 

ture. Moreover, the composite model may solve the puzzle how the umbra 

may radiate as much as 20% of the photospheric radiation (see van 

Ballegooijen 19825). 
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Fig. 7: Composite model for a sunspot umbra. In the convection zone 
the constituting fluxtubes (gray) are separated by field-free plasma. 

Note that the bright structure in different (parts of) umbrae may 

differ strongly in density and in brightness. Rapid decay of a sunspot 

starts with the appearance of many very bright dots (Zwaan, 1968), 

which suggests that the confinement which held the bundle of flnxtubes 

together is suddenly released. 

Spectrograms obtained at sufficient angular resolution to show some 

intensity structure in umbrae present a problem: there is no corre- 

lation between the small-scale brightness variation along the slit and 

the magnetic field strength. The field stength varies quite smoothly 

across the umbra despite acute intensity variations (see fig. 3 in 

Zwaan, Brants and Cram, 1985). A possible explanation is indicated in 

fig. 7: the individual fluxtubes would fuse in the photosphere such 

that the very tops of the field-free hot columns are still visible in 

the continuous spectrum. In the slightly higher layer where the Zeeman 

lines are formed the magnetic field would be fairly homogeneous. There 

are no conspicuous Doppler shifts, nor variations in Doppler 

broadening associated with intensity variations either. 

The discovery of the umbral brightness depending on the activity cycle 

(Albregtsen and Maltby, 1978, see also Maltby et al., 1984) raises the 

question: is it the packing of the constituting fluxtubes that varies, 

or does the structure of the individual fluxtubes vary? 

The "Wilson depression" of the umbra with respect to the surrounding 

photosphere is an important integral measure of the thermodynamic 

structure of the magnetic structure in the top of the convection zone. 

Its value is only crudely known to be about 600 + 200 km. We ask for 

a more precise value, which probably depends on the average brightness 

and so on the phase of the cycle. 

For the study of the individual elements in faculae and network an 

extremely high angular resolution is required. The discovery that most 
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of the magnetic flux through the photosphere is present in small 

elements characterized by field strengths between one and two 

kilogauss has prompted the concept of discrete fluxtubes. There are 

two extreme possibilities: 

(i) The facular and network field consists of magnetic fibers of a 

long lifetime, much longer than the supergranular lifetime. In this 

case the changes in the magnetic network are caused by the reshuffling 

of the flux fibers. Note that at smaller time scales variation in the 

thermodynamic conditions within a fluxtube may be caused by convection 

acting on the tube. 

(ii) The fluxtubes diffuse and are concentrated on time scales smaller 

than the granular or supergranular time scales. 

The first alternative suggests a fundamental difference between the 

network field, consisting of fibers firmly rooted in the convection 

zone, and the intranetwork field, which would be a skin effect. In the 

second case the intranetwork field would be the field recently escaped 

from the fluxtubes, that may be reconcentrated again in the network 

field. 

Clearly, a thorough high-resolution study is needed to establish the 

nature of the network field and the intranetwork field, and to deter- 

mine the interaction between the convection and these magnetic fields. 

The lifetime of the elements in the magnetic network is also of 

practical interest in the use of these elements as tracers of velocity 

fields. Up to now clusters of magnetic elements have been used as 

tracers. Clusters in plages and in enhanced network live for about 

four days, and in the quiet network for at least one day. 

Removal of magnetic flux 

Magnetic flux must disappear from the photosphere at time scales 

ranging from a few hours to several years. In an ephemeral region the 

polarity opposite to that of the background field disappears within a 

day. Inclusions of opposite polarity in young active regions 

disappear, tranforming a magnetically complex region into a bipolar 

decaying region. Particularly large rates of flux disappearance are 

required in activity complexes, in order to compensate for the large 

rate of flux emergence (Gaizauskas et al. 1983). From a magnetograph 

study Howard and LaBonte (1983) conclude that magnetic flux is 

replaced in about 10 days. The polarity resersal at the polar caps 

requires flux disappearance at the cycle period. 
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Despite the large amounts of magnetic flux involved, flux disappear- 

ance is much less conspicuous than flux emergence. Apparently the 

actual disappearance occurs at very small scales and without fire- 

works. Let us consider how magnetic flux may disappear from the 

photosphere. 

Diffusion does not work to remove magnetic flux from the photosphere - 

it merely spreads the flux over a larger area. Flux removal requires 

that loops of flux are pulled out of the photosphere - upwards or 

downwards. There are three possible modes (Zwaan, 1978) - see fig. 8: 

(i) Retraction of an existing flux loop, without reconneetion; 

(ii) Loops pulled upwards from the photosphere after reconnection 

below the photosphere; 

(iii) Loops pulled downwards after reconnection above the photo- 

sphere. 
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Fig. 8: Three modes of removal of magnetic flux from the photosphere 
(horizontal line). The broad white arrows symbolize the required 
converging flows, the asterisks indicate sites of field reconnection. 
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Hence disappearance of magnetic flux from the photosphere requires 

flux loops; in two of the three modes reconnection is needed as the 

first step. In order to make magnetic flux disappear over large areas, 

or at large rates, large-scale flows converging on polarity dividing 

lines B// = 0 must occur. Note that submergence of flux loops in a 

descending flow is helped by the convective instability. If flux dis- 

appearence happens via numerous tiny flux loops too small to be 

resolved in magnetograms, then clever combinations of the mechanisms 

(ii) and (iii) may result in flux disappearence "at a distance" 

(Parker, 1984; Van Ballegooijen, Title and Spruit, 1984). Such a 

scheme is required to explain the disappearance of magnetic flux from 

decaying sunspots (Wallenhorst and Howard, 1982) 

Recently direct indications of flux removal have been found on video 

magnetograms obtained at Big Bear Solar Observatory. In a quiet region 

magnetic elements approach each other and eventually disappear by can- 

cellation (Martin, 1984). 

The procedure to find the mechanisms of the removal of magnetic flux 

is clear: scrutinize the vicinity of polarity dividing lines B// = 0 

for converging flows, using the magnetic elements as tracers, and 

search for approaching and eventually cancelling elements of opposite 

polarity. In order to find whether reconnection occurs and, if so, 

whether that happens above or below the photosphere, follow the chro- 

mospheric features associated with the magnetic elements before, 

during and after the cancellation. 

Magnetic flux removal involving reconnection, and hence changes in the 

topology of the magnetic field, hold important clues on the solar 

dynamo. Whereas published dynamo theories locate the magnetic field 

reconnection in the convection zone, the outer atmosphere may 

contribute to the reconnection. Promising zones are around the 

polarity dividing lines separating the polar caps from the adjacent 

high-latitude belts of opposite polarity, that is where the polar- 

crown prominences are located. 

Concluding comments 

Many of the processes of the solar interior calling for observations 

at high angular resolution, require time series over many hours to 

several days, thus over time spans much larger than the period of 

excellent seeing at one of the existing observatory sites. There are 
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three ways to overcome this limitation: (i) by an observatory in 

space, for instance SOT, (ii) a network of dedicated instruments at 

good sites around the world, or (iii) one observatory near one of the 

poles. Either effort demands a well - organized collaboration invol- 

ving many colleagues. The progress we can make in this challenging 

field of research depends on the means, skills and ingenuity we can 

bring together, and on our dedication to the common goal. 
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DISCUSSION 

RDsch: How do you imagine the "transition" between bright penumbral 

grains (in shape of little fishes with bright head inwards and thin 
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tail outwards), which still appear at the rim of the penumbra but as 

through an absorbing cloud, and the umbral dots? Could it be that the 

bright structures are sinking head-on into the umbra, inclined along 

the "Wilson effect", which would be in agreement with your sketch of 

the flux-tubes bundle opening outwards at increasing altitude? 

Zwaan: I imagine that the penumbral fluxtubes in the sunspot bundle 

are strongly inclined. In this model the bright fish-shape features 

may be the (variable) spaces in between the darker fluxtubes. 

SchrBter: Your finding of the absence of magnetic field strength 

variations across umbral dots Seems to me not convincing by two 

reasons. Firstly the picture you showed indicated that the "umbral 

dots" you investigated belong to a light-bridge which are not repre- 

sentative for umbral dots. Secondly, we certainly agree that the 

spatial resolution of your spectra are approx, i", so with a diameter 

of 0.3 arcsee you have a "dilution" factor of ~ I0 and hence a real 

AB = 500 gs is reduced down to 50 gs or less. 

Zwaan: Clearly, we did not resolve "umbral dots" The figure shown 

illustrates our general finding that, wherever there was a marked 

intensity peak because of (unresolved) bright structure, there was no 

corresponding variation in the magnetic field strength, Doppler shift, 

or Doppler broadening. 

Pneuman: I would like to emphasize the importance of expelling or 

dissipating this emerging flux you speak of on a rapid tlme-scale. 

Golub, from his X-ray bright point measurements, estimates a flux 

emergence rate of 5 x 1022 Mx/day in small elements alone. For a polar 

field strength of 1-2 gauss, this rate could replenish the polar 

magnetic field in less than 4 hrs. Hence we must get rid of this flux 

rapidly to maintain a steady-state average field strength in the solar 

atmosphere. 

Zwaan: I agree. 

Wiehr: I would like to comment that your explanation of cycle 

variation of spot intensities (Oslo group) by variable flux tube 

package is at variance form the explanation by SehHssler who discusses 

the influence of heating for flux tubes of different age through the 

cycle. 

Zwaan: That may be - I will look into SchUssler's argument again. 



VARIABILITY OF THE QUIET PHOTOSPHERIC NETWORK 

R. Muller & Th. Roudier 

Observatoire du Pic-du-Midi 

65200 Bagn6res-de-Bigorre, France. 

Abstract - High resolution photographs of the photospheric network 

taken in the CaIIK 3933 ~ line and ~ 4308 A are analysed in order to 

study the variation, in latitude and over the Solar cycle, of its den- 

sity (the density is defined as the number of network elements - also 

called facular points - per surface unity). It appears that the den- 

sity of the photospheric network is not distributed uniformly at the 

surface of the Sun : on september 83 it was weakened at both the low 

(equatorial) and high (polar) active latitudes, while it was tremendous- 

ly enhanced toward the pole. The density at the equator is varying in 

antiphase to the sunspot number : it increases by a factor 3 or more 

from maximum to minimum of activity. Implications for the latitude and 

cyclic variation of the magnetic flux in the quiet Sun are discussed. 

I - Introduction. 

High resolution filtergrams, taken in the CaIIK 3933 A line (bandpass 

Fig. I. 4308 A filtergram showing facular points in intergranular spaces. 
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15 A) from 1975 through 1979, and in the CH band at 4308 ~ (bandpass 

10 A) from 1980 through 1983, have been used to study the variation 

in latitude and over the solar cycle of the "density" of the photos- 

pheric network. The density is defined as the number of network ele- 

ments - also called facular points - per surface unity. Facular points 

appear on the filtergrams as tin~ bright and well shaped points loca- 

ted in intergranular spaces (Figure I). 

2 - Variation over the solar cycle. 
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Fig. 2. Variation of the number density N of facular points over the 

solar cycle. 
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Figure 2 clearly shows that, at the disk center, the number density N 

of facular points in the quiet photosphere (that is, in fact, the 

density of the photospheric network) varies over the solar cycle, out 

of phase with the sunspot number : the two quantities appear even to 

be anticorrelated. The number varies by a factor of 3, at least. 

3 - Latitude variation. 

Figure 3 shows the variation of the number density of facular points 

along the northern meridian, on september 17, ]983. From this figure 

it is evident that the density of the quiet photospheric network is 

not uniform over the solar surface. The photospheric network exhibits 

two minima, at 22 ° and 45 °, which seems to be associated respectively 

with the sunspot latitude and the high latitude active band. Moreover 

a tremendous increase of the number of facular points toward the limb 

is revealed. The N values indicated on figure 3 are corrected for the 

loss of visibility of the photospheric network toward the limb; 
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Fig. 3. Latitude variation of the number density N of 
facular points. 
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that means that, at any latitude, the number density is compared to 

the number found on the equator at the same distance from the center 

of the disk. 

4. magnetic flux and field strength of the quiet photospheric network. 

Facular points are associated with magnetic flux tubes, each of them 

carrying one quantum of magnetic flux of 2,5 x 1017 Mx. Thus a search 

of variability of the photospheric network density comes to a search 

of variability of the total magnetic flux of the quiet photospheric 

network. 

Figure I implies that the cyclic variation of the magnetic flux in 

active regions is partly balanced by the anticorrelated variation of 

the flux in the quiet Sun. 

The tablegives the latitude variation of magnetic flux of the photos- 

pheric network, in the northern hemisphere, on september 27, 1983. 

Table. 

L N F % B 

1021 Mx 

5 ° 

15 
25 
35 
45 
55 
65 
75 
85 

307 
142 
112 
255 
97 

150 
300 

> 1500 
? 

3 83 
1 75 
1 32 
2 78 
094 
1 22 
1 92 

18.8 
8.6 
6.5 

13.6 
4.8 
6.0 
9.4 

> 6.65 
? 

32.5 
? 

1.4 G 
0.7 
0.5 
1.2 
0.5 
0.7 
1.4 

>7.1 
? 

1022 total > 2.0 x Mx 

L = mean latitude of the latitude bands : N = number of facular 
points /IO0"x 100"; F. = total magnetic flux; % : percentage of flux; 
B = mean magnetic field strength. 

It shows that the flux of the quiet photospheric network is weakened 

at both the low latitude (equatorial) and high latitude (polar) active 

belts. There is a strong increase of flux toward the pole, which 

implies a high polar field strength (> 7 G) . 

Conclusion. 

The observations described in this paper will be continued at Pic du 

Midi Observatory, in order to get the latitude and time variations of 
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the density of the photospheric network and the total magnetic flux in 

the quiet Sun, over a complete solar cycle. Of particular interest are 

the variation of the polar field strength, the variation of the depth 

and position of the minima associated with the low latitude (equatorial) 

and high latitude (polar) active belts, the variation of the total flux 

of the quiet network. 

Our observations should provide important informations for the under- 

standing of the generation of magnetic field and of the solar acti- 

vity cycle. 

Discussion 

J.C. Pecker.- The first slide ( N (facular points) as a function of 

cos ® ))strongly suggests that foreshortening and seeing 

do not play a part in what is observed, but that the 

facular points are not physically the same near equator 

and at higher latitude; near equator, they might be 

"deeper" (whatever it means) than the granular structure 

of photosphere, as observed in the same wavelength where 

you do observe the facular points. 

R. Muller .- Foreshortening and seeing play an important part in the 

visibility of facular points toward the limb : along the 

equator the density of the observed points is reduced by 

a factor 18 at the limb as compared to the centre of the 

disk. A latitudinal change in the physical properties 

would have negligible effects compared to the foreshorte- 

ning and seeing effects. 

N. Weiss .- How do your results relate to Golub's observation that 

the emergence rate of X-ray bright points also varies 

in antiphase with the solar cycle ? 

R. Muller .- The number of facular points varies in phase with XBPs, 

which seems to indicate that both features are related. 

But the latitude variations appear to be different ? 

Coordinated observations are required to understand the 

connection between network facular points and XBPs. 



SEARCH FOR GIANT CONVECTIVE CELLS FROII THE ANALYSIS OF MEUDON SPECTROHELIOGRAMS 

E. RIBES and P. MEIN 
DASOP - Observatoire de Meudon 
92195 - Meudon Principal Cedex 

One of the key problems for  the understanding of the solar cycle deals with the la r -  

ge-scale dynamics of the convective zone. The existence of meridional flows and giant 

convective ce l ls  has not yet been f i rm ly  established. The d i f f e ren t i a l  ro tat ion i t -  

se l f ,  for which re l iab le  data have been obtained seems to change with time (L iv ing-  

ston and Duvall,  1979 ; Gilman and Howard, 1984). Moreover, the equatorial ro tat ion 

rates obtained by using d i f fe ren t  methods and tracers agree w i th in  the 5% leve l .  The 

magnitude of the ve loc i ty  f ie lds  associated with various features of the global dyna- 

mics of the convective zone is small (~ 30 ms-l) .  So, one needs to measure ve loc i ty  

f ie lds  w i th in  th is  accuracy f i a b i l i t y .  

With th is  aim of view, we have started the d i g i t i za t i on  of the spectroheliograms KIV 

( v i o l e t  wing of the Ca I I  l i ne)  of the Meudon Col lect ion. These spectroheliograms 

have the advantage over the wh i t e - l i gh t  pictures of showing simultaneously two magne- 

t i c  tracers (sunspots and facula) .  On the other hand, spectroheliograms are not in-  

stantaneous pictures and are subject to various geometric and photometric d istor t ions 

due to the scanning period. (A detai led procedure w i l l  be given in a forthcoming 

paper, Mein and Ribes, 1984.) 

Sunspots are detected by aloorithms using isocontour brightness levels.  Facula are 

detected by cross-correlat ion of brightness. Daily posit ions ( la t i tude  and longitude) 

of sunspots and facula have been measured whenever observations have been possible 

(almost da i ly  during the summer t ime). 

Figure 1 represents the da i ly  motions of a stable sunspot (a) and a more complex one 

(b) during t he i r  t r ans i t  across the solar disc. The East-West f luc tuat ions (> 30 ms ~) 

are usual ly much larger than the North-South motions (< 10 m~t). An error  of the tim- 

ing w i l l  a f fec t  the East-West d r i f t  more than the North-South d r i f t .  So, one has to 

be very cautious before claiming that the f luc tuat ions of the rotat ional  rates are 

of solar o r ig in  (e.g. supergranular motion ?). 

I .  ACTIVE LONGITUDES 

The appearance of magnetic regions does not seem to occur randomly. T re l l i s  (1971), 

among others, has suspected the existence of active longitudes ( in  both hemispheres) 

where new magnetic f l ux  arise preferent ia l ly~ We have recorded the number of sunspo~ 

v is ib le  on our K IV spectroheliograms at d i f fe ren t  periods during the cycle n ° 20 

and 21. ~Je found that the sunspot number d i s t r i bu t ion  versus longitude exh ib i ts  two 
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wel l -def ined peaks 180 ° apart at the maximum of the cycles. In the ascending phase, 

the s i tua t ion  is not c lear,  and in the descending phase the two longitudes become 

blurred. 

Our in te rpre ta t ion  is that  i t  takes about ha l f  a cycle to bui ld  up a toroTdal comp- 

onent of the magnetic f i e l d  (see also, Schr~ter, 1984). 

2. ROTATIONAL RATES 

a. Sunspots 

Our s t a t i s t i c a l  sample is small and does not enable us to derive laws of the d i f f e r -  

ent ia l  ro ta t ion.  So we have compared our values to the mean rotat ional  law based on 

two cycles (Balthasar and ~Ibhl, 1981). There is no evidence of higher rotat ional  ra- 

tes as~sociated with 2 act ive longitudes . We can only notice that  the disper- 

sion in the 1969 data is higher than in the 1972 data. I f  convective ve loc i ty  f ie lds  

(giant ce l ls )  bring up new magnetic f l u x ,  they have not been detected with our obser- 

vat ions. 

B. Facula 

As stated above, the rotat ion of facula has been obtained by cross-correlat ion of 

brightness. For a young group~ leading or fo l lowing facula surround sunspots. So the 

brightness contr ibut ion comas mainly from the sunspots. We can el iminate t he i r  effec£: 

by monitoring the brightness leve l ,  but then we introduce a bias in the center of 

grav i ty  of the facula. To get around th is  d i f f i c u l t y ,  we have selected at f i r s t  only 

spotless facula,  i . e .  old facula. We found that spotless facula rotate faster 

than sunspots by 2%. 

This resu l t  can be interpreted in the fo l lowing way : when a new magnetic f i e l d  emer- 

ges from the deep convection zone, the surrounding plasma exerts some viscous drag 

which slows down the i n i t i a l  ro ta t ion.  In the case of a sunspot which consists of a 

compact bundle of tubes, the viscous drag is more e f f i c i e n t  than fo~ facula.  This 

e f fec t  has also been proposed by Gilman and Howard (1984) to explain the dif ference 

of rotat ional  rates between large and small sunspots. 

An a l te rnat ive  in te rpre ta t ion  could be a depth di f ference in the anchorage of facula 

and sunspots. 

3. MERIDIONAL FLOWS 

Mean North-South motions have been calculated for  sunspots during the i r  t r ans i t  a- 

cross the solar disc (4 rotat ions in 1969 and 4 rotat ions in 1972). No net meridion- 

al c i r cu la t ion  has been found when observing old and new sunspots ( in  agreement with 

Balthasar and W~hl, 1981) and spotless facula. However, newly born sunspots which 

are supposed to be s t i l l  anchored deep in the convection zone show a four zonal meri- 

dional c i r cu la t ion  (Fig. 2). The pattern changes through the solar cycle. We have 
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evidence of angular momentum transport probably operating in the deep convection 

zone only. With older spots (or facula) -he magnetic f i e l d  has become detached from 

the deep anchorage and f loats  about independently ( fo r  more de ta i l s ,  see Ribes and 

Mein, 1984!. 

CONCLUSION 

The d i g i t i z a t i o n  is a powerful method to analyze the rotat ion of magnetic tracers 

since i t  allows the detection of ve loc i ty  f ie lds  with high accuracy (~ i0 m~i). Posi- 

t ions of faculae can be studied as wel l .  

Among the main resul ts : 

- Sunspots rotate faster  than old facula by 2%. 

- Sunspots can be tracers of angular momentum transport at the very beginning of 

t he i r  emergence. Afterwards, they become detached from the depth of anchorage and 

f l oa t  with the photospheric plasma. A complex meridional c i r cu la t i on ,  with same ana- 

logy with the zonal belts observed on the major planets has been detected, and chan- 

ges through the solar cycle. 

- The existence of two active longitudes together wi th the meridional c i r cu la t ion  

pattern suggests that the solar dynamo works as a non l i near  osc i l l a t o r  in 

e im~ P~(cos 0) with m =2 and ~ = 2 for  the azimuth and the degree respect ively.  
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QUESTION FROM : SCHROTER TO : RIBES 

QUESTION : You can imagine that  I have many questions regarding the meridional f low 

from sunspots, but we should discuss th is  a f t e r  the session. Here I would only ask : 

what average ve l oc i t i e s  do you obta in for  the meridional f low and what are the errom 

bars ? 

ANSWER FROM RIBES : For newly-formed sunspots, the average meridional d r i f t  would 

be of  the order of  O°3/day ( tha t  is m30 - 40 ms ' i ) .  The ve loc i t y  f i e l d  which can 

be detected by our method is  a few meters per second But the q u a l i t y  of  the spectro- 
-L 

heliograms is such that  the er ror -bars  are about i0 ms 

QUESTION FROM : PECKER TO : RIBES 

QUESTION : Your resu l ts  about (1) the longi tude locat ion  of  a c t i v i t y  during 5 cycles 

(2) the "independance" o f  o ld act ive regions from deep phenomena please me enormous- 

ly  ! Not only do they confirm the T r e l l i s '  data (and Haunder's which concerned most- 

ly  young spots) but they give a bigger weight to the idea that  the bottom of  the con- 

vect ive zone turns at about the Carrington value s o l i d l y  ( indeed, they appear also 

to confirm the Carr ington 's  value as did the M regions studied by Roberts and myself, 

the Maunder data, the T r e l l i s '  data, and the coronal hole behaviour) ! 

ANSWER FROM RIBES : We have no conclusive evidence of  a so l id  ro ta t ion  from the ana- 

l ys is  o f  young magnetic sunspots. However, there is some ind i ca t i on  that  the d i f f e r -  

en t i a l  ro ta t ion  is less pronounced fo r  the sunspots at t h e i r  ea r l y  stage. A la rger  

sample is needed to confirm th is  i nd i ca t i on .  

QUESTION FROM L.M.B.C. CAMPOS TO : RIBES 

QUESTION : Can you exp la in  the reversa l  o f  angular momentum t rans fe r  a f te r  3 years ? 

Can you estimate the torque ? 

ANSWER FROM RIBE5 : No, we simply observe i t .  But 3 years a f t e r  the maximum of  

a c t i v i t y ,  coronal holes appear at  high l a t i t udes .  The coTncidence should be studied. 

As fo r  the estimate o f  the torque, we should assume the depth and thickness of  the 

layer  involved.  So fa r  i t  has net been done. 



THE VARIABILITY OF PHOTOSPHERIC GRANULATION AND TOTAL RADIO FLUX OF 

QUIET SUN IN THE CENTIMETR!C WAVEBAND DURING A SOLAR CYCLE. 

D. Dialetis, C. Macris~ Th. Prokakis. 

Astronomical Institute, National Observatory of Athens. 

Athens, 11810, P. O. BOX 20048 GREECE. 

Abstract. 

We studied the variability of the total solar radio ~Iux in eight ~re- 

quencies, in the centimetric range during more than a solar cycle (1964- 

1978), and the possible relationshi~ it has with the variability o~ the 

photospheric granulation. 

I. Introduction. 

Many years ago~ one of us ( Macris, 1955 ) sus~ested the existence of a 

close relationship between the solar cycle and the morphological and 

temporal evolution of ~hotos~heric granulation. From this time a number 

of publications have supported this conception (Hacris et all. 1983a~ 

1983b). In this papers we examine the existence of a ~ossib!e ~elation-- 

ship between the variability of the mean distance of granules and the 

variability of the slowly varying Component in the aentim~tric waveband 

during a solar cycle. Statistical evidence is nrovided to support the 

proposed relationship. Such a relationshi~ may be interpreted as a high 

dependence of two different kinds of solar variability or as the close 

relation of the two different phenomena with the solar cycle mechanism. 

1. The total radio flux of the quiet sun during a solar cycle. 

In a first stage, we have studied the variability of the total solar 

radio flux in eight frequencies in the ~ange 100@-940@ HHz during more 

than a solar cycle (1964--1978). Our intention was to determine the back-- 

ground component by eliminating the contribution o£ active regions on 

the total radio flux. It is well known that this radiation is caused 

by thermal emission of the solar atmosohere~ predominantly on centime- 

tric wavelengths where it originates mostly from the chromosphere (Kundu~ 

1965). The available published information on this subject is contra- 

dictory and incomplete. Generally, though, the results indicate that 

at centimetric wavelengths the values of quiet sun flux density at 
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maximum activity are systematica!y higher than the corresponding values 

at minimum activity ( Zheleznyakov 1970 ). In the region of centime- 

tric wavelenthgs, the calculation of the '~quiet" sun flux density is a 

complex probl'em, because the slowly varying comoonent is intense~ oarti- 

cularly in years of high solar activity. In this waveband~ the indensity 

of the enhanced radio emission correlates well with the area of the spots 

that can be seen on the sun's disk. Therefore~ the flux density emission 

(s) of the quiet sun is generally found from a graph of SA(A)~ where A 

is the corresponding uncorrected area of the soots by extrano!atins the 

area of the spots to zero. We have used two different methods for the 

elimination of the contribution of active centers. 

I. A linear regression method between monthly mean values of the flux 

and sunspot areas. 

2. A multiple linear regression between daily values of sunsoot areas 

for three successive rotations and daily values of the flux densitv. 

From the computed mean monthly values of the total solar flux density 

of the "quiet" sun we noticed a remarkable stability oF the quiet sun 

emission at two successive minima for every frequency. From the values 

of flux density we compute the reduced effective temperature Teffe 

of the sun. It is easy to find the connection between the ~'true~''e~fe - 

ctive temperature and the "reduced '' temperature of the source by the re- 

lation 

]Teffd~ = Teffe~ ~ (I) 

where ~ is the solid angle subtended by the optical disk. From the 

values of Teff~ we compute the frequency spectrum of the ~rquiet'~ Sun's 

radio emission in the centimetric waveband (3-30cm) for the different 

periods of solar activity (Fig. la). 

From the study of the frequency spectrum as a function of time we state 

the follows : 

a. There are important changes of the Tef~ ® at the hi~her wavelenghts 

during a solar cycle. These changes are about; 

805 for A=30cm~ 74% for X=21.2cm, 66% for A=lScm, 575 for A=ll~!cm 

565 for X=10.Tcm, 50% for A=Scm~ 47% for A=6cm ~nd G~ for A=3ol9cm, 

b. We can clearly distinguish two different families of spectra. The 

first one corresoonds to the high activity neriod and the second to 

the low activity period (Fig, la). By using methods of discriminant 

analysis we can find a typical soectrum for a low activity oeriod 

and a typical spectrum for a high activity oeriod (Fig. lh ). 

c. There is remarkable stability oe the values of Teff® for the years 

of low activity and low differences between the years of high acti- 

vity. 
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Figure i. (a) Frequency spectrum of the "quiet 'r sun as a function of time. 
(b) Typical spectrum for a low activity period (i) and for a high acti- 
vity period (2) 

2. The variations of mean distance between granules during a solar cycle. 

In a second stage, we have studied the relationship between the variations 

of the solar flux for zero level of activity (1964-1978) and the varia- 

Table i tions of the mean distance between granules for the 

Year Mean distance period 1966-1978. We give, in Table i, the mean 

1966 2~12 distance of granules in sec of arc for this period. 

1967 1.92 We consider the mean distance between individual 
1968 1.84 
1969 1.89 granules~ as a good index of the variability of the 
1971 2.08 solar granulation. We suppose that this index is 
1973 2.19 
1975 2.20 also,in a general way, related with the convective 
1976 2.28 

heat transport during the cycle~ because what we 
1977 2.19 
1978 1.84 see as granulation is the instantaneously ordered 

large-scale pattern. The organization of this pattern 

is imposed by the need to carry heat, hence the granulation is a direct 

manifestation of the convective heat transport. We have computed the 

regression functions and the correlation coefficients of these two types 

of activity. We give, in Fig. 2, the regression lines for the mentioned 

relations aswell as the correlation coefficients. The statistical de- 

pendence of the two variables is presented as a high anti-correlation. 
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Figure 2. Regression lines and correlation cOefficients (r) between the 
mean distance of granules (d) and the solar flux density (s) fordifferent 
frequencies. 

3. Discussion. 

We can explain the changes of the total radio flux of the ouiet sun du- 

ring a solar cycle by two different ways. 

I. Variations of the effective solar radius. 

2. Variations of the brightness temperature produced either by varia- 

tions of the electron temperature or the electron density. 
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But differences of Teff~ between a maximum and a minimum of solar acti- 

vity are too large to be explained by variations of the effective solar 

radius. So that leads us to attribute these variations to the second case. 

From the other side granules are ascending stream cells~ resulting from 

the turbulent convection carrying hot gases upward. The upward moving 

pressure disturbances turninto shock waves heating thus the outer layers. By 

the close relationship of the granulation pattern with the solar cycle 

we can assume that the variation of the mean number of granules per area 

unit has as a consequence, substantial quantitative changes of these 

processes. Our intention is to examine if there is a close relation 

between these two different kinds of activity, or if each activity is 

related with the solar cycle. 
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Discussion~ 

J. C. Pecker : How would your data evolve with increased resolution? 

Which will stay valid~ which won't? In what sense will they evolve? 

D. Dialetis : The increased resolution don't change our results because 

we measure the center to center distance of granules° 
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ABSTRAC~ 

We observed a prcnlinent, short lived (70 sec) umbral flash in Ha with the 50 c~ "Tou- 

relle" ]:efractor at Pic du Midi. The main cfmponent of the flash was small (I" by 

0.5") ~ith a maximum intensity 25% above the background. It occurred in a region which 

showed irregular intensity variations. Umbral oscillations were observed in an adja- 

cent region and running penumbral waves around part of the s~oerpenumbra. 

I. INTRODUCglON 

During the last fifteen years a number of dynamic phencmena has been detected 

and studied in the chrcmosphere of sunspots (see reviews by Moore, 1981a, 1981b). 

These include umbral flashes, umbral oscillations and pen~m~bral waves. 

Umbral flashes are best visible in the H and K lines (Beckers and Tallant, 1969) 

while they are very rarely observed in H~; they are small, short lived brightenings 

of repetetive nature, associated with predominantly u~ard material motions. Umbral 

oscillations (Bhatnagar and Tanaka, 1972; Giovanelli, 1972) involve intensity and ve- 

locity fluctuations with a period near 3 rain; they are cc~monly observed in chrcrno- 

spheric lines (Kneer et al, 1981) and appear to be related to photospheric umbral 

oscillations. Finally the running penumbral waves are often observed around part of 

the chromospheric s~oerpenumbra (Zirin and Stein, 1972; Giovanelli, 1972) with a 

period of 3.5 to 5 rain and an outward velocity of 10 to 20 km/sec. 

Although these phencmena appear to be associated with one another, the details 

of this association are not clear. In this paper we present preliminary results of 

high spatial resolution H~ observations of these phenomena in the same spot and we 

discuss their properties and interrelations. 



295 

Figure I : A sunspot observed on August 21, 1979 at 085650 UT at the center of Ha at 

Pic du Midi. The insert shows the interior of the umbra, printed from the same 

negative. The arrow shows the penumbral wave. 

2. OBSERVATIONS AND RESULTS 

The observations were obtained with a Halle filter (0.5 A passband) mounted on 

the 50 cm "Tourelle" refractor of the Pic du Midi Observatory. On August 21, 1979 we 

observed a large, isolated sunspot located at 18W 25S under seeing conditions ranging 

from excellent to very good for approximately one hour; photographs were obtained 

mainly at the center of Ha and occasionally at + 0.5 A. In the course of these obser- 

vations we detected a prc~inent bright structure in the umbra (Figure I). The bright- 

ening was elongated with a length of about 4" arc and consisted of three interconne- 

cted conponents separated by about 2" arc (Figure 2). The main component was I" long 

by 0.5" wide, with a maximum intensity about 25% above the local background. 

The evolution of the brightening was very fast. Figure 3 shows mocrephotc~etric 

tracings across the umbra frc~n three consecutive photographs. There is almost no trace 

of the structure on the photograph taken 50 sec before that of figure I, while very 
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1 2 3 4 "  
I I I I I 

Figure 2: Contours of equal density for the umbral flash of Figure I. The dashed 
contour shows the darkest region of the umbra. The arrows show the position of 
the tracings of Figures 3 and 4. 

little is left in the photograph taken 20 sec later. This sets an upper limit of 70 

sec for its lifetime. On the basis of its observable characteristics the brightening 

can be identified with the umbral flashes usually observed in the Ca II H and K lines. 

This ~abral flash was unique during our observing period as far as its intensity 

and structure are concerned. However, it was not the only time varying phenomenon in 

the umbra. In order to study the time variations of the umbra we used microphotometric 

tracings such as those of Figure 3 to ccspute a contour map of the intensity as a 

function of time and position along the tracing (Figure 4). The umbral flash shows up 

as a prc~ninent peak, I 0.6 rain after the beginning of the observation at the location A. 

In the course of the observation the intensity at that location varied in an irregu- 

lar fashion; the peak to peak intensity variation was about 40% (this includes the 

flash), while the rms variation was about 8%. More often than not the maxima appeared 

h rn s m s m s 
8 5 6  O0 5 6  5 0  57  10 

Figure 3: Microphotcmetric tracings through the umbra for three consecutive photo- 
graphs around the time of the umbral flash. 



297 

xP) 
5- 

B ~  

0 
A---~ 

-5  
I I I I I 

At  --~ 10 2 0  3 0  4 0  50  rain 

Figure 4: Countours of equal density as a function of time and position along a tra- 
cing through the umbra. Dashed contours show gaps in our observations. Hatched 
regions correspond to intensity minima. 

as extensions of the penumbral emission into the umbra rather than distinct structures. 

It is difficult to assign a period to these time variations, however the more prcminent 

intensity peaks suggest an average repetition rate of about 500 sec which is about 

three times slower than that of the K line flashes. If all peaks are considered as 

real the average repetition rate is 220 sec. 

The darkest region of the penumbra (location B in Figure 4) showed a more regu- 

lar time behaviour. The peak to peak intensity variation was about 20% with an rms of 

about 5%. The time separation between consecutive minima ranged from 132 to 324 sec 

with an average value of 210+64 sec; this is close to the period of umbral oscilla- 

tios (Bhatnagar and Tanaka, 1972; Giovanelli, 1972). The characteristic spatial scale 

of the oscillations was of the order of 3 to 4" arc. 

The well known penumbral running waves are quite prominent in part of the super- 

penumbra (arrow in figure I). It is interesting to note that we found no trace of such 

waves in the lower part of the spot where the superpenumbral fibrils had an irregular 

structure. Our estimate of their period is 210 + 40 sec, which is the same as thepe- 

riod of the umbral oscillations, while their velocity was estimated to be 7 + I km/sec. 

Unfortunately we could not study the association of the waves with the umbral oscilla- 

tions due to the sharp_ intensity gradient between theumbra and the penumbra. 

3. DISCUSSION 

The bright structure that we observed at the center of the Ha line in a sunspot 

umbra had the characteristics of umbral flashes conmonly observed in the H and K lines. 

It occurred in a region ( A ) with irregular intensity variations and was adjacent to 

a region ( B ) where normal tm~ral oscillations were observed. The flash had no dete- 

ctable effect on the oscillations. In addition the intensity maxima in region A did 

not occur at a particular phase of the oscillations ; in Figure 4 there are cases 

where such maxima occurred just before, during, right after or in between the inten- 
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nsity minima of region B. Thus the intensity variations in the two regions appear to 

be independent. 

Running penumbral waves were detected in part of the supe_rpenumbra, while no waves 

were observed in a region where the pattern of the superpenumbral fibrils was irregu- 

lar; this may indicate that the waves do not propagate in regions where the magnetic 

field lines of force do not have a regular structure. The period of the waves was the 

same as that of the umbral oscillations; however, the sharp intensity gradient between 

the umbra and the penumbra did not allow us to study their assotiation. 

AKNOWLEDGI~MENTS; One of the authors (C.E.A.) is grateful to Prof. J. Rosch, Dr R. 
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DISCUSSION 

Mattig : I believe that you have shown the typical oscillation in the umbral 

chrc~osphere. The very strong brightening is a special phase in the oscillation (as 

the umbral flashes in K). 

Alissandrakis : The brightening had unique characteristics and occurred in a 

region with qualitatively different time behaviour from the region of normal umbral 

oscillations. In our opinion it was not related to the umbral oscillations. 

Zwaan : In SPO observations I have cc~e across some tiny but intense brightening 

in Ha that lasted a very brief time and did not correpond to anything in K. 
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ABSTRACT. 

The decay of a sunspot region was studied using high resolution white- 

light pictures. The photometric a~d geometric parameters of a light- 

bridge showing granular structure were determined. No difference is 

found comparing it with the quiet photosphere. 

1. INTRODUCTION. 

Light-bridges are often observed in the decay phase of sunspots. Some 

of them show a granular structure similar to that of the photosphere. 

Bray and Loughhead (1964) and Vazquez (1973) have studied the morpholo- 

gical aspects, having measured Beckers and Schr~ter (1969) a magnetic 

field of a few hundred gauss. 

The main aim of our work was to compare the light-bridges granulation 

with that of the quiet photosphere in order to confirm or not its possi- 

ble deformation near magnetic structures (e.g. Macris (1979); Parfinenko 

(1981)). 

2. OBSERVATIONS. 

The pictures were obtained during the interval 4-12 of June 1980 at the 

Observatorio del Teide (Iza~a) using the Kiepenheuer Institutes' 40cm 

vacuum reflector telescope. In fig. 1 we p~esent the studied pictures 

(one per day) showing the evolution of the region during its passage 

across the disk. 

3. DATA REDUCTION. 

The selected pictures were analyzed in the IAC's PDS-1010A microdensito 

meter. The slit aperture was 10u x 10u correspondfng to 0.05 x 0.05 

on the sun. The calibration was made using a procedure based on the 

half-filter method (Collados and Boner, 1984) 

We applied the optimum filter method to correct: a) microd~sitcmeter 
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4-JUNE-1980 10:55 UT 5-JUNE-1980 13'27 UT 6-JUNE-1980 11:05 UT 

?-JUNE-1980 09:00 UT 8-JUNE-1980 16:58UT 9-JUNE-1980 09:34 UT 

10-JUNE-1980 14:36 UT 11-JUNE-1980 09:50 LIT 12-JUNE-1980 08:30 UT 

Fig.l: 
Picture,s used to study the evolution of the group. The arrows point at 
the studied light-bridge zone. The spot seen at the right in the two 
last photographs belongs to another region. 
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distortion; b) atmospheric distortion, following Schmidt et al (1981) 7 

and c) telescope aberration. 

4. DATA ANALISIS AND RESULTS. 

4.1 Photometric properties. 

4.l.a Mean intensity. 

The intensity rahio TLB/TPH (where LB denotes light-bridgesand PH photos- 

phere) does not shew remarkable variation during the passage as seen in 

fig. 2~ and being always very close to one: 0.92 ~ILB/IpH~l.04, in 

agreement with Korobova results (1966) for photospheric light bridges. 

o 
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]04 10~6 10o8 I100 ~008 10~6 1004 

Fig.2: 
Zntensity ratio Tib/~PH vs. cosv. In the plot I(f) denotes the mean 
photospheric intensity and I(l-b) the mean intensity in the light-bridge. 
Although the ratio is a little lower when the bridge is closest 7 the dif- 
ference is not large enough so as to attribute it to an evolution effect. 

4.1.b AI 
rms 

Table one shQ~ both uncorrected and corrected AI values for the pho- 
rms 

tosphere and light-bridge samples. No significant variation during the 

evolution of the spot can be observed. 

4.2. Morphological properties. 

Table one shows the values of the parameters for each one of the light- 
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bridge samples, which are similar to the mean values for the photosphere~ 

also shown in the same table 

The histograms of the granu~e-to-gran~e distances for one light-bridge 

region, the one resulting from the sum of all the light-bridge regions 

and the one resulting from the sum of all the photospheric zones can also 

be seen in fig. 3. 
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DAY 
i 

4 

5 

6 

7 

8 

9 

10 

11 

12 

P H O T O S -  
P H E R E  

T a b l e  I : 

al,m,(bb) 

0.12 (0.10) 0.70 

, 

0.07 (0.03) 2.04 

0.10 (0.04) 0.13 (0.11) 0.72 1.99 

0.Ii (0.05) 0.i0 (0.08) 0.67 2.07 

0.06 (0.05) 0.i0 (0.08) 0.71 2.19 

0.I0 (0.05) 0.06 (0.06) 0.78 2.10 

0.i0 (0.05) 0.I0 (0.I0) 0.75 2.07 

0.09 (0.05) 0.06 (0.05) 0.77 2.16 

0.I0 (0.04) 0.05 (0.04) 0.68 1.87 

0.03 (0.01) 0.03 (0.02) 0.71 2.04 

0.72 2.07 

This table shows the values of the parameters for each one of the light- 
bridge regions and the mean photospheric values.The values in brackets 

are the uncorrected Alrms~ standing F and ~qq for the mean granular ra- 

dius and the mean granule-to-granule distand@. 
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CONCLUSIONSj 

According to our work the parameters characterizing the gsanulation in 

the studied light-bridge and the normal photosphere do not differ. We 

agree with Muller (1979) and Parfin~nko (1981) that there are no specific 

structures in light-bridges. This photospheric light-bridge seems to 

be the reestablishmentoof t~:nosmal photospheric oonditions. More ana- 

lysis is now in progress from the Iza~a material to investigate other 

types of light-bridges (penumbral and streamers) and the granulation 

around the spots. 
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Discussion 

Schroeter : Did you find a significant difference in the properties of 

the light-bridge granules between its early stage (when the 

light-bridge was shallow) and in its later stage, when the 

light-bridge was almost a broad photosphere-like structure ? 

M. Collados : You can see a slight difference in the nlot light-bridge 

granules radius vs. cos 8 for the first stages and the last 

ones. But the differences are not significant enough so as 

to be sure of them, therefore the answer is no. 
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Abstract : A developing active region near the center of the solar 

disk was observed for 80min at the center and the wings of H~. Ellerman 

bombs lying below an arch filament system (AFS) and near sunspo~ were 
O O 

studied at H -IA and H -0.75A. We found that 50% of the bombs appear 

and desappear in pairs, the axis of each pair forming a small angle with 

the magnetic field lines of force as evidenced by the AFS, in addition the 

members of each pair show proper motions with an average relative velo- 

city of 600m/sec. This behaviour suggests their association with bipo- 

lar emerging magnetic flux tubes. The average contrast (1.29), life- 

time (19 minutes), size (0".96 x 0".58) and flux of some 70 bombs was 

also determined. We find evidence of an increase of the size with 

height and a fluctuation of the flux with time. 

I. Introduction 

The Ellerman bombs (mustaches) are small ~" arc) brSght structures 

observe~ in the wings of H~ and other chromospheric lines which appear 

in active regions both around sunspots and under arch filament systems 

(AFS) (Bruzek 1968, 1972). In a recent study near the limb, Kurokawa et 

al (1982) found that their shape is elongated with an average lenght 

(height) of 1.1" arc and an average width of less than 0.6" arc. Esti- 

mates of their lifetime range from a few minutes to about one hour (Bru- 

zek, 1972" Roy and Lepraskas, 1973). They show a fast rise to maximum 

intensity, significant intensity fluctuations which may even lead to 

their disappearance for a few minutes and a rapid decay (Kurokawa et al 

1982). 
Several authors (Rust, 1968, 1972" Roy and Leparskas, 1973"Kitai and 

Muller 198L), have found that the Ellerman bombs are apparantly related 

to other chromospheric structures such as surges, flares, AFS and facu- 

lar granules. There is some uncertalnty about their association with 
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magnetic fields due to the low resolution of the magnetograms (Howard 

and Harvey 1964, Koval 1965, Rust, 1968, 1972). 

In this paper we study the morphological characteristics of Ellerman 

bombs, obsemved both under AFS and near sunspots, near the center of 

the disk and we investigate their relations with the magnetic field. 

2. Observations 

The observations were obtained by one of us (C.E.A.) at the center 

and the wings of H~ with the 50cm " Tourelle" refractor of the Pic du 
O 

Midi Observatory and a Halle filter (0.5 A band pass) provided by Prof. 

C.J. Macris. The photometric calibration was done by means of a step 

wedge. We selected an 80 minute long series of photographs of a young, 

developing active region near the center of the disk (Mc Math number 

16315, N 18~E 129 on September 26, 1979 (figure I). The spatial reso- 

lutions of the photographs was about 0.5"arc, while the average time 

difference between successive photographs at the same wavelenght was 

2 min. We studied Ellerman bombs in photographs obtained at -0.75 
o 

and - 1.00 A off the center of H~ in two regions, one below the pro- 

minent AFS and another under superpenumbral fibrils near one of the 

large spots. The chromospheric structure was compared with a Kitt Peak 

magnetogram (courtemy of Dr. J. Harvey) obtained four hours after our 

observations. 

3. Results 

The size of the bombs was measured both on isodensity maps obtained 

with a Joyce-Loebl isodensitometer and directly on the original films ; 

the results obtained by the two methods did not show any systematic 

difference. The shape of the bombs is elongated with a tendency of 

orientation along the direction of the overlying AFS;taking into account 

the results of Kurokawa et al (1982) this is probably the result of 

projection of elongated structures, inclined with respect to the ver- 
o 

tical. At Ha-I.00A the average value of the length is 0.96" arc with 

a standard deviation of 0.41" arc, while the average value of the width 

of the bombs is 0.58(±0.21) " arc. These values are the same both for 

Ellerman bombs under AFS and for those near sunspots. We found slight- 
O O 

ly larger sizes at H -0.75A than at -1.00 A, which indicates an in- 

crease of size with height, as expected if the bombs were part of 

diverging magnetic flux tubes (cf Kitai and Muller, 1984). No syste- 

matic difference was found between bombs located under AFS and under 

superpenumbral fibrils. 
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a 0 20 b 

Figure 1:Active region Mc Match 16315 observed on September 26, 1979 
o 

at the center of Ha (~, 12 12 37 U.T) and at H -I.00A (b,12 

36 42 UT) 

The intensity of the Ellerman bombs relative to the background was 
o 

measured at H~-I.00 A at the time of their maximum. The values for 67 

bombs located under AFS range between 1.11 and 1.48, with an average 

value of 1.29 and a standard deviation of 0.10 . We found no systematic 
O O 

difference between measurements at -1.00 A and -0.75 A or between bombs 

under AFS and under superpenumbral fibrils. There is a slight increase 

of intensity with size, but this could be due to the effects of finite 

spatial resolution. 

In addition to the size and the maximum intensity we studied the 

time evolution of the bombs , both by visual inspection of the photo- 

graphs and photometrically. The average lifetime of 69 bombs located 

under AFS was 19 minutes. For the photometric study we measured the 

flux above the background rather than the relative intensity, in order 

to avoid fluctuations due to small changes in the seeing. The flux 

was computed from the measurement of the area and the relative inten- 

sity level of the isodensity contours. 

We give in figure 2 two typical time curves which show fluctuations 

of the flux with time~ since our measurements are very little affected 

by seeing these fluctuations are real. On several occasions we observed 
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a repetetion of the time curve at the same location (figure 2b). We 

believe that such repetetions are due to the appearence of a new bomb 

very close to the old one rather than due to a second flaring of the same 

bomb. This was clearly observed in some cases within groups of Ellerman 

bombs, were new bombs appeated very close to (sometimes in contact with) 

old bombs. The Typical rise time of the curves was 4 minutes, while the 

characteristic decay time was 9.5 minutes. 

The study of the time curves revealed that some bombs had almost 

identical time evolution. Using this as a criterion we found that more 

than 50% of the bombs within a region that was studied under the AFS 

appeared in pairs showing a common time evolution. This percentage is 

actually a lower limit since some bombs may form pairs with bombs out- 

side the studied region and , moreover, in some cases their appearence 

or disappearence is outside our time series. The members of a pair 

appear and disappear in most cases simultaneously and in a few cases 

within 2 minutes. The members of a pair have an average distance of 

approximately 3" arc and they show proper motions both approaching and 

receding, with relative velocity of the order of 600m/sec. It is in- 

teresting to note that the orientation of their axes is almost perpen- 

dicular to the neutral line of the magnetic field and almost parallel 

to the magnetic field lines of force as delineated by the AFS. 

4. Discussion and Conclusions 

Our study showed that there is no difference between Ellerman bombs 

which occur under AFS and those near sunspots, under superpenumbral 

fibrils, at least as far as their size, relative intensity and life- 

time are concerned. In addition, our photographs show that the filigree 

sometimes extend below the AFS, in regions where we observe Ellerman 

bombs, which may indicate a relationship between these two structures 

(cf Kitai and Muller, 1984). 

The relative proper motion of the bombs which are members of pairs 

s similar to the proper motion of magnetic knots in active regions 

(Frazier, ]972). Moreover, the orientation of the axes of pairs with 

respect to the magnetic field suggests that the bombs might correspond 

to the feet of emerging magnetic arches. Depanding on the exact shape 

of the arch, its footpoints may recede or approach each other as the 

arch rises above the photosphare. 

Further observations with better time resolution are required for 

a more detailed study of the time evolution of the bombs, in particular 

for the study of the evolution of pairs. Moreover, high spatial reso- 
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Figure 2 : The flux of two Ellerman bombs as a function of time ; a : 

sim~le bomb, b : bomb with double maximum 

lution magnetograms will be extremely useful for a positive identifica- 

tion of the bombs with the feet of emerging magnetic flux tubes. 
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D i s c u s s i o n  

MATTIG : Kitai has published observations about the Ellerman bombs ob- 

served with the new Hida-instruments. As I remember the sizes elonga- 

tions and life-times are the same, but the lightcurves differ remarcably. 

What are the differences between these both observations ? 

ALISSANDRAKIS : I should point out that we have a -lower time resolution, 

consequently we are not sensitive to very fast changes ; Moreover by us- 

ing the flux rather than the relative intensity we have reduced the 

effects of variable seeing. 

FALCIANI : Even though " Ellerman bombs" are usually called bright stuc- 

tures around sunspot penumbra, what is the criteria to couple the 50% 

of the events you observed (e.g., to define a pair ") and what is the 

behaviour of the remaining 50% of the selected events ? 

ALISSANDRAKIS : Two bombs were considered to be members of a pair when 

they appeared and disappeared on the same frame or in two consecutive 

frames and had similar time curves. This criterion could not be applied 

to bombs that started or ended outside our observing period. It is also 

possible that some of the bombs that are studied formed pairs with bombs 

outside the region that we studied. 

PEEKER : Have you computed in the studied area the ~ priori probability 

for the distribution of Ellerman bombs ( and pairs of them.)to occur by 

pure chance. 

ALISSANDBAKIS : I agree that this is an important point, however we have 

not made such a computation yet. 

L.M.B.C. CAMPOS : Considering the number of Ellerman Bombs, and their 

average energy content, the overall energy can affect the global balance 

of the solar atmosphere, or is it a local effect ? 

ALISSANDRAKIS : We have not measured the energy content of the Ellerman 

bombs ; however , it is interesting to note that there appears to be a 

continuum of amall bright structures such as filingree, Ellerman bombs, 

brightenings in AFS , penumbral brightenings , brightenings in fibrils 

etc which involve energy release and may contribute to the heating 

of the chromosphere. 



SUMMARY 

H.U. Schmidt 

Max-Planck-lnstitut fur Astrophysik 

8046 Garching b. M0nchen, FRG 

The "colloquium on high resolution in solar physics" was dedicated to 

Professor R6sch and there was a very good reason to do so. During 5 

decades he strived hard with diligence and patience for observations 

of higher and higher resolution on the Pic du Midi, because he was 

dead sure that only with such progress in resolution we would be able 

to build up real progress in our understanding of thermal convection 

and of the dynamo processes which produce the observable fine 

structure on the surface of the sun. 

Present instrumental developments begin to deal with techniques of 

image stabilisation and image restoration which are very promising for 

solar observation as there are plenty of photons available which allow 

even instantaneous corrections with active optical systems. We learned 

about test runs of a hexagonal multimirror array of 19 little 

elements, each one being tilted in two angles and simultaneously 

retracted into as smooth a common surface as possible. This array is 

being developed by Smithson, Tarbell, Title and others at Lockheed. 

Some movies and posters demonstrated sucessful restoration techniques 

developed at Sacramento Peak, at the Kiepenheuer Institute in Frei- 

burg, and at Oslo for use on a computer. Local image motion and image 

stretching can so be taken off the data after the observation and 

correlation tracking can thus be simulated. 

The poster of Dam~, Verrieres-le-Buisson, illustrated beautifully a 

new interferometric method to produce a high precision corrector for 

an aberrated primary mirror by use of an UV laser in a system which 

includes the aberrated primary. The laser light engraves the corrector 

which consists of deep UV photoresist material. In the laser illumina- 

tion a nearly exact replica of the wave front deformation by the pri- 

mary is burned into the corrector so that the wavefront can be flat- 

tened to less than i0 nanometer. The test applied the method to a I0 

cm mirror successfully. The method could e.g. allow the correction of 
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the Space Telescope to an accuracy limited solely by diffraction even 

at Lyu, where at present such a resolution is missed by more than one 

order of magnitude. 

Quite a number of papers dealt with the solar granulation. Several 

times it was stated that the birth and death of a granule are seldom 

events and proper motions seem to determine most of the evolution with 

time. Muller and Roudier (Pic du Midi) presented the profile of 

average diameter versus circumference of individual granules measured 

in an objective way from isophotes. The slope of the profile changes 

at i000 km average diameter. The smaller granules may represent the 

inertial domain in a Kolmogoroff cascade down to a few hundred km. 

Above i000 ]un the roughness of the isophote increases much more rapid- 

ly and larger granules are also observed to be unstable and to ex- 

plode, often repeatedly into rings of smaller fragments. Karpinski 

(Pulkovo) seems to come to a different conclusion. From his two- 

dimensional spatial power spectrum of the granulation he argues for 

the absence of an inertial domain. 

Detailed profiles of the velocity from spectra with center to limb 

variation led Nesis from Freiburg to determine an upper limit of i00 

to 150 km for a convective overshoot whereas Karpinski argues that 

overshoot is not a constructive explanation of the observations in 

view of strong inhomogeneities on the smallest scales. Elste presented 

data on such inhomogeneities in the temperature gradients. 

Several recent investigations deal with variations correlated with the 

solar cycle. A long-term collaboration of the solar astronomers in 

Athens with those at Pic du Midi has also delivered results in this 

area. A significant variation of the average photometric contrast in 

the granules within recent years was found also a variation of the 

number density of granules with the cycle. These new results are hints 

that the magnetic dynamo may have side effects on the photosphere 

which are even harder to interprete from present theory than the by 

now well established brightness changes in sunspot umbrae with 

latitude and phase in the cycle. Muller and Roudier presented such 

variations also in the density of facular points or photospheric 

network. 
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Magnetic finestructure 

There seems to be now a general agreement that the distribution of 

magnetic fields in and for some distance below the photosphere is 

intermittent so that weak fields are absent and that there is a rather 

narrow peak from say 1000 Gauss to 1600 Gauss for small fluxes and up 

to over 3000 Gauss for large sunspots. This agreement on intermittency 

is now manifested in the widespread use of the word fluxtube. 

Theoreticians argue since several years that buoyancy of magnetic flux 

ensures the coherence and even near verticality of such fluxtubes 

probably even down to the bottom of the convection zone. But above the 

photosphere the magnetic stress cannot be balanced by any material 

stresses and so it is argued that here the intermittency gets lost and 

the magnetic field is everywhere in the chromosphere and corona. 

Though weak fields are absent the analysis of Zeeman profiles shows 

that it is very hard to prove exact figures for the limiting field- 

strength mainly because of the disturbing influences of possible 

Doppler motions. Certainly we look forward to higher resolution but 

the difficulties of the analysis will not automatically go away with 

higher resolution. 

Impressive new spectroscopic instrumentation is being developed, e.g. 

the MSDP by Mein and his group in Paris for use at Pic du Midi and at 

the Canary Islands. Rayrole gave an overview of what will be available 

at this new Eldorado for European Astronomy which is promising not 

only during the day but also at night. 

High 2D-spatial resolution is obtained with MSDP simultaneously for 

full H a profiles. One can e.g. see filigree subarcsec size bright 

points in the H~ wing in active regions and associate them with 

elongated absorbing features near line center. 

The subject of the bright points and the filigree as detected by Dunn 

at 2A from line center many years ago with the vacuum tower at Sac 

Peak was brought up time and again at the colloquium. 

The filigree is still the smallest phenomenon detected on the sun. Are 

these crinkles, as Dunn calls them, made up out of almost circular 

segments in different orientations or do they instead consist of indi- 
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vidual bright points put stochastically into the intergranular lanes? 

In the first case the circular segment may be the intersection of a 

fixed height above the photosphere with the funnel which engulfes a 

spreading circular fluxtube under different orientation to the line of 

sight. In the second case the sequential individual points may outline 

such intersections for a more or less stochastic sequence of 

individual fieldlines in an intergranular lane selected from the rest 

by thermal processes. 

The Theory of magnetoconvection to a large degree is developed over 

recent years by Weiss and his collaborators in many detailed studies 

of physically well-defined model calculations, answering one question 

at a time. Now with larger computers it became feasible to do more and 

more complete simulations of the complex interaction of the many 

effects of nonstationary convection in the magnetized compressible 

solar atmosphere up to the photosphere with realistic treatment of the 

radiative transfer. Although such simulations became impressively 

successful it seems that in many cases the full analysis of simpler 

and more symmetric models which allow the discussion of the 

consequences of separate changes of the basic parameters will still be 

needed in order to understand the underlying physics. One such model 

calculation, on the magnetoconvection in a cell with the shape of a 

hexagon was recently done by Galloway and Proctor and showed some 

surprinsing effect. The evolution of the flux distribution in the cell 

was calculated. At the base of the cell the initially homogeneous flux 

rapidly coagulates in the middle and at the top it does so at the 

corners of the cell. But also at the photosphere develops a wide 

central hump of addi£ional flux with less fieldstrength. This hump 

competes in total flux with the strong fields in the corner. This 

surprising persistence of flux in the cell center hints that in a 

granule there may also be flux left in the middle of the cell 

(although in such a calculation the magnetic Reynolds number cannot 

yet be pushed up to a realistic value for solar conditions). 

Finally the high resolution study of strong fields in active regions 

and sunspots. 

Here a photospheric (white light) observation was shown by Zwaan which 

is a clear manifestation of the tremendous influence of emerging flux 

at the birth of an active region on the photospheric convection in 
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granules. Certainly this can stimulate theoretical studies. There are 

many open questions in this area. One discussed by Zwaan is the 

question whether the sunspot flux is made up of a cluster of individ- 

ual strands which separate into individual tubes surrounded by unmag- 

netized normal plasma almost immediately below the photosphere or 

whether the strands stay together at depth. There are contradicting 

hints in both directions, and thorough theoretical modelling is needed 

to reach a decision. 

The fine structure in the penumbra was thoroughly investigated by 

Muller. As Professor R6sch commented it shows up like little fish with 

bright heads and elongated tails which all swim towards the umbra. 

Within a complex penumbra between adjacent spots these fish can change 

orientation. The penumbra seems to be a rather thin layer between 

magnetized and unmagnetized plasma with an uniquely oriented struc- 

ture. The most interesting and the smallest fine structure on the sun 

seems to show up always in such a kind of interface: the penumbral 

filaments, the spicules, the facular bright points, the filigree. All 

these phenomena are not static but in rapid motion. Probably there is 

a common cause. The physical constraints which put such magnetic 

interfaces into a certain place are just flux conservation and 

mechanical equilibrium of the total stress of magnetic field and 

plasma across the interface. But the energy transport across the 

layer by radiation and convection is an additional constraint and if 

the layer is not exactly horizontal or exactly vertical there is no 

reason to assume that both equilibria can be achieved so that 

hydrostatic equilibrium along the layer is also guaranteed, may be 

even stationary flow cannot be achieved. This situation gives an 

interesting hint. The interface itself wherever it has an intermediate 

inclination to the vertical presents already a cause for motions along 

the interface which in turn may make up the finestructure in it and 

the observable contrast. 
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