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Preface 

Every three years, a European Meeting on Solar Physics is organized 
by the Solar Physics Section of the Astronomy and Astrophysics Division 
of the European Physical Society. The board of the Section, i.e. 

N.O. Weiss (chairman) 
A. Ambroz 
A.O. Benz 
F. Chiuderi-Drago 
J. Christensen-Dalsgaard 
F.L. Deubner 

W. Mattig 
R.W.P. McWhirter 
E.R. Priest 
R.J. Rutten 
B. Schmieder 
E.H. SchrSter 

acting as a Scientific Organizing Committee, decided to hold the fifth meet- 
ing in this series in Freiburg/Titisee. The local organization was put into 
the hands of the Kiepenheuer-Institut fiir Sonnenphysik at Freiburg. 

The general theme 'Solar and Stellar Physics' was chosen in order to 
focus the meeting on the 'solar-stellar connection'. Space-borne observa- 
tions in the UV and X-ray spectral regions as well as careful monitoring 
of the Ca + emission of individual stars from the ground have revealed a 
wealth of information about stellar activity cycles, chromospheres, coronae 
and winds. On the other hand, it has been recognized that small-scale 
structures are the key to understanding activity phenomena on the Sun, 
heating of its outer atmosphere and, probably, the acceleration of the solar 
wind. 

The proximity of the Sun and the multitude of stars open up the possi- 
bility of attacking basic problems (e.g. heating of chromospheres and coro- 
nae, the nature of flares and eruptive phenomena, the acceleration of winds, 
cyclic magnetic activity and dynamos, the interaction between magnetic 
fields and convective flows) as a common effort of solar and stellar astro- 
physics. The processes can be studied on their natural spatial and temporal 
scales in the case of the Sun while other stars provide a wide range of physi- 
cal parameters (rotation, radius, depth of the convection zone, atmospheric 
structure, evolutionary stage) which can be used to test hypotheses con- 
cerning the physical mechanisms. 

It was the intention of the organizers to bring together scientists from 
both communities, the solar and the stellar, to exchange ideas and results. 
A total of 171 participants from 20 countries made it possible to reach this 
aim. To cover a wide range of topics, the meeting was divided into four 
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sessions: The conference started with a general introduction, the second 
session was devoted to lower atmospheres and convection zones, while outer 
atmospheres and winds were discussed during the third session. Finally, 
a session on space-borne observation of the Sun and stars concluded the 
meeting. 

In order to stimulate discussion and interaction among the partici- 
pants, the scheme of the sessions was somewhat different from the usual 
meeting style. Each session was directed by two chairpersons, one from 
the solar and one from the stellar astrophysics community. Contributed 
talks were omitted in favour of extended discussion periods guided by the 
chairpersons. The discussions focussed on topics raised by the review talks 
and on the posters related to the session. Unfortunately, the content of the 
discussions, which were in part lively and fruitful, could not be included in 
these proceedings. 

About 90 poster contributions were shown at the meeting; the abstracts 
had been refereed beforehand by the respective session chairpersons. A list 
of posters is given at the end of this volume. 

Many persons contributed to the organization and shared a consid- 
erable amount of work. It is a pleasure to thank Mrs. G. Abadia and 
Mrs. Sh. Bloem, the conference secretaries, Mrs. M.v.Uexk~ill and Mr. 
A.v.Alvensleben as members of the local organizing committee and V. An- 
ton, S. Immerschitt and H. Miinzer for their help before, during and after 
the meeting. Other members of the Kiepenheuer-lnstitut and the staff of 
the 'Kurhaus am Titisee' worked behind the scenes. Thanks are due to all 
of them. 

The session chairpersons, I. Appenzeller, A.O. Benz, A.H. Gabriel, 
F. Praderie and R.J. Rutten took the burden of refereeing the poster ab- 
stracts, preparing and stimulating the discussion periods - and even helped 
the techn{cian to sort randomly disordered slides. Their effort was crucial 
to the success of the meeting. 

Last but not least, because no meeting can be organized without finan- 
cial support, we express our sincere thanks to the sponsors of the conference: 

The Deutsche Forschungsgemeinschaft 

The Ministerium fiir Wissenschaft und Kunst 
des Landes Baden-Wiirttemberg 

Freiburg, September 1987 E.H. SchrSter M. Sch~issler 
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WHAT CAN THE SUN TELL US ABOUT STELLAR ACTIVITY? 

N. O. Weiss 
Department of Applied Mathematics and Theoretical Physics 

University of Cambridge 
Cambridge CB3 9EW 

England 

Summary 

The solar-stellar connection relates high-resolution synoptic solar 

observations to observations of magnetic activity in stars with differ- 

ent rotation rates and internal structures. Our knowledge of magnetic 

fields in stellar convection zones is based on detailed observations 

of field structures in the Sun but recent measurements of magnetic 

activity in other late-type stars have extended our understanding of 

the solar dynamo. These observations have stimulated detailed modelling 

of processes associated with magnetic activity. Modulation of activity 

cycles in slowly rotating stars can be inferred from terrestrial data 

extending over the last 10 4 years, while the evolution of the Sun's 

magnetic field can be inferred from the behaviour of younger stars. 

I. Introduction 

The aim of this meeting was to bring together two astrophysical 

communities and to stimulate research by cross-fertilization of ideas. 

Magnetic activity has been detected in a wide variety of stars with 

different masses, ages and rotation rates. The resulting information 

helps us to explain the behaviour of the Sun, the only star on which 

magnetic features can be studied in great detail and aspects of magnetic 

activity can be traced backwards for hundreds and even thousands of 

years. From such measurements we have learnt that the structure of the 

solar atmosphere is controlled by magnetic fields and this knowledge 

helps us to interpret observations of other late-type stars. Conversely, 

the recent surge of research on stellar magnetic activity has led to a 

growing awareness of the solar-stellar connection, and has stimulated 

collaboration between solar and stellar physicists. 

In this introductory review I shall emphasize interdisciplinarity. My 

aim will be to summarize the magnetic behaviour of stars for the benefit 



of solar physicists and to show how our detailed knowledge of the Sun 

can be applied to stellar problems; in addition I shall mention various 

solar-terrestrial effects. Naturally I shall try to avoid trespassing 

on topics that will be discussed elsewhere in these Proceedings. It is, 

however, important to bring out the main theoretical problems that are 

raised by the enormous wealth of observations. We understand the basic 

mechanisms that cause magnetic activity but there is no convincing 

model of the solar dynamo, let alone of the rapidly rotating BY Dra and 

RS Can Ven stars that will be discussed by Rodon6. Particular structures 

such as small flux tubes and prominences have been thoroughly investigated 

but detailed numerical modelling has only recently begun. As yet more 

observations at higher resolution are made, from the new generation of 

ground telescopes and from space, theoreticians will be kept busily 

employed. 

2. What stars tell us about the Sun 

The magnetic fields of Ap stars seem qualitatively different from 

those of late-type stars (Moss 1986). Stars with masses less than 

1.5 M e have deep outer convective zones and are often magnetically 

active. The degree of activity depends on the angular velocity of the 

star (though they are relatively slow rotators). Apparently the combin- 

ation of turbulent convection and rotation allows a global magnetic 

field to be maintained by some kind of dynamo. The resulting activity 

can be detected in optical, radio and X-ray emission. 80 years ago Karl 

Schwarzschild suggested that chromospheric calcium emission in solar 

type stars should be monitored to measure their activity and Hale built 

the 60-inch telescope at Mt Wilson for this purpose. But the telescope 

was used to study distant galaxies and nothing was done until Olin 

Wilson began his survey in 1965. Measurements of Ca + emission obtained 

since then have provided a fertile source of information on activity in 

late type stars (Baliunas & Vaughan 1985). 

Magnetic fields have now been dete~ted in about 50 active stars by 

measuring the Zeeman broadening of spectral lines (Marcy 1984; Gray 

1984; Saar & Linsky 1987). An active star may show fields with a strength 

comparable to that in a sunspot over a substantial fraction of its sur- 

face. In addition there are starspots, which do not significantly contri- 

bute to these lines but lead to significant changes in luminosity as a 

star rotates (Baliunas & Vaughan 1985). Magnetic activity is also asso- 

ciated with flaring, which can be observed in radio or X-ray emission. 

Finally, the X-ray observations obtained by the Einstein and Exosat 



missions have shown that dwarf stars have hot coronae which, by analogy 

with the Sun, are magnetically heated and that the degree of activity 

increases with increasing angular velocity (Pallavicini et al. 1981). 
+ 

Chromospheric Ca H and K emission provides more detailed information 

(Baliunas & Vaughan 1985; Soderblom 1985). From measurements of nearby 

stars it is clear that the degree of activity decreases with increasing 

age and also depends on spectral type. Since activity occurs in patches 

the measured emission varies as the star rotates and the period can 

therefore be determined. Ca + emission depends both on the rotation rate 

and on the structure of the star but it turns out that magnetic activity 

can be related to a single parameter, the inverse Rossby number ~ = ~Tc, 

where ~ is the angular velocity and T c the convective timescale at the 

base of the convective zone (Noyes et al. 1984a). Activity cycles are 

clearly present in a dozen slow rotators, like the Sun, but rapidly 

spinning stars show much more complicated time dependence. 

From such observations we can assemble a description of the magnetic 

history of the Sun. During its pre-main sequence evolution a star of 

solar mass passes through the T Tauri phase, which is characterized by 

violent flaring and activity, as discussed by Montmerle in these Pro- 

ceedings. This energy may be released by the destruction of a primeval 

field rather than by dynamo action in the star (Tayler 1987). As the 

star approaches the main sequence it contracts and spins up. G stars 

in the e Perseicluster rotate at up to 50 times the solar rate but the 

angular velocity of similar stars in the Pleiades (about 3 x 107 years 

older) has fallen by an order of magnitude (Stauffer et al. 1984, 1985). 

Apparently stars spin down rapidly immediately after they have arrived 

on the main sequence but thereafter the rotation rate decays more 

gradually (Rosner & Weiss 1985). The evolution of the magnetic field 

then depends on two processes. The first is the dynamo that maintains 

the field, with a strength that depends on ~. The second is magnetic 

braking which removes angular momentum at a rate that depends on the 

strength B of the magnetic field. Simple parametrizations yield fields 
_i 

that decay with B~t 2 (e~g. Mestel & Spruit 1987). Once ~ is sufficiently 

small we expect cyclic variations of activity like those found in the 

Sun, with an amplitude that gradually decreases as the star grows older. 

Note that this account assumes that the magnetic properties of a star 

with given mass, composition and angular velocity are uniquely determined. 

3. What the Sun tells us about stars 

Much of our understanding of the gross properties of late type stars 



can be inferred from solar observations. In particular, the frequencies 

of solar p-mode oscillations have been used to confirm that standard 

stellar models are essentially correct. The base of the convective zone 

is at 0.7 R e and the frequencies computed for models are in close agree- 

ment with those that have been measured (Christensen-Dalsgaard et al. 

1985), though the neutrino problemstill remains. The internal rotation 

rate can be inferred from rotational splitting of these frequencies 

(Claverie et al. 1981; Duvall & Harvey 1984; Duvall et al. 1984, 1986; 

Brown 1985; Libbrecht 1986). Apparently the angular velocity at the 

equator is almost constant in the convective zone but decreases slightly 

in the outer part of the radiative zone. Latitudinal differential 

rotation persists to the base of the convective zone but decays within 

the radiative zone (cf. Rosner & Weiss 1985). It has been argued that 

the enhanced splitting of low degree modes implies that the core rotates 

at twice the surface rate though it is hard to see how the consequent 

shear could persist if there is any significant magnetic field in the 

radiative zone (Mestel & Weiss 1987). 

Stellar atmospheres can also be described by reference to the Sun. 

Chromospheres and coronae will be discussed elsewhere by Hammer and by 

Pallavicini but questions such as what mechanisms heat them can only be 

answered by comparing model calculations with detailed solar observations. 

Reimers will describe stellar winds but I wonder whether astronomers 

would have believed in them if the first space probes had not confirmed 

Parker's prediction of the solar wind. 

The detailed structure of convection and of magnetic features can 

only be detected on the Sun. Title will show the images of photospheric 

granulation and of supergranular flow that have been obtained by process- 

ing Spacelab 2 results. Magnetic fields have structures that run from 

the global scale of coronal holes down to the smallest scales that can 

be observed. Specific features like prominences and flares or the 

intense magnetic fields in sunspots, pores and intergranular flux tubes 

would scarcely have been postulated if they had not been observed. 

Finally, we have the record of time-dependent behaviour of the Sun, 

based on systematic observations made since the time of Galileo. These 

measurements have revealed not only cycles of activity (which we can 

now detect in other stars) but also the 22-year magnetic cycle which 

distinguishes the Sun's magnetic field from that of a planet like the 

Earth. Sunspot observations show both regular and irregular patterns of 

behaviour. Activity recurs in cycles and the zones of activity migrate 

systematically towards the equator. On the other hand successive cycles 

are not strictly periodic and seem to be aperiodically modulated. More- 

over, fluctuations in angular velocity correspond to waves migrating 



from the pole to the equator over 22 years but recurring with an 11-year 

period at any latitude (Howard & La Bonte 1980). These observations argue 

for a dynamo rather than an oscillator (Sch~ssler 1981; Yoshimura 1981). 

4. Modelling solar and stellar behaviour 

The wealth of solar observations has stimulated a wide variety of 

theoretical models, which are subject to the constraint that their 

predictions can be compared with detailed measurements. Zahn will discuss 

the hydrodynamics of the convection zone. Here there are three-dimensional 

numerical experiments in the Boussinesq and anelastic approximations that 

indicate the global structure of large-scale convection (Gilman 1979; 

Glatzmaier 1985). These models suggest that there are giant cells, 

elongated parallel to the rotation axis owing to the Proudman-Taylor 

constraint imposed by Coriolis forces. As a result, the angular velocity 

tends to be constant on cylindrical surfaces, decreasing with depth in 

the convective zone. Experiments conducted in space, with thermal con- 

vection simulated by electrostatic forces in a dielectric fluid, have 

strikingly confirmed this picture (Hart et al. 1986). 

Photospheric convection is on much smaller scales and observations 

provide a picture dominated by the dynamics of exploding granules. Some 

idea of this fragmentation process can be obtained from Boussinesq 

results (e.g. Jones & Moore 1979) but realistic simulations have to be 

compressible. The models pioneered by Nordlund (1985) were first used to 

describe the solar granulation but have since been developed to cover 

stars like Procyon and Sirius, as Dravins will explain. This work de- 

monstrates how the solar-stellar convection should be exploited. 

Magnetohydrodynamic behaviour has been modelled in great detail 

(Priest 1982). There are studies of the equilibrium and stability of 

prominences, of waves and heating mechanisms and of isolated slender flux 

tubes. The purely hydrodynamic models of convection have been extended 

to include magnetic fields and treatments of magnetoconvection include 

both simulations of solar granulation and idealized model calculations 

(Hurlburt & Weiss 1987; Hughes & Proctor 1987). 

The dynamo problem always attracts attention and stimulates some 

controversy. Aspects of dynamo theory will be discussed hy Stix. The 

basic processes are well understood: differential rotation draws out 

poloidal field lines to generate toroidal flux and cyclonic eddies provide 

helicity which yields a reversed poloidal field (Parker 1979). Owing to 

the difficulty of retaining buoyant magnetic flux in a convecting region 

it has been suggested that the solar dynamo is located in a magnetic 



layer in the region of convective overshoot at the base of the convective 

zone (e.g. Spiegel & Weiss 1980; van Ballegooijen 1982). Self-consistent 

calculations confirm that the dynamo process works (Gilman 1983; Glatz- 

maier 1985) though they do not reproduce the detailed structure of the 

solar cycle. In particular, the dynamo waves travel towards the poles 

rather than towards the equator. Much of the work has focussed on simpler 

mean field dynamo models, where the helicity is parametrized as the 

e-effect and many examples of dynamo waves are illustrated in the litera- 

ture. I should, however, emphasize that dynamo theory remains in a 

relatively primitive state. We do not know where the solar dynamo is 

located and there is no convincing model that reproduces details of the 

solar cycle. It has been suggested that other processes such as axi- 

symmetric meridional circulations should be invoked (e.g. Wilson 1987) 

but there is no reason to doubt the efficacy of the dynamo mechanism 

for generating stellar fields. What is needed are better models of the 

solar dynamo. Once such models are available they can be appliedto 

other slow rotators with magnetic cycles. Then it may be possible to 

propose dynamo models for more active stars. 

5. What the Earth can tell us about stars 

The historical record of solar activity since 1610 shows that the 

magnetic cycles are irregularly modulated. During the latter half of the 

seventeenth century (the Maunder minimum) sunspots were rare and there 

is evidence of earlier grand minima in the record of auroral observations. 

Variations in the abundances of 10Be and 14C provide a better indicator. 

Magnetic fields in the solar wind modulate the intensity of galactic 

cosmic rays which are responsible for producing these unstable isotopes. 

The 11-year activity cycle has been detected from variations in 10Be 

abundances in an ice-core from Greenland, where annual layers can be re- 

cognized and the Maunder minimum is clearly visible. The 14C abundance 

anomalies reflect the envelope of the activity cycle. This envelope is 

consistent with recent sunspot observations and has been carried back 

over the last 9000 years (Stuiver et al. 1986). Grand minima recur irre- 

gularly throughout this period, with a characteristic timescale around 

200 yr. 

Climatic variations may provide another proxy record. There have been 

many attempts to establish a correlation between historical indicators 

of the climate and the 11 or 22 year cycles but none of these is con- 

vincing. Yet there are tantalising data sets that may contain fossil re- 

cords of solar activity. The most striking are the laminated Precambrian 



varves of the Elatina formation from South Australia. There are about 

20 000 "annual" layers deposited during an ice age 6.8 x 108 yr ago and 

modulated with an 11-12 year period: if these varves reflect the solar 

cycle then they offer the best record that we have (Williams 1981, 1985; 

Williams & Sonett 1985). On the other hand, the regular modulation with 

a 320 "year" period differs qualitatively from the sporadic grand minima 

in the 14C record, shedding doubt on this interpretation (Weiss 1987). 

Astrophysicists tend to expect that the behaviour of a star is 

uniquely determined by its mass, composition and rotation rate. Oscilla- 

tory dynamos are, however, complicated nonlinear systems which need not 

have unique solutions. The solar cycle is not periodic and appears to be 

an example of deterministic chaos (Ruzmaikin 1986). The pattern of 

behaviour during grand minima is quite different from that shown by the 

Sun over the past 270 years and solar type stars presumably spend about 

one-quarter of the time in a magnetically inactive state. It is not clear 

which nonlinear processes are responsible for limiting the growth of the 

magnetic field (Noyes et al. 1984b). One possibility is that the Lorentz 

force locally balances the Coriolis force, so changing the pattern of 

convection (Zel'dovich et al. 1983; Jones & Galloway 1987). There is 

evidence that the solar surface rotated more slowly during the Maunder 

minimum (Ribes et al. 1987), suggesting that the distribution of angular 

momentum was different, perhaps because the rotational constraints on 

giant cells were partially relaxed. If difZerent possibilities of this 

type exist we should be cautious before asserting that any star exhibits 

a unique pattern of magnetic activity, even when averaged over many 

cycle periods. 

6. Conclusion 

From what I have said it is clear that theoretical speculations rest 

on observations. The issues I have mentioned have become topical because 

improved techniques have led to a much wider range of solar and stellar 

observations. Kneer will contrast the advantages and disadvantages of 

observations from ground-based observatories and from space. Under favour- 

able seeing conditions observatories like the Pic du Midi and (we hope) 

the new stations at Tenerife and La Palma can observe the solar photo- 

sphere with extremely high resolution. Yet the images obtained by Title 

and his colleagues from Spacelab 2 surpass anything that had previously 

been seen and provide a lesson in what can be learnt by carefully pro- 

cessing high quality results. Over the next decade more missions will be 

flown in space. Bonnet's summary offers us an exciting prospect, with 
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solar and stellar observations in optical, ultraviolet and X-ray 

frequencies. The results should keep theoreticians occupied well into 

the next millennium. 
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ON THE ORIGIN OF STELLAR MAGNETISM 

Michael Stix 

Kiepenheuer-lnstitut for Sonnenphysik, 

SchSneckstr. 6, O 7800 Freiburg 

Solar and s te l l a r  magnetic f ie lds  of fer  a large var ie ty  of in terest ing aspects: 

the i r  or ig in,  the i r  var ia t ion in space and time, the i r  relat ionship to the 

thermodynamic state, the i r  s t a b i l i t y  etc. I shall  not cover a l l  of these aspects in 

th is review, but shall concentrate on two problems which are related to the or iq in 

of s t e l l l a r  magnetism. The f i r s t  is the concept of mean f ie lds ,  which plays a key 

role in the theory. The second is a question which has been discussed recently in 

par t icu lar  in the context of the solar dynamo: namely the t rans i t ion layer at the 

base of the convection zone as the postulated seat of the dynamo. 

Other questions, e.g. flux concentration into narrow tubes, differential rotation, 

the effect of the magnetic field on solar oscillations etc., will be treated only 

insofar as they touch the two main topics of this presentation. 

Of course, the important subject of magnetix flux tubes, in particular all the 

observational aspects, will be underrepresented in this review. But [ feel justified 

since a number of recent conferences were exclusively devoted to this theme, cf. the 

proceedings edited by Schmidt (1985), Oeinzer et al. (1986}, and Schr6ter et al. 

( 1987 ) .  

1. The Concept of a Mean Field 

It is no particular problem to define a mean magnetic field as an average over space 

or  t i m e ,  o r  o v e r  an ensemble .  But i t  i s  a g r e a t  p rob lem to  f o r m u l a t e  the t r a n s p o r t  

p r o p e r t i e s  o f  t h i s  mean f i e l d  i n  a q u a n t i t a t i v e  and c o r r e c t  manner. 

Mitteilungen aus dem Kiepenheuer-Institut Nr. 281 
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The a n a l o g y  t o  t he  k i n e t i c  t h e o r y  o f  gases p r o v i d e s  t h e  e a s i e s t ,  a l t h o u g h  n o t  

e n t i r e l y  c o r r e c t ,  access ,  Gas p a r t i c l e s  a re  r e p l a c e d  by p a r c e l s  o f  f l u i d ,  t he  mean 

t h e r m a l  v e l o c i t y  by t h e  r . m . s ,  f l u i d  v e l o c i t y ,  u, and t h e  mean f r e e  pa th  by t h e  

c o r r e l a t i o n  l e n g t h ,  1, o r  t he  m i x i n g  l e n g t h  o f  t he  t u r b u l e n t  f l u i d  m o t i o n .  F u r t h e r ,  

t h e  p a r t i c l e s  o f  t h e  d i s o l v e d  s u b s t a n c e  are  r e p l a c e d  by t h e  l i n e s  o f  t h e  m a g n e t i c  

f o r c e ,  and t h e  c o n c e n t r a t i o n  o f  t h o s e  p a r t i c l e s  by t h e  mean m a g n e t i c  f i e l d  , B .  The 

r e s u l t  i s  a d i f f u s i o n  p r o c e s s ,  g o v e r n e d  by 

where  

q = = u l  (2)  
,3 

Of c o u r s e ,  we know t h a t  t h e  a n a l o g y  i s  m i s l e a d i n g  because t h e  i n t e r a c t i o n s  a re  so 

much d i f f e r e n t .  There we m e r e l y  have c o l l i s i o n s  between t h e  gas p a r t i c l e s  and t h e  

d i s s o l v e d  p a r t i c l e s ;  he re  we have c o m m u n i c a t i o n  between f l u i d  p a r c e l s  by the  

p r e s s u r e  g r a d i e n t  and o t h e r  vo lume f o r c e s ,  and i n d u c t i o n  o f  m a g n e t i c  f i e l d  by f l u i d  

m o t i o n s ,  

1.1 F i r s t  Order  Smooth ing  

I n  a k i n e m a t i c  t h e o r y ,  where  t h e  f l u i d  m o t i o n s  a re  c o n s i d e r e d  as g i v e n ,  i t  wou ld  be 

s u f f i c i e n t  t o  d e s c r i b e  a t  l e a s t  t he  i n d u c t i o n  p r o c e s s  in  a c o r r e c t  manner .  The 

r e c i p e  wh i ch  i s  commonly used i s  t h e  w e l l - k n o w n  p r o c e d u r e  o f  f i r s t  o r d e r  s m o o t h i n g .  

L e t  u be t h e  t u r b u l e n t  v e l o c i t y ,  and 

a = B + b ( 3 )  

t he  m a g n e t i c  f i e l d ,  d i v i d e d  i n t o  i t s  mean and f l u c t u a t i n g  p a r t s .  The i n d u c t i o n  

e q u a t i o n ,  c o n s i d e r e d  he re  f o r  t h e  case o f  p e r f e c t  e l e c t r i c a l  c o n d u c t i o n ,  i s  

= curl (u x B) (4)  

Th is  e q u a t i o n  i s  a l s o  d i v i d e d  i n t o  i t s  mean 

B = c u r l  (u  x B) (5)  

and f l u c t u a t i n g  p a r t  
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= c u r l  (u  x B) + c u r l  (u x b - u x b) ( 6 )  

F i r s t  o r d e r  s m o o t h i n g  c o n s i s t s  in  t he  n e g l e c t  o f  t h e  second te rm on t he  r i g h t  o f  

( 6 ) .  Then i t  i s  r e l a t i v e l y  easy  t o  s o l v e  (6)  f o r  b, t o  c a l c u l a t e  u x b, and t o  

s u b s t i t u t e  t h e  r e s u l t  i n t o  ( 5 ) .  The case o f  s t a t i o n a r y  and i s o t r o p i c  t u r b u l e n c e ,  

w i t h  a c o r r e l a t i o n  t i m e  T, i s  t h e  s i m p l e s t ;  i t  y i e l d s  t h e  mean f i e l d  e q u a t i o n  i n  

t he  fo rm 

B = c u r l  (¢B - ~ c u r l  B) (7)  

where  

= - = T u. c u r l  u (8)  

and 

4 2 
= ~ u T ( 9 )  

8ecause t he  v e c o l i t y  appea rs  i n  (8)  and (9)  o n l y  i n  fo rm o f  mean second o r d e r  t e rms ,  

t h i s  a p p r o x i m a t i o n  has a l s o  been c a l l e d  " second  o r d e r  c o r r e l a t i o n  a p p r o x i m a t i o n " ,  

m o s t l y  by H. S teenbeck  and c o l l a b o r a t o r s ,  who d e v e l o p e d  t h e s e  c o n c e p t s  (K rause  and 

R ~ d l e r ,  1980 ) .  

Of c o u r s e  i t  i s  t e m p t i n g  t o  j u s t i f y  (2)  by ( 9 ) .  And i n d e e d  we may i m a g i n e  t h a t  

m a g n e t i c  l i n e s  o f  f o r c e  a re  pushed a round  i n  a random w a l k  j u s t  l i k e  d i s s o l v e d  

p a r t i c l e s  ( L e i g h t o n ,  1964 ) .  Bu t  t h e  i d e n t i f i c a t i o n  o f  ~ w i t h  q r e q u i r e s  t h a t  

1 = u~, wh ich  may be t r u e  f o r  t he  s o l a r  c o n v e c t i o n  zone ( i n  any case i t  i s  assumed 

t o  be t r u e  i n  t h e  m i x i n g  l e n g t h  t h e o r y  o f  s t e l l a r  c o n v e c t i o n ) ,  bu t  wh i ch  a l s o  i s  

j u s t  t he  c o n d i t i o n  wh i ch  makes f i r s t  o r d e r  smoo th i ng  most  q u e s t i o n a b l e !  Th is  we 

s h a l l  see i n  t h e  f o l l o w i n g  s e c t i o n .  A d d i t i o n a l  c o m p l i c a t i o n s  a r i s e  because ,  due t h e  

effects of stratification and rotation, stellar convection is far from isotropic 

turbulence. 

1.2  8eyond F i r s t  O r d e r  Smooth ing  

I t  has l o n g  been r e c o g n i z e d  t h a t  f i r s t  o r d e r  s m o o t h i n g  i s  an i n c o m p l e t e  t h e o r y .  

Krause  (1967 ,  1968; see a l s o  Krause  and R ~ d l e r ,  1980) has f o r m u l a t e d  an i t e r a t i o n  

scheme f o r  a c o m p l e t e  s o l u t i o n  o f  t h e  i n d u c t i o n  e q u a t i o n ,  and has g i v e n  a p r o v e  f o r  
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its convergence. Other formulations were given by Knobloch (1977, 1978 a,b) and by 

Hoyng (1985). Here I shall fol low the recent work of Nicklaus (1987), who extended 

Knobloch's work and actual ly produced some quant i t ive resul ts.  Knobloch considers 

the operator 

L = c u r l  (u x ) (10)  

as a stochastic quant i ty,  and writes the mean f i e l d  equation in the general form 

= K B (11)  

The c o e f f i c i e n t  K i s  i t s e l f  an o p e r a t o r ,  and i s  exp ressed  as an e x p a n s i o n  i n  terms 

o f  o r d e r e d  cumulan ts  

~ f  m 

Each cumulant  i n  t u r n  c o n s i s t s  in  a sum o f  terms c o n t a i n i n g  m r e p e a t e d  a p p l i c a t i o n s  

o f  the  o p e r a t o r  L. P h y s i c a l l y ,  t h i s  f o r m a l i s m  d e s c r i b e s  the  dependence o f  the  

magne t i c  f i e l d  a t  any i n s t a n t  on the f i e l d  and the f l o w  in  the  p a s t .  

Le t  us aga in  t u r n  t o  the  case o f  s t a t i o n a r y  and i s o t r o p i c  t u r b u l e n c e .  The mean 

f i e ld  equation then takes the form 

B = (q l  V x + q2 V2 + q3 V x V 2 + . . . )  (13) 

Spatial der ivat ives of a rb i t ra ry  order enter into (13), in contrast to (7) which was 

of second order only. Moreover, the transport coef f ic ients qi are themselves 

i n f i n i t e  sums, each with contributions from cumulants k of a rb i t ra ry  order. The 
m 

f i r s t  o r d e r  c o e f f i c i e n t s  (8)  and (9) a re  thus " r e n o r m a l i z e d ' .  

The question of convergence is an important one. As each application of the operator 

L essent ia l ly  lasts one correlat ion time, r, and as L should have an upper bound, 

viz. 

IL l  ( ull (14) 

we see that 

k - S m (15)  
m 
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where  

S = u r / 1  (16)  

i s  t h e  S t r o u h a l  number .  Of c o u r s e ,  t he  v e l o c i t y  u i n  ( l k )  and (16)  need no t  e x a c t l y  

be t h e  r . m . s ,  v e l o c i t y ,  and i need n o t  e x a c t l y  be t h e  c o r r e l a t i o n  l e n g t h ,  b u t  we 

may r e a s o n a b l y  e x p e c t  t h a t  t he  o r d e r  o f  m a g n i t u d e  i s  t he  same. Thus we e x p e c t  good 

c o n v e r g e n c e  i f  S i s  s m a l l e r  t h a n  some c r i t i c a l  v a l u e ,  wh i ch  shou ld  be o f  o r d e r  1. 

That  a s m a l l  S t r o u h a l  number i s  t he  c o n d i t i o n  ( f o r  h i g h  e l e c t r i c a l  c o n d u c t i v i t y )  

unde r  wh i ch  f i r s t  o r d e r  s m o o t h i n g  i s  s a t i s f a c t o r y  was a l r e a d y  r e c o g n i z e d  l o n g  ago 

( e . 9 .  S teenbeck  and K rause ,  1969) .  

As a s p e c i a l  example  o f  a s t o c h a s t i c  v e l o c t y  f i e l d ,  N i c k l a u s  (1987)  c o n s i d e r e d  an 

ensemble  o f  p o l a r i z e d  waves ,  wh ich  was a l s o  s t u d i e d  by 0rummond e t  e l .  ( 198k )  and 

Drummond and Horgan (1986)  i n  a d i f f e r e n t  c o n t e x t  ( c f .  t h e  f o l l o w i n g  s e c t i o n ) .  Each 

r e a l i z a t i o n  o f  t h i s  ensemble  i s  o f  t he  fo rm 

A 
u : A/rE # { [ b  1 x k 1 c o s S -  (c  1 x k 1) x k 1 s i n S ]  cos ( k l . X  - w i t )  

A 
÷ [ c  1 x k 1 cosS - (b  1 x k 1) x k 1 s i n S ]  s i n  ( k l . X  - ~ l t ) }  

(17)  

Here A is a constant of normalization, chosen so that 

NA 2 4 u 2 (a c o n s t a n t )  (18)  

as N * - ;  t he  v e c t o r s  b 1 and c I a re  random v a r i a b l e s  d i s t r i b u t e d  u n i f o r m l y  o v e r  t h e  

u n i t  s p h e r e ;  t he  wave v e c t o r s  k 1 a re  a l s o  i s o t r o p i c a l l y  d i s t r i b u t e d ,  b u t  w i t h  a 
A 

spectrum E(k I) where k I = Ikll; k I is the unit vector kl/kl, and w I are random 

frequencies with a distribution O(Ul). 

Expression (17) constitutes an incompressible flow. Each term is a transverse wave, 

and can t h e r e f o r e  be p o l a r i z e d .  The f r e e  p a r a m e t e r  S d e f i n e s  t he  d e g r e e  o f  c i r c u l a r  

p o l a r i z a t i o n ,  o r  h e l i c i t y .  

Let us restrict our attention to the first corrections to first order smoothing 

which arise in the formalism of cumulants. It can be shown that for N 4 ~ (17) 

tends to a gaussian turbulence where third order correlations vanish, and forth 

order correlations decay into products of second order correlations. The terms with 

third and forth order derivatives in (13) also disappear. We formally recover the 

mean f i e l d  e q u a t i o n  ( 7 ) ,  bu t  ~ and ~ a re  r e n o r m a l i z e d :  



20 

13 : 132 ,. 13~, 

( 19 )  

The va r ious  c o n t r i b u t i o n s  to ¢ and fl are shown in F ig .  1 f o r  the f o l l o w i n g  wave 

number and f requency spec t ra :  

E ( k )  = ~ exp (-  .-.~-.-1 (201 

4 4 
-O(W) = ( 21 )  

where ~ and • are the c o r r e l a t i o n  l eng th  and t ime,  respec t i ve lym Nick laus  (1987) has 

s tud ied  a number o f  f u r t h e r  examples. The r e s u l t  shown here is q u i t e  

c h a r a c t e r i s t i c :  ~& and f14 may become o f  comparable magnitude to  ~2 and ~2 when 

S * 1; the f o r t h  o rder  terms may be p o s i t i v e  or nega t i ve ,  they may even change the 

sign o f  a or ~ a l t o g e t h e r .  The = terms are p r o p o r t i o n a l  to  sin2~ and t h e r e f o r e  

vanish f o r  $ = O. Of the ~ terms the second order  c o n t r i b u t i o n  ~2 in  independent o f  

$, but ~4 s t r o n g l y  depends on ~ (maximum h e l i c i t y ,  i . e .  ~ = w/k,  i s  chosen in  F ig .  

1 unless i n d i c a t e d  o t h e r w i s e ) .  

The conclusion of these experiments is clear: in order to be reliable the determi- 

nation of transport coefficients for the mean magnetic field must go beyond first 

order smoothing. The problem is of course that as soon as ~& and ~¢ become 

significant contributions, we have also a good indication that, because of (15), 

higher contributions become significant as well! Thus the situation is difficult 

indeed, in particular as we have not yet considered the (certainly important) 

deviations from isotropy and, in addition, have solar neglected the dynamic response 

of the velocity field u to the magnetic force. 

1.3 Lagrangian Approach 

Yet another possibility to avoid first order smoothing has been explored in recent 

years. First persued by Moffat (1975) and Kraichnan (1976), it takes advantage of 

the fact that, in Lagrangian co-ordinates, the induction equation has an exact 

solution (see also Hoffatt, 1978). This solution requires the knowledge of the path 

x ( a , t )  o f  a f l u i d  pa rce l  i n i t i a l l y  at  p o s i t i o n  a, which,  in  the k i nemat i c  case, can 

be c a l c u l a t e d  from the g iven v e l o c i t y  f i e l d :  
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F i g .  1. C o r r e l a t i o n  i n  space and t ime  (upper  p a n e l s )  f o r  the  v e l o c i t y  f i e l d  ( 1 7 ) ,  

with spectra (20) and (21),  and contributions to the ~ - e f f c t  and turbulent 

d i f f u s i v i t y  (lower panels),  as functions of the Strouhal number, S = uT/~. From 

N i c k l a u s  ( 1 9 8 7 ) .  
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where 

x ( a , t )  = a + / U L ( a , T )  dT 

0 

(22)  

u L ( a , r )  = u ( x ( a , x ) , x )  (23)  

i s  the  v e l o c i t y  a long  the  p a t h .  For an i n i t i a l l y  homogeneous f i e l d ,  8 , the  k - t h  
o 

component o f  the  Lag rang ian  s o l u t i o n  i s  then 

B k ( X , t )  : Bol  ~Xk/~a 1 (24) 

Having g we may c a l c u l a t e  u x 8 wh ich  (assuming u=O) i s  equa l  t o  u x b, t he  d e s i r e d  

te rm o f  our  mean f i e l d  e q u a t i o n  ( 5 ) .  We f i n d  f o r  the  i - t h  component 

(U x b i  i = ¢ i j k  u j  ~Xk/~a 1 Bo l  ~ ~ i l  Bol  (25) 

Th is  r e l a t i o n  d e f i n e s  a t e n s o r i a l  ¢ c o e f f i c i e n t .  A s i m i l a r  f o r m u l a ,  i n v o l v i n g  an 

i n i t i a l  f i e l d  w i t h  a homogeneous g r a d i e n t ,  d e f i n e s  t h e  c o r r e s p o n d i n g  B t e n s e r  

( H o f f a t t ,  1978) .  For  i s o t r o p i c  t u r b u l e n c e ,  t he  case wh ich  has been t r e a t e d  s o l a r ,  

t hese  t e n s o r s  a re  reduced t o  s c a l a r  c o e f f i c i e n t s ,  namely the  a and ~ wh ich  appear  

in ( 7 ) .  

Of cou rse  the  c o e f f i c i e n t s  thus  d e f i n e d  depend on t i m e ,  bu t  f o r  a s u f f i c i e n t l y  i ong  

p e r i o d  o f  i n t e g r a t i o n  t he  m a g n e t i c  f i e l d  shou ld  f o r g e t  i t s  i n i t i a l  c o n f i g u r a t i o n ,  

and we may hope t h a t  = and ~ become i n d e p e n d e n t  o f  t .  The c a l c u l a t i o n s  o f  Drummond 

and Horgan (1986) i n d i c a t e  t h a t  t h i s  i s  indeed the  case .  These a u t h o r s  used the  
¢ 

v e l o c i t y  f i e l d  ( 17 ) ,  w i t h  a Gauss ian d i s t r i b u t i o n  o f  v a r i a n c e  w f o r  the  
o 

f r e q u e n c i e s  u , w i t h  $=n /4 ,  and w i t h  two forms o f  t he  wave number spec t rum:  a 
n \ 

u n i f o r m  d i s t r i b u t i o n  ove r  a sphere o f  r a d i u s  k ( t h e  " 5 - s h e l l " ) ,  and a Gauss ian 
o 

d i s t r i b u t i o n ,  o f  v a r i a n c e  k~, f o r  each component o f  k 1. Drummond and Horgan even 

i n c l u d e d  the  e f f e c t  o f  f i n i t e  e l e c t r i c a i  c o n d u c t i v i t y ,  i . e .  n o n - z e r o  d i f f u s i v i t y  (K 

i n  t h e i r  n o t a t i o n )  i n t o  t h e i r  c a l c u l a t i o n .  F i g u r e  2 shows~ as f u n c t i o n s  o f  K, t he  

va lues  toward  wh ich  the  ¢ ,and  ~ c o e f f i c i e n t s  converge  a f t e r  a long  enough 
\ \ 

i n t e g r a t i o n  and a f t e r  a v e r a g i n g  ove r  up to  4 .5x105 c a l c u l a t e d  f l u i d  p a t h e s .  These 
\ = u 2 u 2 r e s u l t s  a~e in  a r b i t r a r y  u n i t s ;  e . g .  i f  k ° 6 m -1 ,  mo = 10 s -1 and o ~ = 

3 mZ/s 2, t~en a i s  i n  m/s ,  w h i l e  ~ and K a re  i n  m2/s .  The p a r a m e t e r  va i ues  were  

d e l i b e r a t e l y  chosen to  s a t i s f y  the  r e l a t i o n  Uo ~ Uoko' wh ich  c o r r e s p o n d s  t o  a 

$ t r o u h a l  number o f  o r d e r  1, the  i n t e r e s t i n g  case as f a r  as s t e l l a r  c o n v e c t i o n  i s  

concerned, 
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F i g .  2. C o e f f i c i e n t s  ~ and ~, f o r  t ~ =,  as f u n c t i o n s  o f  d i f f u s i v i t y ,  f o r  t he  case 
z 

k = 6, w ° = 10, U o = 3. (a )  6 - s h e l l ;  (b )  Gauss ian  s p e c t r u m .  The c o n t i n u o u s  c u r v e s  
o 

r e s u l t  f r o m  f i r s t  o r d e r  s m o o t h i n g .  From Drummond and Horgan ( 1 9 8 6 ) .  
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We see that even for  perfect conduct iv i ty (K=@) convergent results are obtained. I t  

is pa r t i cu la r l y  encouraging that the results of f i r s t  order smoothing are not too 

far away from the exact solut ion, although the difference is most markedly in the 

interest ing l im i t  K=0. 

2. The T r a n s i t i o n  Layer Dynamo 

Let me now turn to a quite d i f f e ren t  problem, namely the question of a hydromagnetic 

dynamo situated in a t rans i t ion layer between the outer convection zone and the 

radiat ive i n t e r i o r  of a star. This question has been discussed recently pr imar i ly  

in the solar context, but of course i t  is relevant for a l l  main sequence stars 

which have an outer convection zone. 

2.1 Why not in the Convection Zone? 

The f i r s t  answer to  t h i s  ques t ion  is  magnet ic  buoyancy and the genera l  i n s t a b i l i t v  

o f  f i e l d s  in the convec t ion  zone. Magnetic buoyancy a r i ses  because in a magnetized 

plasma the gas pressure i s  p a r t l y  rep laced by magnet ic  p ressure .  In genera l ,  

t h e r e f o r e ,  the dens i t y  i s  lower than in the unmagnetic envi ronment  (Parker ,  1955a). 

This e f f e c t ,  f u r t h e r  i n v e s t i g a t e d  by Parker (1975),  leads to  rap id  r i s e  o f  f l u x  

tubes embedded in the convec t ion  zone. C a l c u l a t i o n s  o f  Unno and Ribes (1976) and 

SchOssler (1977) showed t h a t  t u r b u l e n t  v i s c o s i t y  opposes the rap id  r i s e ,  but the 

common convec t i ve  i n s t a b i l i t y ,  due to the s u p e r a d i a b a t i c  mean temperature  g r a d i e n t ,  

acce le ra tes  i t  f u r t h e r ,  S p r u i t  and van Ba l legoo i3en  (1982) found t h a t ,  in any case, 

h o r i z o n t a l  f l u x  tubes are uns tab le  i f  

'~3(V-V a) > -1 (26) 

where 

(27) 

3 is  the r a t i o  o f  s p e c i f i c  heats ,  and V and V are the a c t u a l  and a d i a b a t i c  a 

temperature  g r a d i e n t s  ( d l n T / d l n P ) .  In a convec t ion  zone, the i n s t a b i l i t y  occurs 

rega rd less  how smal l  the f i e l d  B i s .  H o r e n o - I n s e r t i s  (1983),  who inc luded the 

e f f e c t  o f  " convec t i ve  buoyancy" i n t o  h is  models o f  r i s i n g  f l u x  tubes, ob ta ined even 

s h o r t e r  r i s e  t imes than Parker .  
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The a rgument  he re  i s  n o t  t h a t  a dynamo wou ld  be e n t i r e l y  i m p o s s i b l e  unde r  t h e s e  

c i r c u m s t a n c e s .  However ,  as soon as some m a g n e t i c  f l u x  i s  g e n e r a t e d  by s h e a r i n g  

m o t i o n s ,  i t  wou ld  r i s e  t o  t h e  s u r f a c e .  We wou ld  t hen  see a l a r g e  amount o~ m a g n e t i c  

f l u x  i n  fo rm o f  weak f l u x  t ubes  d i s t r i b u t e d  o v e r  t he  s o l a r  s u r f a c e ,  bu t  no t  t h e  

l a r g e  ~ l u x  f r a g m e n t s  o f  1013 Wb o r  more wh i ch  a re  t y p i c a l  f o r  t h e  b i p o l a r  r e g i o n s  

o f  t he  Sun ( e . g .  Ga rc i a  de l a  Rosa, 1987 ) .  

The f a c t  t h a t  t h e s e  b i p o l a r  r e g i o n s  s t r i c t l y  ~ o l l o w  H a l e ' s  p o l a r i t y  r u l e s ,  w i t h  

p r a c t i c a l l y  no e x c e p t i o n ,  may a l s o  be i n t e r p r e t e d  as e v i d e n c e  f o r  a dynamo l a y e r  

b e l o w  t h e  c o n v e c t i o n  zone .  There  we may e x p e c t  ( p e r h a p s  o v e r s h o o t i n g )  m o t i o n s  wh ich  

a re  l e s s  t u r b u l e n t  t han  i n  t he  p r o p e r  c o n v e c t i o n  zone .  Hence t h e  m a g n e t i c  f i e l d  may 

behave  more o r d e r l y .  

A n o t h e r  i m p o r t a n t  a rgument  emerges f rom h y d r o d y n a m i c  mode ls  o f  c o n v e c t i o n  o f  a 

c o m p r e s s i b l e  f l u i d  i n  a r o t a t i n g  s p h e r i c a l  s h e l l  ( G l a t z m a i e r ,  1984, l g 8 5 a ;  Gi lman 

and H i l l e r ,  1986;  f o r  a r e c e n t  r e v i e w  see G l a t z m a i e r ,  1987 ) .  The d i f f e r e n t i a l  

r o t a t i o n  o b t a i n e d  in  such models  has an a n g u l a r  v e l o c i t y ,  w, wh i ch  i s  c o n s t a n t  on 

c y l i n d e r s  p a r a l l e l  t o  t h e  a x i s  o f  r o t a t i o n ,  a consequence  o f  t h e  r o t a t i o n a l  

constraint. With the observed latitudinal gradient of w, this leads to ~w/@r > O. 

On the other hand, the Coriolis force renders the convection helical with negative 

helicity in the northern, and positive helicity in the southern hemisphere (except 

for the lowest part of the shell, where the sign is opposite). The c-coefficient 

for the regeneration of the mean poloidal field is then positive in the north and 

negative in the south. In this case the kinematic Cu-dynamo yields a mean field 

migrating toward the poles rather than toward the equator. The dynamic calculations 

o f  Gi lman and H i l l e r  ( 1 9 8 1 ) ,  Gi lman ( 1 9 8 3 ) ,  and G l a t z m a i e r  (1985a)  c o n f i r m  t h i s  

result. 

A related difficulty is that the dynamic calculations yield an ~ - e ~ f e c t  and a 

differential rotation of comparable magnitude, i.e. 

la l  = I r Z w l  (28) 

According to the =umdynamo, we would then expect mean poloidal and toroidal field 

components which are also of comparable magnitude, unlike the solar mean poloidal 

field of order I 6 (measured] which is much weaker than the mean toroidal field of 

order 100 G (inferred from the flux measured in bipolar regions). 

We must now see w h e t h e r  a b o u n d a r y  l a y e r  a t  t he  base o f  t he  c o n v e c t i o n  zone he lps  to  

a v o i d  t h e  d i f f c u l t i e s  m e n t i o n e d  i n  t h i s  s e c t i o n .  S p i e g e l  and Weiss (1980)  f i r s t  

d i s c u s s e d  such a l a y e r .  
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2 .2  The O v e r s h o o t  L a y e r  

Thermal  c o n v e c t i o n  i s  d r i v e n  by a s u p e r a d i a b a t i c  t e m p e r a t u r e  g r a d i e n t ,  b u t  i t  may 

o v e r s h o o t  i n t o  a l a y e r  o f  s u b a d i a b a t i c  s t r a t i f i c a t i o n .  For t he  p r e s e n t  pu rpose  t h i s  

i s  a t t r a c t i v e  because (25)  wou ld  a l l o w  ( a l t h o u g h  no t  e n s u r e )  s t a b l e  f l u x  t ubes  i n  

such a l a y e r .  

In  t h e  Sun, t h e  base o f  t h e  c o n v e c t i o n  zone i s  where  V = Va, a t  a d e p t h  o~ abou t  

0 .7  r . A t  t h i s  d e p t h  t h e  t e m p e r a t u r e  g r a d i e n t  has a s l i g h t  v a r i a t i o n ,  wh i ch  i s  
e 

v i s i b l e  bo th  i n  a s o l a r  model  c a l c u l a t i o n ,  and a l s o  i n  t h e  r e s u l t  o b t a i n e d  by 

C h r i s t e n s e n - D a l s g a a r d  e t  a l .  (1985)  who i n v e r t e d  o b s e r v e d  p mode e i g e n f r e q u e n c i e s ,  

c f .  F i g .  3, uppe r  p a n e l .  

I n  o r d e r  t o  d e s c r i b e  c o n v e c t i v e  o v e r s h o o t  we must  n o t  use t h e  l o c a l  m i x i n g  l e n g t h  

f o r m a l i s m  because t hen  t he  c o n v e c t i o n  v e l o c i t y  wou ld  v a n i s h  a t  V = V . A number o f  a 

f o r m a l i s m s  have been d e v e l o p e d  t o  i n c l u d e  c o n v e c t i o n  v e l o c i t i e s  be low  t h i s  l e v e l .  

Van B a l l e g o o i 3 e n  (1982)  c o n s i d e r e d  l i n e a r  modes o f  o v e r s h o o t i n g  c o n v e c t i o n ,  and 

S c h m i t t  e t  a l .  (1984)  t r e a t e d  t h e  o v e r s h o o t  i n  fo rm o f  p lumes .  

Here I adop t  t h e  s i m p l e r  n o n - l o c a l  model  o f  S h a v i v  and S a l p e t e r  ( 1 9 7 3 ) ,  wh i ch  was 

o r i g i n a l l y  d e s i g n e d  t o  model  o v e r s h o o t  i n  c o n v e c t i v e  s t e l l a r  c o r e s ,  bu t  was r e c e n t l y  

a p p l i e d  t o  t h e  s o l a r  p r o b l e m  by P i d a t e l l a  and S t i x  ( 1 9 8 6 ) .  In  t h i s  model  c o n v e c t i v e  

" b u b b l e s "  c o n t i n u e  t o  be ( n e g a t i v e l y ,  i . e .  downwards)  b u o y a n t  as t h e y  c r o s s  t h e  

l e v e l  V = V because o f  t h e i r  a c q u i r e d  ( n e g a t i v e )  t e m p e r a t u r e  e x c e s s ,  5T ( F i g .  3, a 
l o w e r  p a n e l ;  n o t i c e  t h a t  t he  l e v e l  where  V = V i s  s t i l l  on t h e  r i g h t  o f  t h e  d e p t h  a 
range shown) .  On ly  a t  some d e e p e r  l e v e l  8T becomes p o s i t i v e ,  and t he  b u b b l e  w i l l  be 

b reaked  i n s t e a d  o f  d r i v e n .  From t h a t  l e v e l  on,  t h e  c o n v e c t i v e  e n e r g y  t r a n s p o r t  i s  

downward,  so t h a t  t h e  r a d i a t i v e  t r a n s p o r t  must  exceed t h e  t o t a l .  I n  a s o l a r  

e n v e l o p e  p rog ram such as t h e  one used by P i d a t e l l a  anO S t i x  t h e  r a t i o ,  l / H ,  o f  

m i x i n g  l e n g t h  t o  s c a l e  h e i g h t  i s  a f r e e  p a r a m e t e r .  But  t h e  v a l u e  1 .38  used f o r  t h e  

p r e s e n t  r e s u l t  i s  t a k e n  f rom a f u l l  s o l a r  mode l  c a l c u l a t i o n .  In  f a c t ,  p r e l i m i n a r y  

r e s u l t s  o f  D. S k a l e y  (1987 ,  p r i v a t e  c o m m u n i c a t i o n )  o f  n o n - l o c a l  m i x i n g  l e n g t h  

t h e o r y  £n a f u l l  s o l a r  model  e s s e n t i a l l y  c o n f i r m  t h e  r e s u l t  shown i n  F i g .  3. A t  t he  

base o f  t h e  o v e r s h o o t  l a y e r  t h e r e  i s  a sudden t r a n s i t i o n  t o  t h e  r a d i a t i v e ,  s t a b l y  

s t r a t i f i e d ,  c o r e .  

Van B a l l e g o o i j e n  ( 1 9 8 2 ) ,  and P i d a t e Z l a  and S t i x  (1986)  e s t i m a t e d  t h e  m a g n e t i c  f l u x  

wh i ch  can be s t o r e d  i n  fo rm o f  f l u x  t ubes  in  t h e i r  r e s p e c t i v e  o v e r s h o o t  l a y e r  mode ls  
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F i g .  3. Upper p a r t :  square  o¢ the  sound speed i n  t he  Sun; s o l a r  model  (dashed)  and 

p mode i n v e r s i o n  ( s o l i d ) .  From C h r i s t e n s e n - O a l s g a a r d  e t  a l .  (1985) .  Lower p a r t :  

t e m p e r a t u r e  g r a d i e n t s ,  t e m p e r a t u r e  excess  o f  c o n v e c t i v e  " b u b b l e s " ,  c o n v e c t i o n  

v e l o c i t y ,  and the  r a t i o  o f  r a d i a t i v e  and t o t a l  ene rgy  ~ lux  a t  the  base o f  a model 

c o n v e c t i o n  zone.  A f t e r  P i d a t e l l a  and S t i x  (1986) .  
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15 
and c o n c l u d e d  t h a t  i t  i s  o f  o r d e r  10 Wb, q u i t e  s u f f i c i e n t  t o  a c c o u n t  f o r  t h e  f l u x  

seen a t  t he  s o l a r  s u r f a c e  i n  fo rm o f  b i p o l a r  r e g i o n s  a t  t h e  maximum o f  t he  s o l a r  

c y c l e .  

2 .3  Where i s  t he  Shear? 

The g e n e r a t i o n  o f  a t o r o i d a l  m a g n e t i c  f i e l d  f rom a p o l o i d a l  p a r e n t  f i e l d  by  

n o n - u n i f o r m  r o t a t i o n  i s  a r e l i a b l e  i n g r e d i e n t  t o  a l l  dynamo models  o f  t h e  s o l a r  

c y c l e .  I f  we have an o v e r s h o o t  l a y e r  a v a i l a b l e  f o r  t h e  s t o r a g e  o f  t o r o i d a l  m a g n e t i c  

f l u x ,  t hen  o f  c o u r s e  i t  wou ld  be b e s t  t o  have t he  g r a d i e n t  o f  a n g u l a r  v e l o c i t y  i n  

t h a t  same l a y e r .  One o f  t h e  f i r s t  ~w-dynamo models  f o r  t h e  Sun, p roposed  by 

S teenbeck  and Krause ( 1 9 6 9 ) ,  wo rks  w i t h  a c o n c e n t r a t e d  shear  l a y e r  a t  t h e  b o t t o m  o f  

t h e  c o n v e c t i o n  zone .  I t  has been e s t i m a t e d  t h a t  a t o t a l  change o f  a n g u l a r  v e l o c i t y  

ac ross  t he  l a y e r  wh i ch  i s  compa rab le  t o  t he  t o t a l  v a r i a t i o n  i n  l a t i t u d e  (as seen a t  

t h e  s u r f a c e )  wou ld  be s u f f i c i e n t ,  

U n f o r t u n a t e l y ,  even such a m i l d  c o n c e n t r a t i o n  o f  r a d i a l  shea r  so f a r  i s  n o t  e v i d e n t  

f rom the  r o t a t i o n a l  s p l i t t i n g  o f  s o l a r  p mode o s c i l l a t i o n s .  The e q u a t o r i a l  r a t e  o f  

r o t a t i o n  seems t o  d e c r e a s e  t owa rd  t h e  i n t e r i o r  ( D u v a l l  and H a r v e y ,  1984) ,  b u t  t h i s  

d e c r e a s e  i s  d i s t r i b u t e d  o v e r  a w ide  range  o f  d e p t h ,  c f .  F i g .  4, upper  p a n e l .  A 

t e n t a t i v e  e x t e n s i o n  o f  t h i s  w - p r o f i l e  t o  h i g h e r  l a t i t u d e s ,  a l s o  based on p mode 

s p l i t t i n g ,  was p r e s e n t e d  by Gough ( 1 9 8 7 ) .  I t  i s  a l s o  shown i n  F i g .  4, and d i s a g r e e s  

somewhat f rom what  we wou ld  e x p e c t  f rom t h e  h y d r o d y n a m i c a l  models  m e n t i o n e d  above :  

t he  c y l i n d r i c a l  s u r f a c e s  o f  c o n s t a n t  a n g u l a r  v e l o c i t y  w h i c h ,  p a r t l y  be l ow  t h e  

b o t t o m  o f  t h e  c o n v e c t i o n  zone ,  a re  connec ted  and mark t h e  d e s i r e d  r a d i a l  shea r  

( F i g .  4, b o t t o m ) .  DeLuca ( 1 9 8 6 ) ,  whose dynamo model  I s h a l l  d i s c u s s  be low ,  

e s s e n t i a l l y  i n c o r p o r a t e s  t h i s  p i c t u r e ,  wh i ch  i s  s i m i l a r  t o  t h e  one a r r i v e d  a t  by 

Rosner and Weiss ( 1 9 8 5 ) .  

I t  seems t h a t  we must  w a i t  for b e t t e r  p mode f r e q u e n c i e s  b e f o r e  f i n a l  c o n c l u s i o n s  

c o n c e r n i n g  t he  s u r f a c e s  o f  c o n s t a n t  a n g u l a r  v e l o c i t y  can be d rawn.  But  even w i t h  a 

w i d e r  d i s t r i b u t i o n  o f  shea r  i t  shou ld  be p o s s i b l e  t o  save t h e  model  o f  a m a g n e t i z e d  

l a y e r .  Th is  i s  because t h e r e  a re  a number o f  p r o c e s s e s  wh i ch  c o u n t e r a c t  t h e  above 

m e n t i o n e d  t e n d e n c y  o f  m a g n e t i c  buoyancy  and i n s t a b i l i t y ,  and l e a d  t o  a ~ownward 

t r a n s p o r t  o f  f l u x :  t o p o l o g i c a l  pumping,  m e r i d i o n a l  c i r c u l a t i o n ,  and a number o f  

o t h e r s ,  as enumera ted  e . g .  by SchOss le r  ( 1 9 8 3 ) .  For a new d i s c u s s i o n  o f  t h e  

" d i a m a g n e t i c "  e f f e c t  o f  a non-homogeneous t u r b u l e n c e  see K r i v o d u b s k i i  ( 1 9 8 ¢ a ) .  



29 

DUVALL 
ET AL. 
(1984} 

oJ 
10-6s 

5. 

4. 

3. 

2. 

1. 

I! 
I 
I 
I I I I T  
I 
I I 
L_~J 

I I I I 
.2 .4 .6 .8 1.0 

r/to 

Fig= 4. Top: e q u a t o r i a l  angu la r  v e l o c i t y ,  as a f u n c t i o n  o f  depth in  the Sun. The 

two p a r a l l e l  bars mark the overshoot  l a y e r .  H idd le :  t e n t a t i v e  shape of  cons tan t  w 

su r f aces ,  #tom p mode i n v e r s i o n .  Bottom: q u a l i t a t i v e  d i s t r i b u t i o n  o f  cons tan t  w 

su r faces ,  based on hydrodynamical  models. 
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2.& Ev idence f o r  a H a g n e t i c  Layer?  

S p i e g e l  and Weiss (1980) a l r e a d y  p o i n t e d  ou t  t h a t  the  p resence  o f  a m a g n e t i c  l a y e r  

a t  t he  base o f  t he  Sun 's  c o n v e c t i o n  zone cou ld  a l t e r  t h e  c o n v e c t i v e  energy  

t r a n s p o r t ,  and sugges ted  t h a t  l u m i n o s i t y  v a r i a t i o n s  o~ o r d e r  0 . 0 0 1 L  ove r  t he  
e 

s o l a r  c y c l e  wou ld  be a p o s s i b l e  consequence.  

Here I like to mention another possibility to see the cyclic variation of magnetic 

flux inside the Sun: The variation of the p mode oscillation frequencies. 

For t he  p e r i o d  1980 to  1984, Woodard and Noyes (1985) found a mean dec rease  o f  O.& 

pHz ~or t he  £ requenc ies  o f  deg ree  0 t o  3, and t h i s  has been c o n f i r m e d  by Fossa t  eL 

a l .  (1907) .  However,  t he  e f f e c t  i s  o f  the  same o r d e r  as t he  accu racy  by wh ich  the  

f r e q u e n c i e s  a re  known, and P a l l e  e t  a l ,  (1986) ,  us ing  a l a r g e r  number o f  modes, d i d  

no t  r i n d  a s i g n i f i c a n t  s y s t e m a t i c  mean v a r i a t i o n  ove r  the  p e r i o d  1977 t h r o u g h  198¢. 

I s a a k  e t  a l .  (1987) d e m o n s t r a t e d  t h a t  t he  1=0 f r e q u e n c i e s ,  on the  ave rage ,  i n c r e a s e d  

r a t h e r  than d e c r e a s e d ,  w h i l e  e i t h e r  case occured  among the  1=1 ~ r e q u e n c i e s .  

I t  seems hard t o  b e l i e v e  t h a t  t he  observed  f r e q u e n c y  v a r i a t i o n s ,  i f  s i g n i f i c a n t ,  a re  

a d i r e c t  consequence Of a c y c l i c  mean t o r o i d a l  ~ i e l d  in  (o r  be low)  t he  c o n v e c t i o n  

zone.  Th is  i s  because bo th  Rober t s  and Campbel l  (1986) and V o r o n t s o v  (1907) showed 

t h a t  a f i e l d  s t r e n g t h  o f  o r d e r  106 G i s  r e q u i r e d  t o  produce an e f f e c t  o f  t h e  

observed  magn i t ude .  Th is  i s  ~ar s t r o n g e r  than the  f i e l d  o f  o r d e r  10 & G wh ich  we 

e x p e c t  to  be s t a b l e  i n  an o v e r s h o o t  l a y e r ,  a c c o r d i n g  to  (26) and ( 27 ) .  Perhaps a 

sma l l  c y c l i c  change o f  t h e  s o l a r  r a d i u s  p lays  a r o l e ,  as c o n j e c t u r e d  by Woodard and 

Noyes (1985) .  

For a c o n c e n t r a t e d  l a y e r ,  e . g .  a t  t he  base o f  t he  c o n v e c t i o n  zone,  t h e r e  i s  a more 

s u b t l e  e f f e c t :  in  a d d i t i o n  t o  a mean te rm,  a f r e q u e n c y  s h i f t  wh ich  ( f o r  any g i ven  

1) i s  p e r i o d i c  in  t he  f r e q u e n c ¥  i t s e l f .  Th is  r e s u l t  has been o b t a i n e d  by V o r o n t s o v  

(1987) by means o f  a s y m p t o t i c  t h e o r y .  The e f f e c t  i s  o f  the  same o r d e r  as the  mean 

s h i f t ,  and t h e r e f o r e  no t  d e t e c t a b l e  ( f o r  f i e l d s  o f  o r d e r  10 & G) w i t h  t h e  p r e s e n t  

accu racy  o f  e i g e n f r e q u e n c i e s .  N e v e r t h e l e s s  i t  i s  a v e r y  i n t e r e s t i n g  p e r s p e c t i v e ,  

because,  as V o r o n t s o v  s u g g e s t s ,  " w i t h  a l a r g e  number o f  e x p e r i m e n t a l  f r e q u e n c i e s  

a v a i l b l e  t he  p e r i o d i c  s i g n a l  cou ld  be d e t e c t e d  w e l l  under  t he  no i se  l e v e l " .  

The e f f e c t  o f  m a g n e t i c  f i e l d s  on s o l a r  p modes o f  h iqh  degree  1 has been i n v e s t i -  

ga ted  by Bogdan and Z w e i b e l  ( t 985 )  and Z w e i b e l  and 8ogdan (1986) .  These modes have 

t h e i r  t u r n i n g  p o i n t s  much c l o s e r  t o  t he  s u r f a c e  o f  t he  Sun: f o r  a m a g n e t i c  l a y e r  a t  

the  base o f  the  c o n v e c t i o n  zone they  are  t h e r e f o r e  o f  l e s s e r  i n t e r e s t .  
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2.5 The Models o f  DeLuca and G la tzma ie r  

Let me now tu rn  to  dynamo models a c t u a l l y  computed f o r  the l a y e r  a t  the base o f  the 

convec t i on  zone. The model o f  DeLuca [1986; see a lso  DeLuca and Gilman, 1986) i s  

k inemat i c  and uses the r e s u l t s  o f  hydrodynamic c a l c u l a t i o n s  as p resc r i bed  i ng re -  

d i e n t s .  The f i r s t  o f  these i n g r e d i e n t s  i s  a shear l a y e r  a t  the base o f  the 

convec t ion  zone, w i t h  ~w/~r > O, as i l l u s t r a t e d  in  F ig.  & [ bo t t om) .  The second is 

an ¢ - e f # e c t  w i t h  t n o r t h  < 0 and ~south ) O. This type o f  ¢ d i s t r i b u t i o n  i s  ob ta ined  

in the lower p a r t  o f  a s p h e r i c a l  convec t ion  zone, a r e s u l t  which,  p r i o r  to  the 

dynamical  c a l c u l a t i o n s  a l ready  ment ioned, was ob ta ined  by Yoshimura (1972).  A 

s i m i l a r  d i s t r i b u t i o n  o f  ¢ is  found in  a t u r b u l e n t  v e l o c i t y  f i e l d  w i t h  a downwards 

decreas ing  t u r b u l e n t  i n t e n s i t y  (Krause, 1967; K r i v o d u b s k i i ,  1984b); such i s  

c e r t a i n l y  t r ue  in the lower  pa r t  o f  the convec t ion  zone, i n c l u d i n g  the overshoot  

l a y e r ,  c f .  F ig .  3. 

With these i n g r e d i e n t s  DeLuca's model i s  a lmost  a c l a s s i c a l  ~e-dynamo, as f i r s t  

descr ibed by Parker (1955b).  The product  o f  ~ - e f f e c t  and shear is  such t h a t  the 

f i e l d  m ig ra tes  toward the equa to r ,  and t h a t  the f i e l d  o f  d i p o l a r  p a r i t y  i s  e a s i e r  

e x c i t e d  than the f i e l d  o f  quadrupo la r  p a r i t y .  The on ly  d i f f e r e n c e  to the o l de r  

models i s  t h a t  both ~ and ~w/~r have t h e i r  s igns reversed ;  the i m p l i c a t i o n s  o f  t h i s  

w i l l  be d iscussed in  Sect.  2.7 below. 

The model o f  G la tzma ie r  (1985b) resembles t h a t  o f  OeLuca, a l though i t  i s  not a 

k i nemat i c ,  but a f u l l y  c o n s i s t e n t  dynamical  c a l c u l a t i o n .  U n f o r t u n a t e l y ,  a complete 

magnet ic  cyc le  could not be s imu la ted .  Never the less ,  as f a r  as the c a l c u l a t i o n  goes 

i t  conf i rms the above-ment ioned i n g r e d i e n t s ,  even under the c o n d i t i o n s  o f  the 

n o n - l i n e a r  feedback by the magnet ic  f o r c e .  

2.6 Schmitt's Hodel 

Schmi t t  (1984, 1985) de r i ves  h is  dynamo from an i n s t a b i l i t y  o f  a t o r o i d a l  f i e l d  in  

the t r a n s i t i o n  l a y e r  w i t h  a g r a d i e n t  in the v e r t i c a l  d i r e c t i o n ,  such t h a t  

O(B /g ) /dz  < O. The i n s t a b i l i t y  takes the form o f  (s low) magnetos t roph ic  waves, 

d r i ven  by magnet ic  buoyancy. There i s  an approx imate e q u i l i b r i u m  in these waves 

between the Loren tz  and C o r i o l i s  f o r c e s .  

The p e r t u r b a t i o n s  u and b fo rming the magnetos t roph ic  wave are used to  c a l c u l a t e  
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Fig .  5. Upper p a r t :  ~ - e f f e c t  i n  the n o r t h e r n  hemisphere,  as a f u n c t i o n  o f  

c o l a t i t u t d e .  Lower p a r t :  con tou rs  o f  c o n s t a n t  t o r o i d a l  f i e l d  ( s o l i d  p o s i t i v e  and 

d o t t e d  n e g a t i v e ) ,  and curves o f  zero  r a d i a l  # i e l d  (dashed) i n  a t i m e - c o l a t i t u d e  

( b u t t e r f l y - )  d iagram.  Adapted ~rom Schmi t t  (1987) .  



+50 

t h e  mean e l e c t r i c  F i e l d ,  u x b, and t h e  r a t i o  o f  t h e  t o r i o d a l  component  o f  t h i s  

e l e c t r i c  F i e l d  to  8 d e f i n e s  an ~ c o e f f i c i e n t .  The a t hus  found  changes s i g n  in  

l a t i t u d e ,  as shown i n  F i g .  5, uppe r  p a r t ,  For t h e  n o r t h e r n  h e m i s p h e r e .  I n  t h e  

l o w - l a t i t u d e  zone,  where  we o b s e r v e  t h e  b i p o l a r  g r o u p s  and t h e r e f o r e  i n f e r  t he  

s t r o n g  t o r o i d a l  f i e l d ,  i t  has t h e  same s i g n  as t h e  ~ i n  DeLuca ' s  and G l a t z m a i e r ' s  

mode ls .  A c c o r d i n g l y ,  i n  o r d e r  to  o b t a i n  t he  e q u a t o r w a r d  m i g r a t i o n  i n  t h i s  l ow -  

l a t i t u d e  zone ,  $ c h m i t t  (19879 employs  an a n g u l a r  v e l o c i t y  w i t h  @w/at > 0 i n  h i s  

~ - d y n a m o ,  The r e s u l t i n g  mean f i e l d  i s  shown i n  F i g .  5, l o w e r  p a r t .  In  a d d i t i o n  t o  

t h e  l o w - l a t i t u d e  b ranch  t h i s  F i e l d  shows a second b r a n c h ,  a t  h i g h e r  l a t i t u d e s ,  wh ich  

m i g r a t e s  t owa rd  t h e  p o l e s ;  o f  c o u r s e ,  t h i s  i s  a consequence  o f  t he  change o f  s i g n  o f  

t h e  ~ c o e f f i c i e n t  w i h t i n  each h e m i s p h e r e .  

P a r t i a l l y ,  S c h m i t t ' s  dynamo i s  a dynamic  mode l ,  because i t s  = - e f f e c t  i s  based on an 

i n s t a b i l i t y  o f  a t o r o i d a l  f i e l d  o f  f i n i t e  a m p l i t u d e .  I t  wou ld  be n i c e  to  c l o s e  the  

c i r c l e  and t o  i d e n t i f y  t h i s  f i e l d  w i t h  t h e  t o r o i d a l  f i e l d  a c t u a l l y  9enerated i n  t h e  

dynamo. For  a s t a t i o n a r y  mean f i e l d  ( w i t h  t e n t a t i v e  a p p l i c a t i o n  t o  t he  E a r t h )  such a 

se l f - cons i s t en t  dynamo has been p r e s e n t e d  by Fearn  and P r o c t o r  ( 1 9 8 4 ) .  
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F i g .  6. B u t t e r f l y  d i a g r a m ,  f rom Ht .  Wilson o b s e r v a t o r y  ( c o u r t e s y  R. Howard ) ,  and 

c o n t o u r s  o f  t h e  mean p o l o i d a l  f i e l d ,  as obseved  a t  H t .  W i l son  and the  Wi l co×  S o l a r  

O b s e r v a t o r y  a t  S t a n f o r d .  
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2.7 The Phase o f  the P o l o i d a l  F i e l d .  

I have po in ted  out p r e v i o u s l y  ( $ t i x ,  1976) t h a t  f o r  an Re-dynamo the signs o f  both ¢ 

and ~u/~r  can be i n f e r r e d  from the observed phase r e l a t i o n  between the p o l o i d a l  and 

t o r o i d a l  mean f i e l d s .  The r e s u l t  was t h a t ,  in  the dynamo reg ion ,  t n o r t h  > O, 

~south < O, and ~u/~r  < O. F igure 6 extends the range o f  observed f i e l d s  u n t i l  

198&, and con f i rms the e a r l i e r  conc lus ion .  This conc lus ion  is  in c l e a r  c o n t r a s t  to  

the hydrodynamic r e s u l t s  mentioned above, and to  the dynamo models descr ibed in  the 

two preceding s e c t i o n s .  

Thus, the dynamo in  the overshoot  l a y e r  solves a number o f  problems, but 

u n f o r t u n a t e l y  c rea tes  a new one. I t  may be s tab le  aga ins t  f a s t  loss  o f  magnet ic  

f l u x ,  i t  i s  cons is tend w i t h  hydrodynamics, i t  does y i e l d  the r i g h t  d i r e c t i o n  o f  

f i e l d  m i g r a t i o n .  And i t  may even s a t i s f y  the c o n d i t i o n  ISpoll<<lStorl because, as 

van 8 a l l e g o o i j e n  (1986) suggests,  the e f f i c i e n c y  o f  the a - e f f e c t  may be reduced due 

to  the f a c t  t h a t  the magnet ic f i e l d  is  l oca ted  in  a s t ab le  l a y e r .  The new problem 

is  the wrong phase o f  the mean p o l o i d a l  f i e l d .  Are the observed mean f i e l d s  not 

s i g n i f i c a n t ?  Or i s  the t h e o r e t i c a l  model wrong? Yoshimura (1976) suggests t h a t  the 

observed phase r e l a t i o n  r a t h e r  h i n t s  toward a dynamo w i t h  l a t i t u d i n a l  shear,  ~u/~8. 

But, at  the same t ime,  h is  dynamo is  l oca ted  in  the upper pa r t  o f  the convec t ion  

zone, and thus faces the d i f f i c u l t i e s  caused by buoyancy and i n s t a b i l i t y .  

3. Other Topics 

In t h i s  l e c t u r e  I have concen t ra ted  on two p o i n t s :  the mean f i e l d  concept ,  and the 

dynamo in the overshoot  l a y e r .  I s h a l l  b r i e f l y  rev iew a few more ques t ions  in t h i s  

s e c t i o n ,  but f i r s t  r e f e r  to  the rev iews o f  Sch0ssler  (1983),  S t i x  (1984),  Belvedere 

(1985), Hoss (1986),  and Weiss (1986, 1987). Host o f  these rev iews a lso cover the 

problem o f  s t e l l a r  dynamos, and in  p a r t i c u l a r  d iscuss the impo r tan t  r e l a t i o n  between 

the s t e l l a r  r o t a t i o n  pe r i od ,  P ro t '  and the pe r iod ,  Pcyc,Of a c t i v i t y  cyc les .  Noyes et  

aZ. (1986) f i n d  

Pcyc (P ro t /Tc )1 "25  (29) 

where T 
c 

zone. 

i s  the convec t i ve  t u rnove r  t ime near the bottom o f  the s t e l l a r  convec t ion  

An ex tens ion  o f  the overshoot  models from the Sun to  o the r  main-sequence s t a r s  has 



35 

been made by Belvedere e t  a l .  (1987}.  Each s t a r  has an overshoot  l a y e r  which extends 

over a f r a c t i o n  o f  the sca le  he igh t  a t  the base o f  i t s  convec t ion  zone. Accord ing to  

(26) and (27) ,  then,  a F s t a r  can s to re  on ly  r a t h e r  weak f l u x  tubes,  wh i l e  a K s t a r  

may suppor t  tubes w i t h  f i e l d s  exceeding 105 G in  i t s  overshoo t  l a y e r .  

Turbu len t  t r a n s p o r t  o f  magnet ic  f i e l d s  has been f u r t h e r  i n v e s t i g a t e d  by Holchanov 

et  a l .  (1985),  Va insh te i n  and K i cha t i nov  (1986),  and by Hoyng (1987a,b) .  Hoyng 

emphasizes the r o l e  o f  the f l u c t u a t i o n s ,  and de r i ves  an equat ion  f o r  bb. This is  an 

impor tan t  aspect because, as we know, the s t r e n g t h  o f  the magnet ic  f i e l d  

f l u c t u a t i o n s  on the Sun exceeds the so l a r  mean f i e l d  by orders  o f  magnitude. 

L inear  mean f i e l d  dynamos in  s p h e r i c a l  geometry,  but w i t h o u t  s p e c i a l  r e fe rence  to  a 

magnet ic  l a y e r  as d iscussed in Sect.  2, have been s y s t e m a t i c a l l y  s tud ied  by R~dler 

(1986),  Br~uer and R~dler (1987),  and Yoshimura et  a l .  (198&abc). These s tud ies  bear 

on the ques t ion  o f  mode s e l e c t i o n ,  e .g .  whether a mean f i e l d  o f  odd or even p a r i t y  

w i l l  be e x c i t e d ,  or  whether the f i e l d  i s  o s c i l l a t o r y  or  s teady.  Hoyng (1987bc) 

cons iders  the s t o c h a s t i c  e x c i t a t i o n  o f  the va r ious  dynamo modes. O b s e r v a t i o n a l l y ,  

such modes have been analysed by S t e n f l o  and Vogel (1986).  The i r  main r e s u l t ,  the 

appearance o f  the s o l a r  cyc le  per iod  o f  22 years in  a l l  od__dd zonal  h a r m o n i c  

c o n t r i b u t i o n s ,  n i c e l y  conf i rms the coup l ing  o f  these harmonics by means o f  a 

symmetr ic (w i t h  respec t  to  the equator )  angu lar  v e l o c i t y ,  and an t i symmet r i c  a - e f f e c t ,  

in  an Cu-dynamo. 

A p e r i o d i c  phenomena, such as the  Haunder minimum in  the 17th cen tu ry ,  have been 

a t t r i b u t e d  to  the f a c t  t h a t  the mean f i e l d  dynamo is  i t s e l f  a dynamical  system. 

Non - l i nea r  i n t e r a c t i o n  terms, and s u ? f i c i e n t  degrees o f  freedom, a l l ow  f o r  the 

des i red  c h a o t i c  behav iour  (Weiss et  a l . ,  1984), a l though a d i f f e r e n t  e x p l a n a t i o n ,  

based on a s t a t i o n a r y  f i e l d  in the s o l a r  core ,  has been o f f e r e d  by Pudovkin and 

Benevolenska (1985).  A dynamical  system s i m i l a r  to  the complex Lorenz system of  

Weiss et  a l .  has been i n v e s t i g a t e d  by Schmalz (1985).  He s tud ied  the t r a n s i t i o n  to 

chaos by de te rm in ing  the c r i t i c a l  dynamo number f o r  which the f i r s t  Lyapunov 

exponent tu rns  p o s i t i v e .  As the dimension o f  the system was increased the re  are 

i n d i c a t i o n s  o f  convergence, a l though,  due to  the l a r g e  compu ta t i ona l  expense, a 

f i r m  r e s u l t  could not ye t  be e s t a b l i s h e d .  
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ABSTRACT 

The most important signatures and parameters of stellar magnetic. 
activity and their relation with global stellar parameters are brie.Fly 
reviewed with the aim of indicating which are the most significant 
data that are required to constr'ai n possible models of stellar 
activity. The sporadic and cyclic variability aspect is particularly 
stressed, firstly, because it is a crucial activity parameter and, 
secondly, because of its possible ef.Fects on the derived general 
correlations between activity and stellar parameters. In part.icular, 
the r'otation rate, although it is recognized to play a relevant rele, 
still its correlation with various activity indicators has an 
essentially qualitative character, because other global stellar 
parameters undergo concurrent changes, making it difficult to isolate 
the pure effect of stellar rotation from observations. 

1. INTRODUCTION 

In order to comply with the Scientific: Organizing Committee~ s 
recommendation to outline problem areas, rather than established 
resLtlts, I will only briefly summarize the most important signatures 
of stellar activity for- tlne purpose of attempting a working definition 
of "stellar activity" and "activity level", and to indic:ate what the 
present observational limits allow us to say about the most relevant 
par'ameters characterizing stellar" activity phenomena. To this purpose 
I shall consider only those phenomena of variability, which may be 
ascribed, from direct or circumstantial evidence, to the release of 
magnetic energy. Threfore only magnetic activity phenomena will be 
considered even i.f, for the sake of brevity, I will often refer to 
them simply as activity. 

Taking advantage of our detailed knowledge, though not complete under- 
standing of solar- activity, we may presume that hypothetir_'al observa- 
tions of the Sun at stellar distance would show long term variability 
of chromospheric, transition region and coronal spectral diagnosti(~s. 
This variability may be correctly interpreted in terms of plage and 
coronal feature changes associated with the ll-years "~ activity cycle. 
Moreover-, sporadic variability, due to the formation and decay of 
active regions, should be expec:ted. 

Therefore, Wilson~s pr-ogramme of monitoring stellar Ca II H and K line 
fluxes was based on well established scientific footings, as 
successfully demonstrated after a dozen year- efforts (Wilson 1978, 
Baliunas et al,. 1983). Similarly, the measurements of global emission 
from stellar- chromospheres, which were pioneered by Otto Struve, or 
from transition regions (Linsky et al. 1978), and coronae (Vaiana et 
al. 1981) are suggestive of solar-like c.hromospheric structures° Also, 
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short-term flare-like variability on red-dwarf stars has been 
successfully investigated since the early sixties (of. Gershberg 1970 
and references therein). 

Instead, a straightforward extension of the solar-stellar analogy to 
photospheric activity phenomena should have discouraged from the start 
any search for stellar variability due to sunspot-like inhomogenei- 
ties: the remarkable variability of sunspot number and dimensions 
during the course of the ll-year solar cycle would not be detectable 
at stellar distance. Only occasionally, large sunspot complexes would 
give rise to less than one per cent variability of the the global 
photospheric output, i.e. at the limit of the present photometric 
precision. Therefore, a bold and a priori unsupported extrapolation of 
the solar-stellar analogy was behind Kron's (1950) suggestion that 
the low-amplitude (~ 0.1 mag) wide-band photometric variations, which 
were observed in a few K-M emission-line dwarfs and subgiants, might 
be attributed to huge solar-like spots, whose visibility was modulated 
by the stars' rotation. Spotted areas, covering 10-40 per cent of the 
projected stellar disk, and spot temperatures cooler than the 
surrounding photosphere by about 300 to 1500 degrees have been derived 
from modelling the most recent and accurate rotation-induced modula- 
tion of wide-band optical flux (of. Vogt 1983, Rodonb 1986a). 
Therefore, stellar rotation first enters the field of stellar activity 
as a passive device to modulate the variable aspects of star spots, as 
they move across the projected stellar disk. This circumstance, 
although merely incidental for the stellar activity case, need not to 
be underestimated. Firstly, because it offers a basic method to derive 
quantitative information on the physical characteristics of starspot 
and plages, and secondly, because it allows us to measure the rotation 
period of stars with an accuracy comparable or even better than 
spectroscopic observations. Actually, stellar rotation was soon 
recognized to play a more significant role because active stars were 
identified as relatively fast rotators with v sin i > 5 Km/s (Bopp 
and Fekel, 1977) and rotation turned out to be a key ingredient in 
producing and reinforcing stellar magnetic fields via dynamo 
mechanism, i.e. in providing one basic agent for the development of 
stellar magnetic activity (Parker 1959, 1986; Belvedere 1983; Gilman 
1983; Schussler 1983, and references therein). 

2. STELLAR MAGNETIC ACTIVITY: A WORKING DEFINITION 

As already stressed in the Introduction, magnetic fields and intrinsic 
variability are the characteristic and identifying aspects of those 
stellar activity phenomena~ which are collectively referred to as 
magnetic activity. Therefore, magnetic A-type stars, which show 
intrinsically stable magnetic fields and luminosity, are not active in 
the sense outlined above. 

The intrinsic variability of active stars is presumably linked 
to the variability of magnetic field topology and strength. The 
emergence of magnetic flux tubes above the photosphere, from deep in 
the convection zone, and their extension up to coronal levels, in the 
form of closed or open field structures, lead to the production of 
sunspot-like features in the photosphere~ plages in the chromosphere 
and transition region and coronal heathing. Observational evidence of 
spatial correlations between localized surface inhomogeneities on 
stars at various atmospheric levels is shown in Figure I: photospheric 
spots on II Pegasi are overlain by chromospheric and transition plages 
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(Rodonb et al. 1987), as on the Sun. This result puts on firm 
observational footings the concept that homogeneous stellar 
atmospheres are only first order theoretica] idealizations. The real 
situation implies, as observed, intrinsic variability on time scales 
appropriate to the decay times of such localized magnetic structures, 
Therefore, tlne complex atmospheric structure of stellar atmospheres 
and their intrinsic variability are the two basic requirements that 
should underly any working definition of stellar activity. Bearing in 
mind these two basic requirements, an active star is characterized by: 
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Figure I. Rotation-induced modulations of V-band, V-I color (top 
panel) and integrated ~lux in major emission lines (bottom panel) for 
II Pegasi. Maximum photospineric cool spot visibility, i.e. the light 
minimum, appears to correlate with maximum chromospheric and 
transition region bright plage visibility, i.e. with line flux maximum 
(adapted from Rodonb et al. 1987). 
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a) magnetic fields with complex topology, as implied by~ 

b) surface inhomogeneities~ which give rise to rotation-induced 
modulation of continL~um and line flux'es on time scales of a few 
days (Figure I); 

c) intrinsic variability on time st.:ales of the order of I0 days~ 
due to the evolution and decay (if the localized magnetic 
structures~ and of the order of I-I0 years~ as a result (if long 
term activity cycles (Figures 2 and 3)~ 
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Figure 2. Long-term cyclic variation of Ca II H and K line flux fc)r 
selected stars from Wilson's (1978) monitorir~g program. The large 
spread of the bottom plot is likely due to rotation-induced modulation 
of the observed flux. 
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Figure 3. Long-term V-band cyclic variation of BY Draconis from a 
recollection of recent photometry from several sources (Cutispoto 
1987). The length of vertical bars indicates the amplitude of the 
3.836 day rotation-induced flux modulation attributable to cool spots. 

d) intrinsic variability on time scales of 1-10 minutes, due to 
flare-like events, which may affect almost simultaneously the 
entire stellar atmosphere (Figure 4a and 4b). 

As far as activity level is concerned, I should like to stress that, 
due to the long term character of stellar activity, as outlined above, 
the term level should imply the existence of an activity cycle and, 
consequently, a variable level of activity. If so, the characteristic 
parameters of what we call activity level are i) the cycle phase, 
ii) the mean emission flux from all active areas integrated over the 
star~s surfa~e~ndiii_) ±he surface covering factor or filling factor 
relative to a given parameter. Often the term activity level is used 
as synonimous of "total emission", from where the qualitative 
attributes of "low level" or "high level" emitting stars. Generally, 
this terminology is the consequence of missing evidence on the 
possible existence of an activity cycle, so that the observed "total 
emission" is referred to as the star~s "activity level", without any 
reference to its possible time variability. 
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the ESO 50-cm and l.O-m telescopes (~rom RodonO et al 1984). 
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flare in Figure 4a obtained by D.E.Gary and D.M. Gibson (of. RodonO 
1986c). 

3. ACTIVITY VERSUS GLOBAL STELLAR PARAMETERS 

In order to constraint the possible mechanisms and mgdels of stellar 
activity it is considered extremely important to search for 
quantitative functional correlations between activity indicators, and 

a) global stellar parameters, such as mass, luminosity, effective 
temperature, surface gravity, age (or chemical composition), depth 
of convection zone, rotation regime, and magnetic fields, 

b) the physical characteristics of the plasma, such as temperature, 
density and, possibly local magnetic field, as well as the active 
region extension, covering factor and location in the atmosphere. 

The diagnostic tools of stellar activity are numerous as well. The 
most used ones are: the continuum and line flux variability and line 
profile changes due to more or less compact active areas on the star~s 
atmosphere. The number of parameters is large enough to allow us a 
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number of exercises, but it is difficult to identify the most 
meaningful combination of parameters for the stellar activity case. 
From the theoretical point of view, the most meaningful ones are 
(differential) rotation, depth of convection zone, the resulting 
magnetic field and filling factor, i.e. those parameters which 
constitute the recipe of ~--w dynamo mechanism. From the observational 
point of view, the situation is complicated by the mutual dependence 
of global stellar parameters among each other, that makes very 
difficult to disentangle the effect of individual crucial parameters. 

Several more or less definite quantitative correlations between 
activity indicators and global stellar parameters can be found in the 
literature (cf. review papers in Byrne and Rodon6 1983, 8tenflo 1983, 
Mangeney and Praderie 1984b, Zeilik and Gibson 1986). Since it is 
beyond the aim of the present paper to review all of them, only a 
brief outline of major results follows: 

a) The Ca II H and K flux (F'Hx), normalized to the bolometric flux 
(ET4,,,), depends on the magnetic field strength (B) and on its 
filling factor, according to the following relation (Marcy 1983): 

F'~HKI~T4.,~ = 6.14xi0 -i~ x B °-~ x T~.,, x fo.~ (I) 

More accurate and extended data on surface magnetic fields (of. §e) 
may require in the future some revision of the above relation, but 
the interdependence of the above quoted parameters appears to be 
well established. 

b) Various indicators of activity, such as the absolute luminosity 
in the chromospheric Ca II H and K emission lines (LHK), in the 
transition region C IV line (L~xv) and in the coronal X-ray 
emission (L×), show the following power law dependence on angular 
velocity: 

LHK ~ f ~ ( M / M o )  x 

Lozv  ~ f .r~(M/Mo) x ~ ' ~  (2) 

Lx ~ f~o~(M/Mo) x ~ 

or  e x p o n e n t i a l  dependence on r o t a t i o n  p e r i o d  (P) :  

LHK X f ~ h ~ ( M / M o )  ~ 10 - ~ x ~ ' 7 ~  

Lo~v x T~T~(M/Mo) : i 0  - ~ = 2 " ~  (3) 

Lx x f~=o~(M/Mo) ~ 10 -~x~°'4~ 

where f(M/Mo) are mass or B-V dependent functions along the main 
sequence (Catalano 1984, Marilli et al. 1986, and references 
therein). Moreover, Marilli et al. (1986) have shown that in the 
first of correlations (3), on a log-log scale, 

log LHK = b - a x P (4) 

both a and b coefficients are color dependent (Figure 5). 

c) The ratio of chromospheric flux to total bolometric flux in the 
Ca II H and K emission line (R~HK) is well correlated with the 
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parameter Ro = F'/n-~(B-V) (Rossby number), where s~(B-V) is the 
convective turnover time, calculated assuming a mixing length to 
scale height ratio ,~ = "2 (Noyes et al. 1984). The author's consider 
their correlation more consonant with the general predictions of 
dynamo theory, which relates the magnetic field generation, and 
consequently the magnetic activity, to both rotation rate and depth 
of convection zone. They claim that the parameters R~HK and Ro 
appear more tightly correlated with the rotation period P than LMm 
or Fwm are. However, Basri (1986) has demonstrated that there is no 
reason, at least on the basis of the observational scatter, to 
prefer one set of variables over the other, because the shape of 
the relation is largely preserved in both cases (Figure 6). On the 
other" hand, Mangeney and Praderie (1984a) have shown that the X-ray 
luminosity (Lx) and flux (Fx) are very well correlated with both 
the angular velocity (~) and the total depth of convection zone 
(Lc), via an "effective" Rossby number R* = ~ Vm/(~ x Lc), where Vm 
is the maximum convective velocity: 

Lx ~ R *~F= 

Fx ~ R =~'s 
(5) 

The question whether a convective parameter, such as sc or R~, 
should be taken into account, together with rotation, in activity 
versus global stellar parameter correlations is still open. Rutten 
and Schrijver (1986) suggest that the best parameters to be used 
are i) the flux excess ( FHK), above an observationally 
determined minimal flux, and, as Marilli et al. (1986), ii) the 
simple rotation period (P) or angular velocity (~). The rationale 
of this choice goes in the direction of not considering 
combinations of concurrently changing parameters, unless necessary 
(cf. ~ 4). 

d) The indicators of global activity on dwarfs and giants at 
different atmospheric levels show power law correlations (Ayres et 
al. 1981, Schrijver'1983, Mangeney and Praderie 1984a), which are 
consistent with their different dependence on rotation (Catalano 
1984): 

Lczv ~ L.m z'~ gT~(M/Mo) 

Lx ~: Lt.: ~'~ g¢=~- (M/Mo) (6) 

where the g(M/Mo) functigns indicate some dependence on mass. The 
latter relation (Schrijver 1983) is based on a multidimensional 
analysis including a more extensive sample of dwarfs and giants 
than ever' before. Correlations (6) indicates that non-thermal 
energy deposition in stellar atmospheres increases with height, 
i.e. with temperature. This trend of the global emission appears to 
be qualitatively similar- for solar and stellar active areas, but 
the latter show progressively larger energy losses, up to two 
orders of magnitude than solar, at high atmospheric levels (Rodon6 
1983). 

e) From Robinson-type Zeeman analysis (Robinson 1980, 1986; Marcy 
1983, 1984) of a number of lines with different Land@ g factors, 
and taking into account radiative transfer effects and compensation 
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Figure 5. The trend of a and b ~oefficients in relation (4) versus B-V 
(from Marilli et al. 1986) indicating that the peri od-a(:tivity 
relation for' late type stars depends on spectral type or mass. 

for blends~ Saar et al. (1985) and Saar and Linsky (198'7) were 
able to derive reliable values of magnetic field strenghts~ ranging 
from 1000 to 3800 Gauss (Figure 7), for about two dozen dwarf stars 
of spectral types GO (/' Ori) to M3.5e (AD Leo). The magnetic 
field strenght appears to increase with B-V and g, i.e. towards 
later spectral types, and the filling factors increase with angular" 
velocity, as suggested by dynamo theory (Durney and Robinson 1982). 
By taking the magnetic pressure equal to the gas pressure (Pg), the 
resulting magnetic fields Beq [= (8~Pg) ~x~] are tightly correlated 
with photospheic magnetic field strenghts, suggesting that magnetic 
flux tubes are confined by photospheric gas pressure. Accurate 
measurements of stellar magnetic: fields must be considered a high 
priority target of stellar activity studies for several years to 
come ° 
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4. ACTIVITY VERSUS ROTATION: MACRO OR MICRO~CORRELATIONS? 

The choice of the title for my talk by the Scientific Organizing 
Committee may imply that rotation is the most relevant parameters of 
stellar activity. Rotation is certainly important provided that it is 
instrumental in generating and maintaining a strong and complex 
magnetic field, wlnich, eventuall, y, is tlne real triggering agent of 
stellar" ~activity. In other words, fast rotation not coupled with 
sufficiently vigorous convection and surface turbulence might be of 
null interest for the stellar' activity case. 

In tlne preceeding section some well established cor'relations between 
activity indicators and rotation for' main sequence and giant stars 
were presented. These correlations are certainly important because 
clearly indicate the relevant effect of r-otation on activity, in 
qualitative agreement with the general pr'ediction of dynamo theory, 
However, we must bear- in mind that in the H-R diagram and, particular- 
ly~ along the main sequence, the luminosity, mass, radius, color 
index, line spectrum, age.~ rotation itself, Rossby and dynamo numbers, 
and other parameters~ all change simultaneously~ monotonically, and 
are mutually interdependent. Therefore, the search for quantitative 
correlations among activity indicators and rotation, which aim at 
covering a wide range of stellar' types and ages, may lead to quanti- 
tatively inconclusive or even misleading results, especially when the 
validity of the resulting correlations r'elays only on the criterion of 
the smallest dispersion of data points about a given trend. For 
instance, it is indicative that, while the UV emission of active 
chromosphere stars decreases in strength with declining rotation, as 
found for dwarf stars, there is no dependence of emission upon rota- 
tion within individual luminosity classes and no direct support for a 
Rossby-type rotation-activity relation for the highly active RS CVn 
binaries, as an isolated group, is apparent (Simon 1986). This result 
suggests that, at high emission levels, other secondary parameters or' 
possibly non linear effects may dominate the mechanism that leads to 
the observed activity. As a matter of .Fact, individual stars may 
behave uniquely, as demonstrated by the observations of quite diffe- 
rent activity levels on stars, which appear similar in all other 
r'espects. 

In close binaries, as RS CVn or- BY Dra systems, tidal coupling may 
well affect tlneir rotation regime up to some depth into the stars~ 
with obvious consequences in their surface activity manifestation. The 
fact that RS CVn binar-ies, as a group, follow the general r-otation- 
activity relation for dwarfs and giants, is suggestive of a dynamo 
operating at the bottom of tlne convection zone, deep into the star 
interior, where the rotation regime may remain relatively unaffected 
by tidal coupling. 

Therefore, in order to make some progress in octr understanding of 
stellar activity, detailed studies of specifically selected stars are 
needed, rather than seeking for, or trying to improve establi~shed 
correlations between activity and global stellar parameter-s spanning 
over a wide range of stellar- types. Any such correlation might be 
deceptive if concurrent effects of several parameters are not clearly 
singled out. 

In view of the complexity of non-linear effects affecting the 
development of stellar activity phenomena, firm constraints on theory 
may be provided only by accurate, systematic and synotpic 
observations. The principal parameters of interest to contraint 
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theory, or suggested by the present theoretical models, are: 

a) chromospheric, transition region and coronal energy losses from 
simultaneous ground-based and space observations ( RodonO et ai. 
1984, B~itler et al. 1986, Doyle et al. 1986, Monsignori Fossi et 
al. 1986, Rodon6 et al. 1987, Byrne et al. 1987, Haisch et al 
1987); 

b) rotation velocity from line profile fittings and wide-band 
photometric variations (Baliunas et al. 1983, Stauffer and Hartmann 
et al. 1987, Stauffer et al. 1987); 

c) activity cycle period and amplitude (Phillips and Hartmann 1978, 
Rodon6 et a]. 1983, Mavridis et al. 1986); 

d) size, filling factor, io(:ation and migration 
structures at different atmospheric levels from 
modulation of continuum and integrated line fluxes 
1986a); 

of  s u r f a c e  
r o t a t i o n a l  

( c f .  Rodon# 

e) s u r f a c e  d i f f e r e n t i a l  r o t a t i o n  (Rodon# 1986b); 

f )  depth of  convec t i on  zone from l i n e  b i s e c t o r  ( o f .  
and o s c i l l a t i o n  s t u d i e s  (o f .  C h r i s t e n s e n - D a l s g r a a r d  
may throw some l i g h t  on r a d i a l  d i f f e r e n t i a l  r o t a t i o n ;  

Dravins 1987) 
1986), which 

g) last, but far from least, photospheric magnetic field strength 
and filling factors, from comparyin9 observed high spectral reso- 
lution and theoretical line profiles of magnetic sensitive and 
insensitive lines to measure their relative Zeeman splitting 
(Robinson 1986, Saar et al. 1985, Saar and Linsky 1985). 

Only some relevant and recent papers, dealing with the general 
methodology to derive the appropriate parameters and containing data 
recollection or new determinations, are quoted above, because it is 
not viable and beyond the purpose oq the present paper to review all 
of them. 

A huge amount of data will be obviously required to address the above 
listed points, especially because one basic information, to be 
provided by synoptic observations, is the variability time scales of 
activity parameters. Variability is often disregarded in general 
correlation studies or, even worse, is improperly invoked as a "deus 
ex machina" to account for unpleasantly displaced data or for their 
large dispersion about the general trend. We need to relay on observa- 
tions with internal accuracy of the order of a few thousands per cent 
and, for oscillation studies, at least two orders of magnitude better. 
If calibrations, transformations or normalizations are adopted, it is 
very important that also the original observations are presented. 

In order to collect the huge amount of uniform, consistent and 
systematic multi-band data that is needed, the use of automated tele- 
scopes (cf. Genet et al. 1987) and the implementation of international 
networks of dedicated telescopes (cf. Giampapa 1986), together with 
simultaneous UV and X-ray observations, will prove to be essential. 
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5. CONCLUSION 

The main conclusion that can be drawn from the above arguments is that 

a new research attitude is necessary to progress significantly in the 
study of stellar activity: instead of macro-correlations, which 
involve activity and global parameters' covering a wide range of star 
types, we need to search for micro-correlations between one single 
varying parameter as a function of another one. This can be done only 
if even limited samples of stars~ similar in all other respects except 
the two parameters of interest, are sorted out from the variety of 
stellar types that nature offers to our- consideration. 
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S O L A R  A N D  S T E L L A R  C O N V E C T I O N  

J.-P. Zahn 
Observatoires du Pic-du-Midi et de Toulouse 
14, avenue E. Belin 31400 Toulouse, France 

A B S T R A C T .  We examine the progress made during the last decade in our 
knowledge of stellar convection, first in the theory and using numerical simula- 
tion, and second through observations, from ground and space. 

Special emphasis is put  on those results which allow to tackle the basic 
questions: i. Is the same mechanism responsible for the different types and scales 
of motions that  are currently identified in the solar convection zone: granulation, 
mesogranulation, supergranulation, large eddies ? ii. On which scale(s) is energy 
injected into the convective motions? For what reason? 

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

Eleven years (a solar cycle!) have elapsed since the Nice meeting on stellar 
convection, and it would be worthwhile to give a complete account of the 
progress which has since been achieved in this field. This however would require 
a whole colloquium, and I have therefore chosen to focus this review on what 
may be called 'basic convection'. In doing this, I shall follow the same approach 
as E. Spiegel during the historical joint discussion (on aerodynamic phenomena 
in stellar atmospheres) held in 1964 at the IAU assembly in Hamburg; it is 
diificult to forget how much we owe to him for promoting the hydrodynamical 
t reatment  of stellar convection. 

Let me quote him, since he formulated exactly what I had in mind, before 
re-reading his paper (Spiegel 1966): "In spite of (the) very real separation 
between the realms of observation and theoretical knowledge, a discussion 
of the interaction between the convection zone and the photosphere may be 
useful at this time, if only to illustrate the present possibilities for theoretical 
interpretation. To proceed usefully, it is necessary to limit severely the range of 
solar phenomena to be discussed and to include only those which seem to be 
direct manifestations of convective motion and induced phenomena." 
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I shall apply this rule very strictly, therefore excluding from this presen- 
tation many important topics which are closely related to convection, but do 
not seem to contribute much to the understanding of its basic mechanism. Such 
are the penetration into the stable radiative interior, and also the generation 
of acoustic waves, of differential rotation and of magnetic fields, together with 
their feedback on convective motions; I shall of course ignore any kind of activity. 
The basic convection that  I shall consider is what may occur in a hypotheti- 
cal non-rotating, non-magnetic star. For those who may feel frustrated, quite 
understandably, by such a narrow approach, I recommend the excellent review 
by ]k. Nordlung (1985a), which covers the subject in a more extensive way (see 
also Mattig 1985, SchrSter 1985, Nordlung 1985b and Unno 1986). 

2. THEORY 

During the past decade, progress has been slower on the theoretical as opposed 
to the observational side. True, we now have a much better understanding of 
the behavior of dynamical systems, and we begin to perceive the role of strange 
attractors in turbulence. It is no coincidence that  the first strange attractor 
has been identified in a system of equations meant to represent Boussinesq 
convection (Lorenz 1963). The subject is expanding at a fast rate, and a whole 
colloquium has been recently devoted to chaos in astrophysics (eds. Buchler, 
Perdang and Spiegel 1985). 

However, at the present stage, these powerful concepts are still difficult to 
use in stellar convection for the immediate purpose of comparing theoretical 
predictions with the observations. In the meanwhile, we must still proceed 
along the classical routes: improving the mixing length theory, or performing 
numerical simulations. 

2.1 Mixing length theory 

The mixing length procedure is still much in favor in stellar evolution theory, 
since it provides a means of building stellar models at little cost. Its shortcom- 
ings, at least in the original formulation by E. BShm-Vitense (1958), are well 
known, and they have fostered various attempts to remedy them. Such improve- 
ments however cannot cure the main weakness of that approach, namely the 
rather arbitrary definition of the mixing length. 

Nonlocal mixing lengths are introduced mainly for the purpose of describ- 
ing the overshooting of convective motions into the stable neighbouring lay- 
ers. Following Unno (1969) and Maeder (1975), new formulations have been 
proposed by Xiong (1979), Eggleton (1983) and Kuhfui~ (1986), which also en- 
able the description of time dependent behavior. Another approach by Rox- 
burgh (1978) has been correctly criticized by Eggleton (1983) and by Baker 
and Kuhfut~ (1987). 
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A convenient way to take into account the Reynolds stresses due to the 
small scale motions is to implement a turbulent pressure of order pv 2, p being the 
density and v a characteristic velocity. The effects of such a turbulent pressure 
have been analyzed by Antia, Chitre and Narasimha (1983). They find that  it 
alters enough the superadiabatic gradient to significantly increase the growth 
rate of the linear fundamental mode, for scales which are of the order of the 
supergranulation. As shown by Narashima and Antia (1982), it has furthermore 
the effect of smoothing the eigenfunctions near the surface, thus accelerating the 
convergence of the superposition of linear modes to reproduce the convective 
flux, a convergence which had been questioned before (Hart 1973). 

It is worth mentioning that,  to some extent, mixing length approximations 
are used also in most numerical simulations discussed hereafter. As we shall 
see, only the largest scales are represented explicitly in such calculations, and 
the contribution of the smaller ones is often rendered by some type of eddy 
diffusion, whose value is deduced from a typical (mixing) length and a typical 
velocity, much as in the classical mixing length theory. 

2.2 Direct simulations 

The ambition of direct simulations is to solve the hydrodynamical equations 
with the least possible approximations. To take up this challenge without any 
concession, it would require a computer powerful enough, in speed and memory, 
to encompass all scales which are present in stellar convection, from the largest 
which are of the size of the star, to the smallest at which the kinetic energy is 
dissipated through viscous friction (about a centimeter in the Sun!). 

Such a computer is not available yet (will it ever be?). One must therefore 
choose the scales to be explicitly described, and one needs a prescription to take 
into account the smaller, subgrid scales. Several recipes now exist, with their 
pros and their cons: they will not be discussed here. Ideally, one should restrict 
their use to those scales for which some similarity law is firmly established (such 
as a turbulent cascade); even this is very rarely possible with the currently 
available computers. 

2.2.1 M o d a l  e x p a n s i o n s  

The modal approach consists in representing the horizontal pat tern of the 
convective motions, which is assumed to be periodic in space, by a severely 
limited number of planforms (one or two Fourier components in the simplest 
case), but  to seek a much higher resolution in the vertical direction (typically 
200 mesh points, or more). Most often, such simulations are accelerated by using 
the anelastic approximation (Gough 1969): it filters out the sound waves, and 
thus only keeps the (slower) gravity modes. 



58 

This method has been applied to various situations, both to ideal poly- 
tropes and to realistic stellar models; let us quote the salient results which have 
been obtained. 

i. Near the top of the unstable domain, the pressure fluctuations, which 
are required to deflect the vertical upwellings into horizontal streams, are 
responsible for density fluctuations that  may be large enough to change the 
sign of the buoyancy force. This 'buoyancy braking' is due clearly to the 
stratification; it vanishes in the incompressible (Boussinesq) limit (Massaguer 
and Zahn 1980; Massaguer et al. 1984). The pressure fluctuations, which are 
ignored in the mixing length theory, are of such importance that  the net work 
done by them is in some cases larger than the net work done by the buoyancy. 

ii. In a strongly stratified medium, the convective cells may extend over 
several pressure scale heights, and strong horizontal shearing flows appear at 
their top to ensure the conservation of mass. To illustrate this, the horizontal 
velocity associated with scales which are of the size of the solar convection zone 
reach 100 m/s  at a depth of 7 Mm, according to a single-mode calculation made 
by Latour, Toomre and Zahn (1983). 

iii. The convective motions penetrate rather deep into the adjacent stable 
layers, and according to such calculations the extent of penetration is a function 
of both the thickness of the unstable domain and of its stratification. It is found 
to depend sensitively on the geometry of the considered cellular flow: cells with a 
central upwelling penetrate much deeper than those with a central downstream, 
as confirmed by the supergranular velocity field (Toomre et al. 1976; Zahn et 
al. 1982; Massaguer et al. 1984). 

The modal procedure is unquestionably an improvement with respect 
to the mixing length treatment. However, when reduced to only one or two 
planforms, as it has usually been the case due to limited computer power, the 
modal calculations suffer from the fact that  the horizontal size of the cells, 
and also their geometry, is arbitrarily imposed. (A notable exception is the 
calculation performed by Marcus (1980) with 12 complete spherical harmonics.) 
One consequence of such a severe truncation is that  the smallest scales, at which 
kinetic energy is dissipated through viscous friction, have a very large aspect 
ratio, leading to artificial horizontal boundary layers when the viscosity becomes 
too small. Another is that  most solutions are stationary at Rayleigh numbers 
where they should be time dependent; the time dependence can be recovered 
when including modes of vertical vorticity, as shown recently by Massaguer and 
Mercader (1984). 

However, in spite of all these shortcomings, the modal method has enabled 
the rather important  results presented above to be established, and those have 
been confirmed since by the much more realistic calculations to be discussed 
next. 
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2.2.2 T w o - d i m e n s i o n a l  s i m u l a t i o n s  

Such simulations also assume a periodic pattern in the horizontal direction, but  
they do not impose the geometry of the flow, as in the modal procedure. Both 
finite differences and spectral methods are used to discretize the equations; 
the latter are particularly well adapted to the present vector computers. Run 
with such powerful computers, the two-dimensional codes enable one to explore 
the full effects of compressibility, without being restricted to the anelastic 
approximation. 

The main results obtained by performing such calculations may be sum- 
marized as follows: 

i. The flow always remains subsonic, except when imposing an unrealisti- 
cally steep superadiabatic gradient throughout the domain. This property can 
be considered as a justification of the use of the anelastic approximation, which 
is only valid at small Mach number (Graham 1975; Hurlburt, Toomre and Mas- 
saguer 1986; Yamagushi 1984, 1985). 

ii. The solutions all display a time-dependent behavior at Rayleigh numbers 
larger than about hundred times critical; they are characterized by strong, 
narrow, unstable streams, which are directed downwards and penetrate deeply 
into the stable region below (Hurlburt et al. 1986). 

The great advantage of two-dimensional calculations is that  they can be 
performed with a high enough spatial resolution to enable, at least in principle, 
to reach the viscous dissipation scale. Unfortunately, they are untypical of 
real, three-dimensional flows, such as highly nonlinear convection, since in the 
inviscid limit, they not only conserve energy, but also enstrophy (the square 
of the vorticity). This completely alters the coupling between the scales; it 
produces an inverse cascade of energy from the small to the large scales (which 
in the simulations can be observed as the pairing of vortices), and a steep 
enstrophy cascade to the smallest scales. 

In spite of this serious bias, two-dimensional calculations serve as a powerful 
first exploration of a given problem, provided that  energy is injected at the 
largest scales, and that  the Reynolds number is kept reasonably small (in order 
to avoid the cascades mentioned above). 

2.2.3 T h r e e - d i m e n s i o n a l  s i m u l a t i o n s  

Those are of course the most desirable simulations to perform; the only limi- 
tations are their low spatial resolution (32x32x32 for a Cray 1) and their cost. 
In this field again, E. Graham (1977) was the pioneer: he clearly demonstrated 
the truly three-dimensional nature of convection, and the important role of the 
vertical vorticity in the nonlinear coupling of the various modes. 

The Sun has been the main target of such calculations./~. Nordlung (1982) 
was the first to simulate the granular motions, and he took great care in 
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treating the radiative transfer of energy. He made a fairly good contact with 
the observations: exploding granules, sharp intergranular lanes, life times, etc. 
(WShl and Nordlund 1985). The major discrepancy is the large temperature 
contrast needed to carry the convective flux, which is higher than that allowed 
by the observations, even after correction from instrumental diffusion and poor 
seeing. The calculated vertical velocities (Nordlund 1985b) also seem larger than 
the observed ones, but no thorough comparison has been made yet, probably 
because of the lack of resolution of the observational data. 

More recently, Chan and Sofia (1986) performed similar calculations, and 
they found that the vertical correlation of the motions extends over a little 
more than a pressure scale height; they consider this as a justification for the 
usual procedure of linking the mixing length to the pressure scale height. It 
remains to be seen, of course, whether the ratio between those two scales is 
indeed independent of the depth, and of the stratification. 

The simulations made by Glatzmaier and Gilman (1982), Glatzmaier (1984, 
1985) and by Gilman and Miller (1986) take the global scale as their compu- 
tational domain. Since this scale contributes little t o  the convective energy 
transport, an eddy diffusivity of heat is invoked to lessen the superadiabatic 
stratification; it is assumed to represent the effect of the small scales (supergran- 
ulation, granulation). With such a large eddy diffusivity, the effective Rayleigh 
number is quite low (50 times critical), and the solutions display a fairly regular 
cellular pattern, with long cells aligned along the rotation axis (the so-called 
banana cells). 

This geometry was already predicted quite a while back by Busse (1970) 
and by Durney (1970), who found that those modes are the most unstable 
and would dominate in the nonlinear regime. Moreover, this trend has been 
confirmed in a cleverly designed microgravity experiment, which was performed 
in Spacelab 3. There, a spherical shell of fluid was heated from inside and 
was submitted to a radial electrostatic force; when rotation was imposed, the 
degeneracy was lifted again in the way predicted by Busse (Hart et al. 1986; 
Toomre, Hart and Glatzmaier 1987). 

3. OBSERVATIONS 

In the last five years, significant progress has been achieved in observing stellar 
convection. Understandably, most results concern the Sun, whose proximity 
permits both extremely good spectralJresolution and very high spatial definition. 
In the stellar case, information must still be extracted out of the scrambled 
signal originating from the whole disk of the star, and much less photons are 
available. 
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But thorough analysis of line shifts and line asymmetries is providing 
more and more clues about stellar photospheric motions and their vertical 
distribution. This is explained in detail during this meeting by D. Dravins, 
who with D. Gray is one of the pionneers in the field (Gray 1980, 1981, 1982, 
1986; Dravins, Lindegren and Nordlung 1981; Dravins 1982; Gray and Toner 
1986; Dravins, Larsson and Nordlung 1986). 

And it appears that  global pressure oscillations have been detected by 
Gelly, Grec and Fossat (1986) on two bright stars, Procyon and a Centauri, 
much in the same way as they were on the Sun. The road is thus opening for 
using yet another technique of probing the stellar interiors, and to glean new 
information about the convection zones. 

Unquestionably, it is this technique which has given a new and strong 
impetus to solar research. Heliosimolgy has enabled us to explore the vertical 
stratification of the convection zone, and for the first time to locate its bot tom 
through a direct method. Its rotation state can also be investigated now, but 
the signal to noise ratio is still insufficient to establish a firm result. A whole 
colloquium was recently devoted to this exciting research, and therefore I shall 
not expand on it (Advances in Helio-Asterosismology, Aarhus 1986, proceedings 
in press). 

Observation from space, free from atmospheric effects, is the other modern 
technique which has contributed enormously to solar research. The last magnif- 
icent result bearing directly on convection is that  obtained on Spacelab 2 (Title 
et al. 1986). The photospheric motions have been filmed with the SOUP instru- 
ment, and the pictures have been processed by a very sophisticated method. 
The five-minute oscillations have been subtracted, to leave just the granular 
motions, which display a large scale organization identical to the chromospheric 
network, i.e. the supergranulation. The existence of a turbulent cascade is now 
firmly established for the granules, with the large eddies breaking into smaller 
ones; the evidence is striking just by looking at the film, and playing it back 
and forth. A. Title has been invited to this meeting, and he will report in more 
detail on this breathtaking observation. 

But the more classical solar observers have also been extremely active, and 
at the risk of being blamed for chauvinism, I shall focus the rest of my review 
on the following results, which I also consider to be very important for the 
understanding of stellar convection: 

i. The distribution of granule sizes and shapes has been determined down 
to the resolution limit of the solar refractor at Pic-du-Midi. 

ii. The vertical velocity field associated with the granular motions has been 
measured with nearly the same definition, unveiling its kinetic energy spectrum. 

iii. A poleward migration of large scale magnetic patterns has been detected 
by close inspection of the Meudon spectroheliograms. 
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Figure 1. Area-perimeter relation of the solar granulation. Each point represents a 
granule measurement; D is the fractal dimension (Roudier and Muller 1986). 

3.1 Granula t ion  

In the past ten years, the solar refractor of the Pic-du-Midi has yielded 
images with the nominal resolution of its 50 centimeter objective, i.e. 0.25 second 
of arc. Thorough analysis of the best images recorded in the past years has 
revealed that  granulation consists of a continuum of sizes, with no dominant 
scale, contrary to previous claims based on images of poorer resolution. And 
this distribution has been shown by Macris and RSsch (1984) to vary with the 
solar cycle: the granules are somewhat smaller at solar maximum than at the 
minimum. 

To render the analysis more quantitative, an a t tempt  has been made, on 
E. Spiegel's suggestion, to characterize the form of the granules by their fractal 
dimension. This parameter  can be readily deduced from a logarithmic graph of 
the area versus the perimeter of the granules; the result is shown on figure 1 
(Muller and Roud]er 1985; Roudier and Muller 1986). It confirms the visual 
impression that  the small granules are much more regular than the large ones, 
but  the distinction between the two is surprisingly sharp with this diagnostic 
tool. The transition occurs for a size of 1.4 second of arc (l ~ 10Scrn, or 1 Mm) .  
That  scale corresponds to a P~clet number v l / K  of order 1, if one evaluates 
it with the vertical velocity (v ~-, 1kin~8); at optical depth r = 1, the heat 
diffusivity K ~ 1013 in cgs units. 

This dimensionless number is used to evaluate the strength of the coupling 
between the velocity field and the temperature  field in a conducting fluid: when 
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this number is larger than unity, heat is advected by the motions; when it 
is smaller, diffusion dominates. Therefore the interpretation of the observed 
discontinuity in the fractal dimension is that  the large eddies are irregular for 
they advect the temperature field, whereas the small ones are regular because 
they let the heat diffuse more easily. 

Not much more can be deduced from the images alone, but the solar 
refractor has recently been equipped with the MDPS (Multichannel Double Pass 
Subtractive) instrument built by the Meudon observatory. The first observation 
campaign was extremely successful: the best Doppler images obtained with this 
instrument,  on photographic film, have a definition of about half a second, 
and the vertical velocity field can now be determined with that  high resolution 
(Muller et al. 1987). 

As is well known, this velocity field is made of two components: the waves 
due to the five minute oscillations, and the granular motions in which we are 
interested here. Ideally, to disantangle the two fields, the pictures ought to 
be processed in the same way as the SOUP images; instead, a much cruder 
method has been used so far to filter out the waves: it consists simply in 
superposing two Doppler images taken two and half minutes apart (after careful 
recentering). When examining the kinetic energy spectra derived before and 
after this filtering, one notices that  it principally affects the supergranular and 
mesogranular scales, as expected, and that  it barely modifies the small scale 
region. This is fortunate, since it is in that  region of the spectrum that  the 
most interesting property has been found. 

The result is shown in figure 2, where E(k) is plotted as usual versus 
the wavenumber k in logarithmic coordinates, E(k)dk being the kinetic energy 
present in the scales between k and k + dk. Two straight lines can be drawn 
through the data points: for the scales larger than 3 seconds of arc (~ 2 Mm), 
the slope is about -0.70,  whereas below that  scale, and down to the resolution 
limit, the slope turns out as -1.70.  

Within the error bars of the crude treatment which has been used, this 
value is undistinguishable from the famous - 5 / 3  of the Kolmogorov-Obukhov 
law. This slope characterizes the energy spectrum of homogeneous isotropic 
turbulence in the so-called inertial domain, where the kinetic energy cascades 
down to the smallest scales, to be dissipated there through viscous friction 
(see for instance Landau and Lifschitz 1953, or Tennekes and Lumley 1972). 
Therefore the observations above must be interpreted as a strong indication 
that  the granular motions are of turbulent origin. They do advect heat in 
their vertical displacement, as revealed by the well known correlation between 
temperature and velocity, but  according to this result the buoyancy force plays 
only a minor role in their dynamics, and most of their energy originates from 
scales larger than 2 Mm. 

Let us strese that  this is the first time that  such a slope has been 
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Figure 2. Power spectrum of the solar photospheric motions, derived from two super- 
posed Doppler images taken two and half minutes apart (Muller et al. (1987). 

reported. Earlier work by Aime, Ricort and Harvey (1978), with a different 
technique (speckle-interferometry through photoelectric scans), revealed rather 
an exponential tail of the kinetic energy spectrum. And recent observations by 
Nesis et al. (1987), likewise recorded on a photographic film but apparently 
carried out with a somewhat poorer seeing, also show a steeper slope. 

3.2 Large scale motions 

Several at tempts have been made in the last few years to detect a large 
scale pat tern in the photospheric motions, which could be related to the global 
convection of the Sun and its dynamo; the subject has been recently reviewed 
by SchrSter (1985). 

The first direct, kinematic evidence for such motions was the modulation 
of the differential rotation discovered by Howard and LaBonte (1980) on the 
Mount Wilson full-disk velocity data. They interpret it as a torsional wave 
synchronous with the 11 year cycle, which travels from pole to equator in about 
twice that  time. 

The second discovery was made by Ribes, Mein and Mangeney (1985) 
in analyzing the Meudon spectroheliograms, which are now being digitalized. 
They find that  the motions of the newly-born sunspots are organized in several 
latitudinal bands, as if they were the tracers of a meridional circulation with 
several counter-rotating, azimuthal rolls (3 or 4 in each hemisphere). The 
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velocities can reach 100 m/s; their average is about 30 m/s, leading to a turn- 
over time, for the rolls, of the order of one month.  

The authors also find that  the mean rotation rate of these young spots 
is nearly constant with latitude, and thus does not reflect the differential 
rotation observed in the photosphere. Moreover, they show that  this meridional 
circulation is closely related to the large scale, long-lived magnetic structures 
outlined by the Ha filaments: these structures coincide with the regions of 
convergence and divergence (and hence of downflow or upflow) of the azimuthal 
rolls. Finally, the authors claim that  this roll system migrates towards the pole 
in each hemisphere, with a new pair of rolls emerging at the equator every solar 
cycle. 

This last property seems to contradict that  of the torsional wave of Howard 
and LaBonte, which moves in the opposite direction, from pole to equator. 
Moreover, those authors have found no indication of meridional flows with 
velocities larger than lOm/s (their precision limit). But the tracers used in 
the two cases are not the same: the Doppler velocities are determined in the 
photospheric plasma, whereas the young spots may be anchored very deep in 
the convection zone. 

It has also been noticed, of course, that  the rolls described by Ribes et 
al. are parallel to the equator, whereas convection in a rotating shell should 
proceed in cells aligned with the rotation axis (cf. section 2.2.3 above). But 
this discrepancy can be explained. For instance, one may argue that  the drift 
of the magnetic pattern,  as visualized by the young sunspots, is not necessarily 
connected with large scale convective motions. A more plausible explanation 
is that  the toroidal (azimuthal) magnetic field, which in the classical dynamo 
theory is generated by the differential rotation, may be strong enough to lift 
the degeneracy due to the spherical symmetry in a way opposite to that  of the 
Coriolis force, namely in azimuthal rolls. Further work is necessary to clarify 
this point. 

Other magnetic tracers have been used in the past with no definite 
conclusion (see SchrSter 1985). During this meeting, P. Ambro~ reports on a 
circulation pat tern which he derives from the Ha Synoptic Charts, using a 
somewhat subjective method. His conclusion is that  the displacements of these 
structures cannot be interpreted by purely zonal flows, and the meridional 
velocities he finds can reach 150m/s (Ambro~ 1986). A detailed comparison 
with the results of Ribes et al. (1985) is not possible, since they concern different 
epochs. 

4. D I S C U S S I O N  

What can be learned, about the nature and the mechanism of solar 
convection, from the observations that  have been presented above? 
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The result obtained by Muller et al. (1987), which apparently proves the 
turbulent nature of the granular motions, is of such importance that  the whole 
chain of treatment of the Doppler images must be firmly validated before going 
too far into the interpretation. The authors themselves insist that  their result 
be considered as very preliminary, and  they wish to perform various tests before 
declaring it definite. But let us take it here at face value, to confront it with 
other evidence. 

The fact that  the granules participate in a turbulent cascade can be clearly 
seen in the SOUP film mentioned above, after filtering out the waves: the large 
eddies always split into smaller ones, and the opposite (the merging of small 
granules) never occurs. What is more surprising is the almost perfect - 5 / 3  
slope, which is commonly regarded as a signature of homogeneous isotropic 
turbulence; such ideal turbulence is not likely to exist in this strongly stratified 
medium, where the density scale height is about 0.SMm, i.e. less than the 
horizontal size of the observed eddies. 

But one may argue that  the assumption of isotropy is not necessary 
to establish the Kolmogorov-Obukhov law: it suffices that  the anisotropy be 
independent  of scale. And homogeneity is clearly achieved in the horizontal 
directions, which are those where most dynamical interactions occur in the 
photosphere: the vertical motions are hindered by the convectively stable region 
located above optical depth T = 1, and by the 'buoyancy braking' described by 
Massaguer and Zahn (1980). 

At first glance, this result of a turbulent cascade, which implies that  the 
kinetic energy of the granules proceeds from larger scales, is in contradiction 
with theoretical work. The linear analysis made by Antia, Chitre and Narasimha 
(1983), which includes the effect of the turbulent pressure, shows that  the 
growth rate of the fundamental mode is maximum for the granular scale, which 
seems to indicate that  those scales should be the dominant ones in the nonlinear 
regime. However, when evaluating the turbulent heat conductivity and the 
turbulent viscosity due to the smaller scales, they neglected the contribution 
from eddies larger than the classical mixing length (i.e. the pressure scale 
height). That  this truncation is not justified can be seen in the observation of the 
granular shapes reported above, from which one can derive, as explained, the 
Pgclet number vl/K; the mixing length deduced from this number is comparable 
with the horizontal size of the eddies, and it is thus significantly larger than the 
pressure scale height (which is about 150 km in the photosphere). Let us notice 
also that  the observed lifetime of the granules (around 10 ran) is consistent with 
the turn-over rate estimated with this horizontal scale, vii  ~ 10-ss  -1, with 
again v ~ 1 km/s .  The maximum linear growth rate predicted by Antia et al., 
with the truncated eddy diffusivities, is just of that  order; one may therefore 
conjecture that  the granular scales would turn out as stable (damped) when 
using the correct value of those coefficients. 
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The numerical simulations made by Nordlung (1982) also prove that the 
granules can live by themselves, from the work done by the buoyancy and 
pressure forces alone, and that they need no other source of energy. But this 
result is obtained by imposing that the convective heat flux be carried only 
through the eddies of granular size, and therefore it is not too surprising. As 
already mentioned, Nordlung predicts a temperature contrast, and also vertical 
velocities, which are larger than those allowed by the observations; this may be 
taken as an indication that other scales, presumably larger ones, participate in 
the convective transport. If these scales were included in the simulation, they 
would probably lower the superadiabatic gradient, and hence the temperature 
fluctuations and the velocities associated with the granular motions. 

If we accept the idea that the granules are not the major actors in the 
solar convection, we must identify the scales which are the dominant ones, 
namely those at which the major part of the kinetic energy is injected into 
the turbulence. In all likelihood, these are the supergranuler eddies, which are 
known to be convectively unstable (Van de Borght 1979; Antia, Chitre, and 
Pandey 1981; Antia, Chitre and Narasimha 1983). 

To confirm this property, it would suffice to check that the energy spectrum 
is indeed maximum for the corresponding wavenumbers. Unfortunately, what 
seems the best spectrum obtained so far, that of Muller et al. (1987), is not 
reliable enough in that wavenumber range, mainly because of the rough method 
used to filter out the five minute oscillations. Nevertheless, we can use the best 
established part of this spectrum, namely the inertial range, and compare it 
with the energy of the supergranular motions, using the information which is 
available on sizes and velocities. 

We shall proceed as follows. First we schematically represent the spectrum 
of Muller ¢t al. by two straight lines (figure 3); the knee (kc,  E(kG)), where the 
slope steepens from -0.70 to -5 /3 ,  is located at 2 M m ,  hence 2 r / k c  = )kG = 
2 M m .  There 

V~ being the r.m.s, velocity characterizing the granular motions. We take for VG 
the value I km/s  which may be inferred from the vertical velocity measurements 
(see for instance Muller 1985); we neglect the contribution of scales larger than 

Likewise, for the supergranules we write 

ks - A k  

k s + A k  
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Figure 3. Power spectrum of the solar convection, showing the portion determined by 
Muller et al. (1987), the supergranular motions, and the large scale motions described 
by Ribes et al. (1985). 

where Vs is the typical velocity (25Ore~s) deduced from the lifetime of these 
eddies (1-2 days), and ks the typical wavenumber (2r/ks = I s  ~ 3 0 M m )  of 
the supergranules; the integral is taken over the wavenumber range 2Ak which 
characterizes them. The coefficient T/s is proportional to the bandwith Ak/k,  
and it also depends somewhat on the slope of the energy spectrum in that  
domain; a reasonable assumption is to take r}s ~ 0.5. 

We thus obtain the ratio 

E(kc) 2~S AG ( V c )  2 
E ( k s ) -  3 As ~ ~ 0 . 3 5 .  

The result is shown on figure 3: E(ks) is definitely located above the inertial 
range, and this strengthens our claim that  the supergranular eddies are indeed 
the dominant  ones in solar convection, at least near the surface. 

It is tempting to use the same method to plot on this graph the large scale 
motions reported by Ribes et al. (1985); we shall use the following parameters:  
VL = 30m/s and 2~/kL = AL ~ 200 Mra, and again ~L ~ 0.5. Here we get 

S(ks)  \ / °'1° ' 

and we see that  the energy level of these motions is also located below the 
maximum reached for the supergranular scales, which seems to indicate that  
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these large eddies are likewise fed by the supergranular motions. But this result 
must be interpreted with care, since the turbulent convection is certainly far 
from homogeneous: at the depth where those large scale motions occur, they 
may well be the dominant ones, and their main energy source may again be the 
buoyancy. 

To summarize: the picture of the solar convection zone which emerges from 
the most recent observations is that  of a classical turbulent fluid, with energy 
injected at the supergranular scales and cascading down to the smallest scales. 
It is not yet clear whether the large scales are also fed by those supergranular 
motions, or are unstable enough to be driven by the buoyancy. 

5. P E R S P E C T I V E S  

In conclusion, among all the efforts which must be strongly encouraged for 
a better understanding of stellar convection, I wish to insist on what I consider 
to be the top priorities. Here they are, in increasing difficulty: 

i. With the new parallel computers, one can now perform numerical 
simulations in a 64x64x64 mesh. Rather than just increasing the resolution of the 
present calculations, one should verify the possibility of feeding the convection 
from the supergranular scales. In practice, a mesh spanning the scales from 30 
to 0.5 M m  should suffice for a first exploration. 

ii. Using the best sites available, and also in planning new space-borne 
experiments, one should try everything to improve the accuracy and the spatial 
resolution of the photospheric velocity and intensity measurements. 

iii. Asterosismology is an extremely promising diagnostic tool to probe 
stellar convection zones. Research should be strongly developed in this field, 
both from the ground (Doppler measurements with the largest telescopes), and 
out of the atmosphere (photometry). 

R E F E R E N C E S  

Aime, C., Ricort, G., Harvey, J.: 1978 Astrophys. J. 221, 362 
Ambro~, P.: 1987, Bull. Astron. Inst. Czechosl. 38, 1 
Antia, H.M., Chitre, S.M., Pandey, S. D.: 1981, Solar Phys. 70, 67 
Antia, H.M., Chitre, S.M., Narasimha, D.: 1983, Mon. Not. R. Astr. Soc. 204, 

865 
Baker, N.H., Kuhful~, R.: 1987, Astron. Astrophys. (in press) 



70 

BShm-Vitense, E.: 1958, Z. Astrophys. 46, 108 
Buchler, J.R., Perdang, J.M., Spiegel, E.A. (eds.): 1985, 'Chaos in Astrophysics' 

(Reidel Publ. Co.), NATO ASI Series C 161 
Busse, F.H.: 1970, Astrophysical J. 159, 629 
Chan, K.L., Sofia, S.: 1986, Astrophys. J. 307, 222 
Dravins, D.: 1982, Ann. Rev. Astron. Astrophys. 20, 61 
Dravins, D., Lindegren, L., Nordlung,/~.: 1981, Astron. Astrophys. 96, 345 
Dravins, D., Larsson, B., Nordlung,/~.: 1986, Astron. Astrophys. 188, 83 
Durney, B.R.: 1970, Astrophys. J. 161, 1115 
Eggleton P.P.: 1983, Mon. Not. R. Astr. Soc. 204, 449 
Gelly, B., Grec, G., Fossat, E.: 1986, Astron. Astrophys. 164, 383 
Gilman, P.A., Miller, J.: 1986, Astrophys. J. Suppl. 61,585 
Glatzmaier, G.A.: 1984, J. Comput. Phys. 55,461 
Glatzmaier, G.A.: 1985, Astrophys. J. 291, 300 
Glatzmaier, G.A., Gilman, P.A.: 1982, Astrophys. J. 256, 316 
Gough, D.O.: 1969, J. Atmos. Sci. 26, 448 
Graham, E.: 1975, J. Fluid Mech. 70, 689 
Graham, E.: 1977, in E.A. Spiegel and J.-P. Zahn (eds.), 'Problems of Stellar 

Convection' (Springer), Lecture Notes in Physics 161, 151 
Gray, D.F.: 1980, Astrophys. J. 235,508 
Gray, D.F.: 1981, Astrophys. J. 251, 
Gray, D.F.: 1982, Astrophys. J. 255, 
Gray, D.F.: 1986, Publ. Astron. Soc. 

583 
200 
Pacific 98, 319 

Gray, D.F., Toner, C.G.: 1986, Publ. Astron. Soc. Pacific 98, 499 
Hart, M.H.: 1973, Astrophys. J. 184, 587 
Hart, J.E., Toomre, J., Deane, A.E., Hurlburt, N.E., Glatzmaier, G.A., Fichtl, 

G.H., Leslie, F., Fowlis, W.W., Gilman, P.A.: 1986, Science 234, 1 
Howard, R., LaBonte, B.J.: 1980, Astrophys. J. 239, 738 
Hurlburt, N.E., Toomre, J., Massaguer, 3.M.: 1986, Astrophys. J. 311, 563 
KuhfuB R.: 1986, Astron. Astrophys. 160, 116 
Landau, L., Lifschitz, E.: 1953, 'Hydrodynamika' (English translation 1959; 

Pergamon) 
Latour, J., Toomre, J., Zahn, J.-P.: 1983, Solar Phys. 82,387 
Lorenz, E.N.: 1963, J. Atmos. Sci. 20, 130 
Macris, C.J., Rbsch,: 1984, C. R. Acad. Sci., s~rie H 296, 265 
Maeder, A.: 1975, Astron. Astrophys. 40, 303 
Marcus, Ph. S.: 1980, Astrophys. J. 240,203 
Massaguer, J.M., Mercader, I: 1984, in J.E. Wesfreid and S. Zaleski (eds.), 

'Cellular Structures in Instabilities' (Springer), Lecture Notes in Physics 
210, 270 

Massaguer, J.M., Zahn, J.-P.: 1980, Astron. Astrophys. 87, 315 



71 

Massaguer, J.M., Latour, J., Toomre, J., Zahn, J.-P.: 1984, Astron. Astrophys. 
140, 1 

Mattig, W.: 1985, in R. Muller (edit.), 'High Resolution in Solar Physics' 
Springer, Lecture Notes in Physics 233, 141 

Muller, R.: 1985, Solar Phys. 100, 237 
Muller, R., Roudier, Th.: 1985, in R. Muller (edit.), 'High Resolution in Solar 

Physics' (Springer), Lecture Notes in Physics 233, 242 
Muller, R., Roudier, Th., Malherbe, J.M., Mein, P.: 1987, (poster, this meeting) 
Narashima, D., Antia, H.M.: 1982, Astrophys. J. 262,580 
Nesis, A.: 1984, ESA Spec. Publ. 220, 203 
Nesis, A., Mattig, W., Fleig, K.H., Wiehr, E.: 1987, Astron. Astrophys. 

(submitted) 
Nordlung,/~.: 1982, Astron. Astrophys. 107, 1 
Nordlung,/~.: 1985a, Solar Phys. 100,209 
Nordlung,/~.: 1985b, in H. U. Schmidt (edit.), 'Theoretical Problems in Solar 

Physics' (Max-Planck-Institut ffir Astrophysik), 1 
Ribes, E., Mein, P., Mangeney, A.: 1985, Nature 318, 170 
Roudier, Th., Muller, R.: 1986, Solar Phys. 107, 11 
Roxburgh, I.W.: 1978, Astron. Astrophys. 65,281 
SchrSter, E.H.: 1985, Solar Phys. 100, 141 
Spiegel, E.A.: 1966, Transactions IAU XII  B, 539 
Spiegel, E.A., Zahn, J.-P. (eds.): 1977, 'Problems of Stellar Convection' 

(Springer), Lecture Notes in Physics 161 
Tennekes, H., Lumley, J.L.: 1972 'A First Course in Turbulence' (MIT Press) 
Title, A.M., Tarbell, T.D., Simon, G.W., and SOUP Team: 1986, Proc. 

COSPAR meeting, Toulouse 
Toomre, J., Zahn, J.-P., Latour, J., Spiegel, E.A.: 1976, Astrophys. J. 207, 545 
Toomre, J., Hart, J.E., Glatzmaier, G.A.: 1987, in B. Durney and S. Sofia (eds.), 

'On the Internal Solar Angular Velocity: Theory and Observations' 
(Reidel), (in press) 

Unno, W.: 1969, Publ. Astron. Soc. Japan 21, 240 
Unno W.: 1986, in Y. Osaki (edit.), 'Hydrodynamic and Magnetohydrodynamic 

Problems in the Sun and Stars' (Univ. Tokyo), 57 
Van der Borght, R.: 1979, New Zealand J. Sci. 22,575 
WShl, H., Nordlung,/~: 1985 Solar Phys. 97, 213 
Xiong, D.-R.: 1979, Acta Astron. Sinica 20,238 
Yamaguchi, Sh.: 1984, Publ. Astron. Soc. Japan 36, 613 
Yamaguchi, Sh.: 1985, Publ. Astron. Soc. Japan 37, 735 
Zahn, J.-P., Toomre, J., Latour, J.: 1982, Geophys. Astrophys. Fluid Dynam. 

22,159 



PHOTOSPHERIC STRUCTURE IN SOLAR-TYPE STARS 

Dainis Dravins 
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Box 43, S-221OO Lund, Sweden 

The fine structure of stellar photospheres (i.e. the stellar equiva-- 

lent of solar granulation) can be studied through various observable 

parameters. These include photospheric line asymmetries (caused by 

different photon contributions from granules and intergranular lanes), 

photospheric line wavelength shifts (caused by a bias of photons from 

brighter and systematically Doppler-shifted elements), time variabili- 

ty of stellar irradiance (caused by the evolution of a finite number 

of granules on the star), and the spatial imaging of stellar surfaces 

with optical interferometers. None of these methods is trivial, but it 

appears that the least difficult concerns the study of line asymmetries. 

These can be observed with reasonable precision and also form a sensi- 

tive test for hydrodynamic models of stellar atmospheres (Dravins, 

1987a). 

Stellar spectra of very high quality are needed in order to see a sig- 

nature of stellar granulation. A spectral resolution ~/~IOO,000 

may be adequate to reveal the presence of granulation-induced asymme- 

tries, but a resolution of 200,000 or 300,000 is preferable in order 

to study line asymmetry patterns in different types of lines. Not many 

stellar instruments exist in the world with sufficient performance for 

such a task. 

A number of bright stars have been observed using the ESO coud~ echelle 

spectrometer in a photoelectric double-pass scanning mode. This mode 

allows a resolution ~ 2OO,OOOp and gives a very clean instrumental 

profile, but is also very expensive in observing time. The star most 

similar to the Sun among those studied - Alpha Centauri A, G2 V - indeed 

reveals a granulation signature rather similar (but not identical) to 

that of the Sun. Also other stars observed (of spectral types A, F, G 

and K) show line asymmetry patterns indicative of granulation, but with 

properties different from the solar ones (Dravins, 1987b). 

Numerical supercomputer simulations of stellar surface convection have 

been carried out (Nordlund Dravins, in preparation), modeling a small 

volume that cuts through the stellar surface: extending up into the 
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atmosphere, and going down into the convection zone. These time-depen- 

dent models of the 3-dimensional radiation-coupled convection contain 

only three free physical parameters: the effective temperature (which 

determines the heat flow through the bottom of the simulation volume); 

the stellar surface gravity (which influences the vertical stratifica- 

tion), and the chemical abundance (which determines the opacities 

throughout the volume). These models are stepped forward in time to 

reveal the properties of convection cells (granules) on stellar sur- 

faces: their sizes, the patterns in their gas flows, and the structure 

of convective motions beneath the visible stellar surface. The time 

evolution sequences show the processes of granulation cells breaking 

apart and dissolving while new ones are being formed nearby. Granules 

on a K dwarf may be only a few hundred km across, while those on a G 

subgiant are on the order of 10,O00 km, much larger than solar ones. 

As the next step, spectral line profiles were computed for each spot 

on the stellar surface, and for each timestep in the model sequence, 

in effect using the computed simulation as a set of spatially and tem- 

porally varying model atmospheres (Dravings Nordlund, in preparation). 

By averaging over a very large number of such individual line profiles, 

a representative line for various positions on a stellar disk is ob- 

tained, as well as a profile for integrated starlight. 

Due to the velocity fields present on the star, this integrated star- 

light profile is appreciably broader than the line from any one spot 

on the surface, and due to unegual contributions from hot and cool 

areas, the lines are also asymmetric and wavelength-shifted. These 

synthetic line profiles are then compared to observations to verify 

the degree of realism in the model simulations. The results show a 

very satisfactory agreement concerning the line asyntmetry patterns, 

while some discrepancies in the outer wings of the absorption line 

profiles suggest that the horizontal surface motions in some stars 

may be even more vigorous than the present anelastic model allows them 

to be. 

Convective wavelength shifts in these models vary between some 1000 m/s 

for an F star model at 6600 K, and some 200 m/s blueshift for a K 

dwarf at 5200 K. This change a factor of five in convective lineshift 

reflects not only a larger temperature contrast between granules and 

intergranular lanes in F stars, but in particular the circumstance 

that the "real" granulation in cooler K stars lies slightly beneath the 

visible surface, shrouded by a "mist" of light-absorbing gas that only 
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permits one to faintly perceive the contrasts beneath. In contrast, 

the granules in an F star appear "naked" and one can look right onto 

the top of the convective layers. The Sun occupies an intermediate po- 

sition in this respect, its granulation contrast being somewhat damped 

by the overlying atmospheric layers. 
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ABSTRACT 

This review attempts to highlight two fundamental and complementary aspects of the 

chromospheric phenomenon; viz., global properties of stellar chromospheres and 

their variation among the stars, and the underlying fine structure that affects or 

determines these global properties. After an introductory discussion of the gross 

vertical structure of a stellar chromosphere, attention is given to the chromosphe- 

ric geometric extent and its dependence on the position of the star in the HR dia- 

gram. This includes a critical review of various explanations of the dividing line 

that separates red giants from Solar-like stars. A subsequent chapter summarizes 

main features of proposed chromospheric heating mechanisms and discusses the role 

that magnetic fields play in the transport and dissipation of energy. The onset of 

stellar chromospheres and the magnitude of nonthermal motions can be probed by the 

Wilson-Bappu effect and by similar empirical results. The well-known insensitivity 

of the CaIIK line width to the stellar activity level might be largely due to a 

collective effect. The final chapter explores the dependence of chromospheric 

magnetic fine structure on global stellar properties. 

I. INTRODUCTION 

The Solar chromosphere is usually pictured as a layer in which the average tempera- 

ture T increases slowly outwarda until it suddenly jumps to much higher values in 

the transition region (hereafter TR) to the corona. Fig. I shows the variation of 

temperature with height in the chromospheric reference model C of Vernazza et al. 

(1981). This model has been constructed to fit the "average" emission (i.e., the 

emission at extremely low spatial and temporal resolution) of the quiet Sun under 

the simplifying assumptions of a static steady state and plane parallel geometry. 

Clearly, these approximations break down in the real Solar chromosphere, which is 

highly inhomogeneous, temporally variable, and far from being static. Nevertheless, 

* Mitteilungen aus dem Kiepenheuer-lnstitut Nr. 280 
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it J.~; important to consider first an average model in order to establish a concep- 

tual basis for any further discussion of the various fluctuations in space, time, 

and velocity space. 
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Fiqure 1. Temperature (drawn) and net radiative energy loss (dashed) vs. height for 
the Solar chromospheric reference model C of Vernazza et al. (1981). The circle 
marks the point where hydrogen is half ionized. The emission peak at 2200 km is due 
to L~. 

In this review I will adopt the current praxis (e.g., Ayres 1979; Linsky 1980; 

Athay 1981a; see, however, the discussions in Jordan and Avett 1973) to use the 

term "chromosphere" for the region between the temperature minimum and the TR, the 

latter being characterized by its steep temperature gradient and the resulting im- 

portance of thermal conduction in the energy balance. In extant Solar reference 

models (e.g., Fig. I) the chromosphere extends over a height interval of roughly 

2000 km, which is large compared with the pressure scale height, Hp:ldh/dlog TI, 

but small compared with the Solar radius. This differs from the cool low gravity 

stars, where the chromospheric extent may exceed the large stellar radius, and 

where the hot corona may be missing altogether. 
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The paper is organized as follows, sect II deals with the gross vertical structure 

of the average chromosphere and with the variation of its geometric extent among 

the stars. Sect. III summarizes important aspects of proposed heating mechanisms 

and discusses the role that magnetic fields play in the energization of the chromo- 

sphere. Sect. IV deals with the Wilson-Bappu effect and related empirical results, 

which can be used to probe the depth (in terms of mass column density) of Solar and 

stellar chromospheres as well as chromospheric nonthermal velocities. The paper 

concludes by combining implications of the preceding sections in a discussion of 

the dependence of chromospheric magnetic fine structure on global stellar proper- 

ties (Sect. V). 

II. GROSS VERTICAL STRUCTURE 

The chromosphere emits more energy than it absorbs. This energy loss must be sup- 

plied continuously by some kind of mechanical heating. In the reference model shown 

in Fig. I, the net radiative energy loss is represented by the dashed curve. Any 

proposed heating mechanism should match such an empirical curve at least approxi- 

mately. 

Over most of the chromosphere, the required heat input decreases with height 

slightly less rapidly than the density, Such a general decrease suggests the gra- 

dual absorption of energy coming from below. This is not necessarily so for all 

types of stars. In dMe stars, for example, the coronal activity level is so high 

that the absorption of coronal X-rays represents an important heating mechanism in 

the upper chromosphere (Cram 1982). 

Similarly, the abrupt L~ peak in the radiative loss curve of the Solar refe- 

rence model (Fig.l) might also be powered from the corona. Hot coronal electrons 

can "leak" through the thin TR (Roussel-Dupr~ 1980a,b; Shoub 1983; Dufton et al. 

1984). Owocki and Canfield (1986) have suggested that this nonlocal thermal conduc- 

tion can supply the uppermost chromosphere with sufficient energy to balance the 

L~ losses. On the other hand, it has also been suggested that upward traveling 

waves might suffer heavily from radiation damping as soon as L~ becomes effec- 

tively thin (Ulmschneider 1986). And finally, the L~ peak might be a conse- 

quence of the breakdown of the assumptions underlying the reference model. In par- 

ticular, the L~ emitting layer on the Sun is by no means plane parallel (Bonnet 

et al. 1980; Foing et al. 1986). 

Similar to the L~ emission peak, the behaviour of the net emission curve below 

1000 km is also highly uncertain, as has been emphasized by several authors (e.g., 
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Athay 1985; see also the discussion and further references in Lites 1985). This un- 

certainty is due to the large number of opacity sources that become important near 

the temperature minimum. As a consequence, the reality of the rapid onset of the 

heat input right at the temperature minimum (cf. Fig. I) is not yet definitely 

proven; but it appears to be likely, at least. In principle, a temperature inver- 

sion does not necessarily require such a rapid onset of the heat input. An outward 

temperature rise can also be produced by a smoothly varying heating law (e.g., 

Ayres 1979) or by nLTE radiation effects alone, without any mechanical heating 

(Cayrel 1963). Nevertheless, present Solar reference models do suggest that the 

Cayrel effect is rather unimportant (cf. Avrett 1973), that there is indeed a fair- 

ly rapid onset of the heat input, and that most of the heating occurs already in 

the lower chromosphere, within a few scale heights above the temperature minimum. 

The radiative energy loss of the Solar chromosphere occurs mainly in optically 

thick emission lines formed in nLTE. Most of these lines are effectively thin; 

i.e., the photons escape after multiple scattering. In this case, the local radia- 

tive energy loss per volume can be approximated by, 

IV.FMI = V.F R = nenHf(T), (I) 

where n e is the electron density, n H is the density of hydrogen atoms and protons, 

and f(T) is an emissivity function, which at chromospheric temperatures increases 

steeply with T. 

On the basis of the chromospheric energy balance equation (I) we can try to under- 

stand some of the basic properties of the gross vertical structure of a stellar 

chromosphere. In particular, Eq. (I) allows us to discuss why the temperature in- 

creases outward, why this increase is gentle, why a transition to high coronal tem- 

peratures occurs in stars like the Sun, and why this is perhaps not the case in 

some other types of stars. In order to keep this discussion simple, let us neglect 

any temperature dependence of the heat input. In Solar reference models, the heat- 

ing is found to decrease outward slightly less rapidly than the density, and thus 

much less rapidly than the emission at constant temperature, which decreases like 

density squared. Therefore, the temperature must change outward in such a way as to 

enhance the emission appropriately. 

At cool chromospheric temperatures, this can be achieved easily by a very gentle 

outward temperature rise because both n e and f(T), and thus the emission, depend 

very sensitively on T. The sensitivity of n e is due to the fact that over most of 

the chromosphere the electrons are tapped from the big reservoir of hydrogen ion- 

ization; and as long as the fractional ionization of H is small, n e increases very 
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strongly with T. This "thermostatic effect' (Athay 1981b, 1985) of hydrogen ioniza- 

tion terminates when H becomes mostly ionized, so that ne=nH, independent of T. 

Moreover, at sufficiently large temperatures, near T=IO5K, the emissivity f(T) 

has a maximum. Typical calculations of f(T) (e.g., McWhirter et al. 1975) exhibit 

an additional local maximum due to hydrogen emission near T~ 15000K. It is not 

yet clear to what extent and on which stars this local maximum can be smoothed out 

by optical thickness effects in L~ (cf. McClymont and Canfield 1983; however 

Athay 1986). 

As soon as the emission reaches its maximum as a function of T, it can no longer be 

adgusted to the heat input. Then the chromospheric type of energy balance described 

by Eq. (I) breaks down. Even below this point the sensitivity of the emission to 

temperature is reduced to such an extent that energy balance can be achieved only 

by means of a steep temperature gradient, for which thermal conduction becomes im- 

portant in the energy equation. This changes the character of the energy balance 

from local (Eq. (I)) to global, because thermal conduction collects and redistri- 

butes the dissipated energy before it is radiated away. 

For any prescribed chromospheric heating law in which the dissipation falls off 

less rapidly than density squared, the temperature increases outward, and we must 

ultimately reach such a critical position beyond which a chromospheric type of 

energy balance is no longer possible. However, this outer limit for the chromo- 

sphere need not be the position where the corona begins. In principle, the TR to a 

steady corona may be located anywhere below this critical position. The actual 

location of the TR is likely determined by the amount of energy that is deposited 

in, and lost by, the corona (cf. Hammer et al. 1982, 1983, 1984) because the total 

energy loss Fco r of the corona is related to its base pressure pTR° It is fairly 

obvious that such a relationship must exist: Provided that other conditions are the 

same, a corona with a larger base pressure has larger radiation losses from both 

its coronal and TR portions; and in open regions the mass flux is also enhanced. 

The required relationship between Fco r and PTR can be derived from theoretical mod- 

els of closed coronal loops (e.g., Rosner et al. 1978, Eq. (4.4)) and open regions 

(Couturier et al. 1979; Hearn and Vardavas 1981a,b; Hammer 1982a and 1982b Fig. 2) 

as well as from semi-empirical models (Jordan 1980 Fig. 4i. 

Many types of stars have outer atmospheres very similar to the Solar one (cf. re- 

view by Linsky 1985a). Along the main sequence, this applies to stars of spectral 

type later than early F, perhaps even late A. When we go from the Solar-like stars 

to the cool low gravity stars in the upper right corner of the HR diagram, the 

basic character of the outer stellar atmosphere appears to change: chromospheres 

become geometrically extended; cool, low speed winds set in (Reimers 1977; Stencel 
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and Mullah 1980); and the UV and X-ray emission indicative of hot coronae disap- 

pears (Linsky and Haisch 1979; Ayres et al. 1981; Simon et al. 1982). These changes 

are observed to occur in the vicinity of a dividing line in the HR diagram, which 

for giants lies near spectral type KO (for recent reviews see Dupree 1986; Dupree 

and Reimers 1987; Linsky and Jordan 1987). The neighborhood of the dividing line is 

populated by hybrid stars (Hartmann et al. 1980; Brown 1986), which show both emis- 

sion from warm (I05K) plasma and spectroscopic evidence for cool winds. 

Since on the Sun the high temperature X-ray emission comes mostly from closed 

loops, while the wind comes from magnetically open regions, the observed changes 

suggest that the character of both types of regions changes in the relevant part of 

the HR diagram. These changes need neither be simultaneous nor particularly abrupt. 

Several of the fundamental stellar properties vary rapidly in this region of the HR 

diagram. From yellow to red giants, gravity decreases, while the average rotation 

period, the fractional depth of the convection zone, the fractional size of the 

convective elements, and the ratio of photospheric pressure scale height to radius 

increase. It is reasonable to expect that these differences of the basic stellar 

properties ultimately cause the observed differences of the atmospheric structure; 

but how they do so is still not understood. Many different suggestions have been 

put forward in the past; letme briefly discuss some of them. 

The most important determinant of stellar activity is the rotation period, which 

tends to be larger to the right of the dividing line. It has been suggested that 

this effect alone might account for the low UV and X-ray emission (Zwaan 1986). 

However, it has also been argued that stellar rotation periods grow already to the 

left of the dividing line (e.g., Gondoin et al. 1987). 

B6hm-Vitense (1986) suggested that in the outer chromospheres of red giants the 

heating might decrease outward as rapidly as density squared, or even faster. 

Therefore, the temperature remains constant or decreases outward, so there is no 

need for a corona. On the other hand, in that case we should also expect to find 

stars in which the heating varies between linearly and quadratically with density. 

It can be shown that such stars could neither have an extended chromosphere nor a 

steady hot corona (Hammer 1987a). They probably would have to undergo large scale 

temporal variations; perhaps they would look like hybrid stars. 

Several authors (e.g., Hartmann and MacGregor 1980) noted that in magnetically open 

regions of low gravity red giants any type of wave tends to push rather than heat 

the atmosphere, because with decreasing importance of the gravity term in the 

momentum equation the wave pressure term becomes more important. 
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Castor (1981) discussed several earlier "explanations" of the dividing line and 

suggested that in open regions of red giants the radiative cooling time becomes 

smaller than the wind expansion time, so that a hot open corona would rapidly cool 

or not form at all. On the other hand, a hypothetical heating mechanism that oper- 

ates on small temporal and large spatial scales would still be able to produce and 

maintain an extended hot corona. In fact, there is no reason to expect a corona to 

be heated only at its base. Currently discussed damping lengths for energy addition 

to the Solar wind and stellar winds are of the order of a stellar radius. Perhaps 

we should compare the radiative cooling time not with the wind expansion time, but 

rather with the time scale associated with fluctuations of the heat input. Then 

this type of argument is applicable to both open and closed regions (see below). 

A number of suggestions were concerned with coronal loops. Mullan (1982), for 

example, suggested that on red giants beyond the dividing line closed coronal loops 

become dynamically unstable and are carried away by the wind. This process itself 

could significantly modify the wind. 

Antiochos and Noci (1986) showed, as Hood and Priest (1979) had done before, that 

coronal loops can also exist in a "warm" state, in which thermal conduction is neg- 

ligible, so that the energy balance is a local (chromospheric) one between heating 

and radiation (Eq. (I)). In order to avoid the need to jump to high coronal temper- 

atures, a warm loop must fulfill two requirements: First, the maximum temperature 

must be smaller than the temperature at which the emission peaks (see above), and 

for which Antiochos and Noei take I05K. And second, for reasonable heating laws the 

loop height must be smaller than the pressure scale height at that temperature, 

Hp(IOSK). Antiochos et al. (1986) argue that as we go to low g stars, the rapid 

increase of the ratio Hp/R suggests that an increasing fraction of the magnetic 

loops can exist both in the warm chromospheric and in the hot coronal state. They 

further suggest that such loops prefer the warm state because, according to 

Antiochos et al. (1985), the hot state is linearly unstable. This effect might then 

explain the decay of the X-ray emission near the dividing line. 

Even though this idea is certainly fascinating, a word of caution seems appropri- 

ate. The linear instability of hot loops is neither fully accepted in the litera- 

ture (e.g. McClymont and Craig 1985a,b) nor particularly relevant. More important 

is thenonlinear behavior. Nonlinear analyses indicate either stability (e.g., 

Mariska et al. 1986) or limit cycle oscillations (Kuin and Martens 1982), depending 

on the efficiency of the mass exchange between chromosphere and corona (Craig and 

Schulkes 1985). (For a review on loop stability see Hammer 1987b). Moreover, the 

radiative cooling time of warm loops is of the order of a few seconds (depending on 

pressure), much smaller than the cooling time of hot loops (104 sec). Thus warm 
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loop~ can be maintained only by a quasi-steady heating mechanism. Local fluctua- 

tions of the heat input (for example due to wave periods or time lags between 

microflares) are permitted only on time scales of seconds. Even if this appears to 

be possible on the Sun, it becomes increasingly difficult as we go to the low g 

stars beyond the dividing line, for which the time scales of the (sub)photospheric 

driving region are much larger than on the Sun. Thus, if steady warm loops really 

exist on such stars, the lower limit of the fluctuation time scale represents a 

stringent constraint for possible heating mechanisms. Otherwise, we should study 

highly dynamic situations. 

Several other possible reasons are conceivable for why a star has no corona along a 

given field line, irrespective of whether this field line is open or closed. As 

discussed above, for any given corona model there exists a relationship between 

base pressure and total energy loss. Therefore, a quasi-steady hot corona can exist 

only if the star is able to provide the right amount of energy at the right pres- 

sure somewhere along the field line. In principle, this requirement might break 

down for various reasons (cf. Hammer 1987a,c). For example, the energy flux could 

be too small deep in the photosphere and decrease outward (due to dissipation or 

dilution) too rapidly with respect to the pressure. Or the pressure might be too 

small and/or the energy flux too large in the photosphere. Moreover, either the 

maximum of the emission (see above) or the apex of a loop might be reached before 

the coronal energy requirements can be fulfilled. In all these cases it is found 

that a classical Solar-like hot corona cannot exist, but only more or less extended 

warm regions and highly time dependent situations. 

In short, we know that stars beyond the dividing line haveexpanding, geometrically 

extended chromospheres. Whether coronae become only very faint or disappear altoge- 

ther is not yet fully clarified. Several reasonable suggestions have been made to 

account for the observations. Since many of the basic stellar properties change 

significantly near the dividing line, it is well possible that not only one, but 

several of these suggestions apply. 

III. CHROMOSPHERIC HEATING 

So far, the most thoroughly studied chromospheric heating mechanism has been shock 

dissipation of acoustic waves that are generated by the turbulent motions in the 

outer convection zone (Biermann 1948; Ulmschneider 1979; Jordan 1981). Recently, 

Kneer (1983, ~985) has suggested that such waves might also be generated in the 

temperature minimum region by radiative and convective instabilities associated 

with the formation of CO and other molecules. (For a review of such instabilities 

see }~ammer 1987b). 
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The acoustic wave heating mechanism has several attractive properties, which can be 

best explained in terms of a simple plane parallel wave that is generated in the 

subphotosphere and propagates vertically upward. If its energy flux 
2 

F M = Ov c s (2) 

were strictly conserved, the velocity amplitude v would increase outward roughly 

like v-0 -I/2 because the sound speed Cs-(~/p)112 varies only slowly in the 

chromosphere. The larger the amplitude, the sooner can compression fronts steepen 

into shocks (e.g. Hammer and Ulmschneider 1978, Eq. (5)) and dissipate the wave 

energy. 

A second, and even more important, energy loss mechanism of compressive waves is 

due to radiative energy exchange. The details of this process depend on the proper- 

ties of both the wave and the star (Ulmschneider and Kalkofen 1977). In the Sun, 

radiative damping is mainly restricted to the lower photosphere, where most of the 

waves have not yet formed shocks. In some other stars, shocks may form already in 

the radiative damping zone, where the associated shock dissipation cannot contri- 

bute much to the energy balance. Therefore, shock heating becomes important enough 

to produce a temperature inversion at the larger of the following two heights; the 

shock formation height and the upper end of the radiation damping zone (Schmitz and 

Ulmschneider 1981). 

Above the temperature minimum, the shocks are fully developped. Their dissipation 

tends to decrease the wave amplitude. This tendency counteracts the tendency of 

density stratification to increase the amplitude. As a result, the amplitude be- 

comes constant, so that according to Eq. (2) the energy flux decreases outward 

roughly like the density. This property has been confirmed by detailed calculations 

(Ulmschneider 1970; Schmitz et al. 1985). Therefore, acoustic shock waves exhibit 

two of the main characteristics of empirical heating laws as determined from Solar 

reference models: a sudden onset of the heat input and a subsequent decrease rough- 

ly proportional to the density. 

Gravity waves are also produced abundantly on the Sun. They can break and dissipate 

their energy in the lower chromosphere (Mihalas and Toomre 1981, 1982). Such waves 

have been observed recently (Staiger 1987). Acoustic waves have also been observed; 

their analysis is an important tool for probing the Solar atmosphere (Deubner 1984, 

1985; Kneer and von Uexk~ll 1985; Deubne{ et al. 1987). The energy flux carried by 

compressive waves is still uncertain; but in the middle and upper chromosphere 

there appears to be insufficient energy to account for the heating (e.g., Deubner 

1987). 
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Pure acoustic and gravity wave heating theories share a major flaw: they do not 

take the effects of magnetic fields into account. Hence, in their simplest form 

they are restricted to the nonmagnetic regions of the lower chromosphere. The bulk 

of the chromospheric emission, at least at larger heights, appears to be associated 

with magnetic fields. 

There exists a large amount of evidence for such a connection between magnetic 

fields and chromospheric emission. This evidence comes both from stellar and from 

Solar work. Since this area has been well covered by recent reviews (e.g., in 

Stenflo 1983; Baliunas and Vaughan 1985; Linsky 1985a,b; Mangeney 1985; Noyes 1985; 

Praderie 1985; Zwaan 1986; Rodon6 1987), I will only enumerate the most important 

aspects. Detailed references can be found in the reviews mentioned. 

First, the emission in the cores of strong chromospheric resonance lines such as 

CaII K varies by about an order of magnitude among stars of a given type (i.e., 

given Tef f and g) and thus given acoustic-gravity wave energy flux. The radiation 

from higher temperature plasma (TR and corona) varies by even larger amounts. The 

emissions from the various layers are well, and nonlinearly, correlated with each 

other (for reviews see Hammer and Linsky 1984; and Zwaan 1986). The stellar activi- 

ty level is correlated with the rotation period, and to a lesser extent also with 

other stellar properties. Several authors have attempted to combine such dependen- 

ces into dimensionless numbers that affect the dynamo, such as the Rossby number 

(i.e., the ratio of rotation period to convective turnover time). It is now beyond 

all doubt that the emission level is mostly controlled by the dynamo that generates 

magnetic fields. There are indications for a saturation of the emission among ex- 

tremely rapid rotators, and for a minimum emission from extremely slow rotators. 

Only the latter minimum emission can be, and has been (Schrijver 1986), attributed 

to pure acoustic-gravity wave heating. 

Second, only magnetic fields can account for the large scale inhomogeneity of the 

distribution of emitting regions over the stellar surface. Chromospheric plages, 

for example, are responsible for the observed rotational modulation of spectral 

lines such as CaIIK. By monitoring these lines over a sufficiently long time, one 

can infer precise stellar rotation periods, differential rotation with latitude, 

and the long term activity behaviour, which may be either cyclic or chaotic. If 

good spectral resolution and signal to noise ratio are available, it is even pos- 

sible to localize individual active regions on a star and to'determine their basic 

properties (Vogt and Penrod 1983; Gondoin 1986; Walter et al. 1987). 

The Sun permits a much more detailed study of the connection between chromospheric 

emission and magnetic fields. 8right plages are associated with areas of strongly 
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enhanced magnetic flux. Even in quiet regions, the CaIIK brightness is linearly 

related to the magnetic flux in the underlying photosphere (Skumanich et al. 1975). 

In the quiet Sun, patches of bright CaIIK emission outline the boundaries of super- 

granulation cells. The resulting chromospheric network can be traced up into the 

TR. Above 3 I05K its boundaries widen rapidly, and near I06K the network structure 

disappears. This behaviour has been interpreted in terms of the spreading with 

height of magnetic flux tubes. But the large amount of fine structure observed by 

instruments such as HRTS and TRC suggest more complicated geometries and prove that 

the TR is highly dynamic (cf." the review by Mariska 1986). It has been suggested 

that a considerable fraction of the emission formed at temperatures below 2 I05K 

might come from unresolved structures that are magnetically isolated from the 

corona (Feldman 1983; Rabin and Moore 1984; Dowdy et al. 1986) such as the warm 

loops discussed in Sect. II (Antiochos and Noci 1986). 

It is extremely difficult to determine Solar chromospheric magnetic fields from 

observations (Jones 1985, 1986). In the photosphere the field is known to be mainly 

concentrated into thin magnetic flux tubes. Since the external pressure decreases 

exponentially with height, these flux tubes must fan out, until they finally inter- 

fere with one another and fill all available space. The "canopy", where the merg- 

ence of field lines from neighbor flux tubes occurs, appears to lie between the 

temperature minimum (above active regions) and the mid chromosphere (above quiet 

regions). (Cf. Anzer and Galloway 1985; Pneuman et al. 1986; Jones 1985, 1986; and 

earlier references therein.) 

How can this type of magnetic structure affect chromospheric heating? To begin 

with, the very presence of the magnetic field changes the physical conditions in 

the nonmagnetic environment. For example, the nearly horizontal fields at the 

canopy can partially reflect upward travelling acoustic waves (Abdelatif 1985). 

Moreover, flux tubes exchange radiation with the ambient medium. This interaction 

may generate flows and drive instabilities. 

Magnetic fields can also participate actively in the transport of energy into the 

upper atmosphere. The subphotospheric footpoints of flux tubes are continuously 

shuffled around by granular and supergranular fluid motions. If the footpoint mo- 

tions are slow and chaotic, they lead to a quasi-steady rearrangement of the field 

lines in a coronal loop. Parker (1982) argued that this generates a large number of 

current sheets, which can dissipate by reconnection. Such reconnection processes 

might become important above the canopy, where field lines merge that are anchored 

in different portions of the solar surface. (Recent reviews on direct current 

heating include Heyvaerts 1984; Meyer 1985; Parker 1986.) 
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Rapid footpoint motions lead to the generation of waves, which propagate upward 

along the field lines. (For complementary reviews see Stein 1985; Thomas 1985; 

Ulmschneider and Muchmore 1986; Roberts 1986; Hammer 1987b.) Near the Solar surface 

the flux tubes are thin compared with expected wavelengths (Roberts and Webb 1978; 

Spruit 1981); in this case three basic wave modes can be excited: Squeezing a tube 

produces a longitudinal (or "sausage") wave; shaking it produces a transverse 

Alfv~n (or "kink") wave; and twisting it produces a torsional Alfv~n wave. All 

three types of waves have been suggested to be generated at a sufficient rate to 

account for the heating of the Solar chromosphere Sch6ssler 1984; Spruit 1984; 

Ulmschneider 1987). 

In a strong magnetic field, the longitudinal wave is basically an acoustic wave 

that is channeled along the flux tube. Below the canopy the tube cross section 

increases with height; thus the wave energy is spread over an increasingly larger 

area. Consequently the wave amplitude grows less rapidly, and shock formation and 

dissipation occur at greater heights than in plane parallel acoustic waves of the 

same energy flux (Foukal and Smart 1981; Herbold et al. 1985). It has been sug- 

gested that on a given star longitudinal tube waves are generated with a much 

larger energy flux than nonmagnetic acoustic waves (Ulmschneider 1987). Then the 

larger initial value of the amplitude can offset its slower growth rate, so that 

these waves again produce temperature minima at about the right height. 

If the field is not infinitely strong, the pressure fluctuations of a longitudinal 

wave cause expansions and compressions in the shape of the flux tube. The associ- 

ated magnetic tension can be shown to reduce the phase speed of the wave to a value 

smaller than both the Alfv~n speed c a and the sound speed Csi inside the tube, 

ct2= Csi2+ c~ 2. (3) 

Under certain circumstances the pulsation of the tube walls leads to the emission 

of acoustic energy into the ambient medium. This energy leakage might become parti- 

cularly important near the temperature minimum, where the wave amplitudes have 

grown large, where the tubes are no longer thin (for leaky modes in thick tubes 

see, e.g., Cally 1986), and where the ambient medium might be particularly cool 

(Ayres 1981, 1985). The cooler the external medium, the smaller is its sound speed, 

and the less likely are the generated waves evanescent (cf. Spruit 1982). 

Transverse and torsional Alfv~n waves are driven by the magnetic tension restoring 

force. They propagate at the Alfv~n speed c a . As far as the upward transport of 

energy is concerned, the Alfv~n wave modes have two advantages and one disadvan- 
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rage when compared with the longitudinal mode. The first advantage is that they are 

noncompressive as long as they are linear. Therefore, they do not suffer from ra- 

diative damping in the photosphere. The second advantage is that they are much less 

affected by cutoff restrictions. The cutoff frequency of the kink mode is roughly 

three times smaller than that of the longitudinal mode, so that it can transport 

energy from a much larger portion of the granular power spectrum (Spruit 1984). The 

torsional mode has no cutoff; it is probably excited mainly by vorticity expulsion 

in downdrafts (Sch~ssler 1984) rather than by granular motions. The disadvantage of 

the two magnetic modes is related to the behaviour of their phase speed c a . Below 

the canopy, the Alfv~n speed c is roughly constant, and the amplitude of upward a 
propagating transverse and torsional waves grows at about the same rate as the 

amplitude of a longitudinal tube wave (i.e., with an e-folding height of about four 

pressure scale heights). Above the canopy, however, the magnetic field strength is 

roughly constant, while the density decreases exponentially. Thus, the Alfv~n 

speed increases exponentially. As a result, the amplitudes of the transverse and 

torsional Alfv~n waves can no longer grow, and most of their energy is reflected 

back. By comparison, the phase speed of the longitudinal mode increases by less 

than a factor of 2 within the chromosphere; major reflection occurs only at the TR. 

Longitudinal waves dissipate their energy by means of shocks (cf. Ferriz-Mas and 

Moreno-lnsertis 1987). Transverse and torsional Alfv~n waves can dissipate in 

several different ways. 

First, they can grow nonlinear and transfer part of their energy to longitudinal 

motions (Hollweg et al. 1982; Mariska and Hollweg 1985; Z~hringer and Ulmschneider 

1987), which can then dissipate in shocks. Nonlinear mode coupling should be most 

efficient near the canopy, where the wave amplitude is largest in terms of both 

sound and Alfv~n speed (cf. Priest 1982). 

A second possibility for dissipating Alfv~n wave energy is by phase mixing (e.g., 

Hollweg 1981; Heyvaerts and Priest 1983). In this process, neighbor field lines 

oscillate out of phase. The resulting shears in the velocity and in the magnetic 

field strength drive Kelvin-Helmholtz and tearing mode instabilities, respectively. 

These instabilities can initiate a turbulent cascade of the energy down to very 

small scales, where it is finally dissipated by viscosity and resistivity (e.g., 

Hollweg 1984, 1985). Dissipation via phase mixing necessitates large velocity 

amplitudes; hence, it is probably most efficient near and above the canopy. 

"Resonant absorption" is another important energy conversion process, in which 

energy from a wave propagating along a magnetic interface flows into local 

oscillations within the interface (see Heyvaerts 1984; Lee and Roberts 1986; and 

reZerences therein). 
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Finally, Alfv~n waves can also dissipate linearly by Joule damping, provided that 

the wave period is small enough (Osterbrock 1961). The resulting heating varies 

rather smoothly with height (Ulmschneider 1987). 

Which of these mechanisms heat the Solar chromosphere? It appears likely that 

several mechanisms are operating simultaneously in various portions of the chromo- 

sphere. Longitudinal waves can fulfill the empirical requirements of a rapid onset 

of heating near the temperature minimum and a subsequent exponential decay in the 

lower and middle chromosphere. Transverse and torsional Alfv~n waves, on the other 

hand, can more easily transport energy upward. They can dissipate their energy in 

various ways. Most of these dissipation mechanisms, however, exhibit either a 

smooth variation of heating with height or become most efficient only near and 

above the canopy, which in quiet Solar regions appears to lie substantially higher 

than the temperature minimum. Conversely, in active regions, where the canopy lies 

near the temperature minimum, all wave modes as well as reconnection can contribute 

to the heating of the whole chromosphere. 

IV. The WILSON-BAPPU EFFECT 

Modelling optically thick resonance lines such as CaIIK is a well established, al- 

though not unproblematic method to infer the structure of Solar and stellar chromo- 

spheres. A remarkable property of this line has been quantified by Wilson and Bappu 

(1957): The full width at half maximum, 6A of the emission core is well cor- 
o' 

related with the visual magnitude of the star. In terms of fundamental stellar 

properties, this relationship can be written as 

-O'2Te~ I'5 &~ . g (4) 
o 

(Reimers 1973, Neckel 1974). Even more remarkable is the fact that AA is near- 
o 

ly independent of the emission strength, and thus of the (magnetic) activity 

(Glebocki and Stawikowski 1978). A Solar plage region, for example, shows roughly 

the same width, but a much higher emission flux than a quiet region (cf. Linsky 

1977). Only in sunspot chromospheres is 6A significantly reduced, owing to the 
o 

smaller effective temperature of the umbra, but still in accordance with the 

Wilson-Bappu relation (Mattig and Kneer 1981). Similar width-luminosity relations 

have been identified for various other emission and absorption lines. Their expla- 

nation represents still a challenge and a source of controversy. 

AccordJng to Ayres et al. (1975), the K I minima are formed in the Lorentzian damp- 

ing wing of the line. This allows one to map their wavelength separation AA(K|) 
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to the mass column density of the temperature minimum, and thereby to test theore- 

tical ideas on the onset of the chromosphere. This has been done for several very 

different concepts: Ulmschneider et al. (1979) argued that the rapid onset of heat- 

ing associated with acoustic shock waves of reasonable amplitude and period leads 

to the formation of temperature minima at about the right mass column densities. 

Ayres (1979) calculated the position of the temperature minimum for constant heat- 

ing per mass and cooling by H-. He found that the gravity dependence of AA(KI), 
/4 114 

AA(K 1) - FTM 1 g- (5) 

is consistent with the empirical relationship (4). Here FTM is the total energy 

flux that is dissipated above the temperature minimum. Kneer (1983) argued that CO 

cooling may drive an instability at a position that coincides with, and perhaps 

even determines, the temperature minimum of the Sun. This position (mass column 

density) scales with g in a way that is again consistent with the empirical 

results. 

The amazing fact that such totally different assumptions (sudden onset of heating, 

smooth variation of the heat input, and no mechanical flux from below) predict the 

same behaviour of the K I minima separation AA(K I ) suggests that this behaviour 

is unpredictive as fas as the heating mechanism is concerned. 

Under the assumption that even the K2 maxima are formed in the damping wings, Ayres 

(1979) calculated their separation AA(K2) , too. He found the same gravity de- 

pendence, but the inverse heating flux dependence than for ~A(KI). Since the 

Wilson-Bappu width AA ° lies between these two quantities, the opposite FTM 

dependences essentially cancel each other; this might be the reason for the insen- 

sitivity of the Wilson-Bappu width to the emission strength. 

On the other hand, we know that the broadening of chromospheric lines is not exclu- 

sively determined by opacity, but also by nonthermal motions, in particular if such 

motions are taken into account in a more sophisticated way (Carlsson and Scharmer 

1985) than by the usual adoption of simple micro- and macroturbulent fudge factors. 

From an analysis of optically thin intersystem lines of a number of stars, Ayres et 

al. (198.2) conclude that the nonthermal velocities increase systematically with 

decreasing gravity. Engvold and Elgar~y (1987) find no such dependence. In any 

case, whether the nonthermal velocities vary with gravity or not, they do at least 

contribute to the broadening of optically thick lines such as CaIIK and, in parti- 

cular, H~ (Cram and Mullah 1985). 

This raises a very old problem: Why does this Doppler contribution to line broad- 

ening not increase with increasing stellar activity? At a first glance, one might 

expect that increasing heating is accompanied by increasing nonthermal velocities. 
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Meyer (1985) recently suggested the following solution to this (seeming) problem. 

It is possible that those nonthermal velocities that affect the line profiles are 

due to pure acoustic-gravity waves, which are constant for a given type of star. 

The magnetic field related heating, on the other hand, can be associated with much 

smaller plasma velocities if the magnetic fields are strong enough. This applies, 

in particular, to heating due to the annihilation of newly emerging magnetic flux. 

This suggestion may well be right. However, as long as atmospheric heating is 

coupled to magnetic fields, an increase of the heat input can be accomplished not 

only by increasing the nonthermal velocities, but also by increasing the field 

strength or, more likely, the filling factor. In the following section, I illus- 

trate this point by suggesting a simple model for the dependence of magnetic fine 

structure on global stellar properties. 

V. FINE STRUCTURE vs. GLOBAL PROPERTIES 

The stellar dynamo, which depends on the rotation rate and other stellar properties 

(Rodon6 1987; Stix 1987), produces magnetic flux. The magnetic flux erupts and 

protrudes through the stellar surface mainly in the form of small flux tubes. (For 

recent reviews on fibril fields see Parker 1986 and Sch6ssler 1986.) I neglect dark 

starspots in the present discussion. 

a) linear case 

Let us assume now that in a first approximation (linear case) the partitioning and 

energization of the flux tubes are controlled not by the dynamo (and thus by the 

rotation rate), but only by the physics of the photosphere and upper convection 

zone. In these layers the field is shredded (or merged) into tubes of a given aver- 

age flux by means of instabilities and fluid motions. Then the granular and super- 

granular flows shuffle around, squeeze, shake, and twist the tubes; and the inter- 

action between flux tubes and ambient medium induces downdrafts, overstable oscil- 

lations, and perhaps other instabilities, both inside and outside the tube. The net 

effect of all these processes is that some energy flows along each tube in the form 

of waves and currents. Therefore, in this linear approximation both the average 

magnetic flux and the average total energy flux per flux tube are constant for a 

given type of star (i.e., given Tef f and g). Only the number density of the flux 

tubes depends on the position on the star and, via the dynamo, on the rotation 

rate. 

Such a simple model can account for a surprisingly large number of observations. 

First, it can explain why the Wilson-Sappu width is so insensitive to the level of 
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stellar activity, independent of whether this width is determined by opacity broad- 

ening or by Doppler broadening. This insensitivity results from the fact that 

within the present approximation increasing activity is caused by an increasing 

number of similar flux tubes (cf. Ayres 1985); the physics of each tube, and in 

particular the associated nonthermal motions, are constant for a given type of star 

(i.e., given Tef f and g). The previous suggestions (cf. Sect. IV).that the veloci- 

ties associated with magnetic fields are small (Meyer 1985) or that the K line 

width is mainly dominated by opacity broadening (Ayres 1979) may be (partially) 

correct for individual flux tubes; but they are unnecessary to the extent that the 

activity level reflects only the number density of similar emitting objects. The 

Wilson-Bappu effect proper, i.e. the gravity dependence of the K line width, could 

be due to a systematic variation with gravity of either the field strength (equi- 

partition scaling, see below), the average magnetic flux or the average total ener- 

gy flux per tube, or the effects of the flux tubes on the environment. 

Second, this simple picture is fully consistent with recent empirical results of 

Saar and Linsky (1986, 1987), according to which the magnetic activity of a star is 

controlled by the filling factor, and not by the field strength. The field strength 

is found to be constant for a given star and to scale among stars in proportion to 

the photospheric equipartition field. 

Third, this picture is also consistent with the observed linear correlation between 

CaIIK emission and photospheric magnetic flux density on the quiet Sun (Skumanich 

et al. 1975) because, on the average, each flux tube on a given star carries the 

same magnetic flux and the same energy. 

b) nonlinear effects 

Part of the magnetic flux tubes bend back towards the surface already at photosphe- 

ric and chromospheric levels, but others reach larger heights and higher tempera- 

tures. Above the canopy, they must compete with each other for the limited availa- 

ble space. 

In active regions the flux tubes are particularly abundant. When one adds more 

tubes to an isolated plage region (in order to simulate a more active plage), then 

the active region may partially account for the additional flux by increasing its 

area in the upper layers. This effect appears to be surprisingly important 

(Schrijver et al. 1985). But in the central.portion of the plage, the flux tubes 

are compressed when the filling factor becomes sufficiently large, and both the 

magnetic field strength and the energy flux increase. This has two consequences: 

First, the mergence height of field lines from neighbor flux tubes decreases; this 

affects the energy transport and dissipation properties of various possible heating 
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mechanisms (cf. Sect. III). And second, it is reasonable to assume that with in- 

creasing energy flux in the chromosphere the coronal heating flux increases, too 

(see, however, the transverse Alfv~n wave model by Spruit 1984). This must be 

accompanied by an increase of the coronal base pressure (cf. Sect. II). Indeed, 

according to empirical models (e.g., Basri et al. 1979; Vernazza et al. 1981; 

Eriksson et al. 1983) Solar plage regions and active stars tend to have higher TR 

pressures than quiet Solar regions and quiet stars, respectively. 

For large filling factors it is conceivable that the flux tubes compete with each 

other not only for the available space in the chromosphere, but also for the avail- 

able energy in the (sub)photosphere. Numerous flux tubes may, for example, change 

the character of (super)granular motions by suppressing horizontal flows; and a 

decreasing distance between flux tubes may affect the induced downdrafts around 

each tube found by Deinzer et al. (1984a,b)~ Clearly, all these effects can lead to 

a change of the types of waves and currents that are generated and to a change of 

the average energy flux per tube. Empirical evidence for a saturation of the rela- 

tionship between chromospheric emission and photospheric magnetic flux density has 

been presented at this meeting by Schrijver and Cot~ (1987) and by Schrijver and 

Saar (1987). 

REFERENCES 

Abdelatif, T.E.: 1985, Ph.D. Thesis, University of Rochester. 
Antiochos, S.K., Noci, G.: 1986, Ap.J. 301, 440. 
Antiochos, S.~., Shoub, E.C., An, C.-H., Emslie, A.G.: 1985, Ap.J. 298, 876. 
Antiochos, S.K., Haisch, B.M., Stern, R.A.: 1986, Ap.J. 307, L55. 
Anzer, U., Galloway, D.J.: 1985, in Chromospheric Diagnostics and Modellinq, ed. 

B.W. Lites, Sunspot, p. 199. 
Athay, R.G.: 1981a, in The Sun as a Star, ed. S.D. Jordan, NASA SP-450, p.85. 
Athay, R.G.: 1981b, Ap.J. 250, 709. 
Athay, R.G.: 1985, Solar Phys. 100, 257. 
Athay, R.G.: 1986, Ap.J. 308, 975. 
Avrett, E.H.: 1973, in Stellar Chromospheres, eds. S.D. Jordan, E.H. Avrett, 

NASA SP-317, p. 27. 
Ayres, T.R.: 1979, Ap.J. 228, 509. 
Ayres, T.R.: 1981, Ap.J. 224, 1064. 
Ayres, T.R.: 1985, in Chromospheric Diaqnostics and Modellinq, ed. B.W. Lites, 

Sunspot, p. 259. 
Ayres, T.R., Linsky, J.L., Shine, R.A.: 1975, Ap.J. 195, L121. 
Ayres, T.R. et al.: 1981, Ap.J. 250, 293. 
Ayres, T.R., Linsky, J.L., Basri, G.S., Landsman, W., Henry, C., Moos, W., 

Stencel, R.E.: 1982, Ap.J. 2~6, 550. 
Baliunas, S.L., Vaughan, A.H.: 1985, Ann. Rev. Astron. Ap. 23, 379. 
Basri, G.S., Linsky, JoL., Bartoe, J.-D., Brueckner, G., van Hoosier, M.E.: 1979, 

Ap.J. 230, 924. 
Biermann, L.: 1948, Z. Astrophysik 25, 161. 
B6hm-Vitense, E.: 1986, Ap.J. 301, 297. 
Bonnet, R.M., Brunet, E.C., Jr., Acton, L.W., Brown, W.A., Decaudin, M.: 1980, 

Ap.J. 237, L47. 



95 

Brown, A.: 1986, in Cool Stars, Stellar Systems, and the Sun, eds. M. Zeilik and 
D.M. Gibson, Springer, p. 454. 

Cally, P.S.: 1986, Solar Phys. ~O3, 277. 
Carlsson, M., Scharmer, G.B.: 1985, in Chromospheric Diagnostics and Modellina, 

ed. B.W. Lites, Sunspot, p. 137. 
Castor, J.I.: 1981, in Physical Processes in Red Giants, eds. I. Iben, Jr., 

A. Renzini, Reidel, p. 285. 
Cayrel, R.: 1963, Comptes Rendus 257, 3309. 
Couturier, P., Mangeney, A., Souffrin, P.: 1979, in IAU Symp. 91, eds. M. Dryer, E. 

Tandberg-Hanssen, Reidel, p. 127. 
craig, I.J.D., Schulkes, R.H.S.M.: 1985, Ap.J. 296, 710. 
Cram, L.E.: 1982, Ap.J. 253, 768. 
Cram, L.E., Mullah, D.J.: 1985, Ap.J. 294, 626. 
Deinzer, W., Hensler, G., Sch6ssler, M., Weisshaar, E.: 1984a,b, Astron. Ap. 139, 

426 and 435. 
Deubner, F.-L.: 1984, in Small Scale Dynamical Processes in Quiet Stellar 

Atmospheres, ed. S.L. Keil, Sunspot, p. 2. 
Deubner, F.-L.: 1985, in Chromospheric Diagnostics and Modelling, ed. B.W. Lites, 

Sunspot, p. 279. 
Deubner, F.-L.: 1987, results presented at this meeting. 
Deubner, F.-L., Reichling, M., Langhanki, R.: 1987, IAU Symp. 123, in press. 
Dowdy, J.F., Jr., Rabin, D., Moore, R.L.: 1986, Solar Phys. 105, 35. 
Dufton, P.L., Kingston, A.E., Keenan, F.P.: 1984, Ap.J. 220, L35. 
Dupree, A.K.: 1986, Ann. Rev. Astron. Ap. 24, 377. 
Dupree, A.K., Reimers, D.: 1987, in Scientific Accomplishments of the IUE, 

eds. Y. Kondo et al., Reidel, in press. 
Engvold, O., ElgarCy, #.~ 1987, poster presented at this meeting. 
Eriksson, K., Linsky, J.L., Simon, T.: 1983, Ap.J. 272, 665. 
Feldman, U.: 1983, Ap.J. 275, 367. 
Ferriz-Mas, A., Moreno-Insertis, F.: 1987, Astron. Ap., in press. 
Foing, B., Bonnet, R.-M., Bruner, M.: 1986, Astron. Ap. 162, 292. 
Foukal, P., Smart, M.: 1981, Solar Phys. 69, 15. 
Glebocki, R., Stawikowski, A.: 1978, Astron. Ap. 68, 69. 
Gondoin, P.: 1986, Astron. Ap. 160, 73. 
Gondoin, P., Mangeney, A., Praderie, F.: 1987, Astron. Ap., in press. 
Hammer, R.: 1982a,b, Ap.J. 259, 767 and 779. 
Hammer, R.: 1983, Adv. Space Res. Vol. 2 No. 9, p. 261. 
Hammer, R.: 1987a, in Proc. IAH Symp. 122, eds. I. Appenzeller, C. Jordan, Reidel, 

in press. 
Hammer, R.: 1987b, in Proc. DES Workshop, eds. E.H. Schr6ter et al., Cambridge UP, 

in press. 
Hammer, R.: 1987c, poster presented at this meeting. 
Hammer, R., Ulmschneider, P.: 1978, Astron. Ap. 65, 273. 
Rammer, R., Linsky, J.L., Endler, F.: 1982, in Four Years of IUE Research, 

eds. Y. Kondo, J.M. Mead, R.D. Chapman, NASA CP-2238, p. 268. 
Hammer, R., Linsky, J.L.: 1984, in Fourth European IHE Conference, ESA SP-218, 

p. 25. 
Hartmann, L., MacGregor, K.B.: 1980, Ap.J. 242, 260. 
Hartmann, L., Dupree, A.K., Raymond, J.C.: 1980, Ap.J. 236, L143. 
Hearn, A.G., Vardavas, I.: 1981a,b, Astron. Ap. 98, 230 and 241. 
Herbold, G., Ulmschneider, P., Spruit, H.C., Rosner, R.: 1985, Astron. Ap. 

145, 157. 
Heyvaerts, J.: 1984, in Hydrodynamics of the Sun, ESA SP-220, p. 123. 
Heyvaerts, J., Priest, E.R.: 1983, Astron. Ap. 117, 220. 
Hollweg, J.V.: 1981, Solar Phys. 70, 25. 
Hollweg, J.V.: 1984, Ap.J. 277, 392. 
Hollweg, J.V.: 1985, in Chromospheric Diaanostics and Modelling, ed. B.W. Lites, 

Sunspot, p. 235. 
Hollweg, J.V., Jackson, S., Galloway, D.: 1982, Solar Phys. 75, 35. 
Hood, A.W., Priest, E.R.: 1979, Astron. Ap. 77, 233. 



96 

Jones;, H.P.: 1985, in Chromospheric Diagnostics and Modelling, ed. B.W. Lites, 
Sunspot, p. 175. 

Jones, H.P.: 1986, in Small-Scale Magnetic Flux Concentrations in the Solar 
Photosphere, eds. W. Deinzer, M. Kn61ker, H.H. Voigt, Vandenhoeck & Ruprecht, 
G6ttingen, p. 127. 

Jordan, C.: 1980, Astron. Ap. 86, 355. 
Jordan, S.D.: 1981, in The Sun as a Star, ed. S.D. Jordan, NASA SP-450, p. 301. 
Jordan, S.D., Avrett, E.H.(eds): 1973, Stellar Chromospheres, NASA SP-317. 
Kneer, F.: 1983, Astron. Ap. 128, 311. 
Kneer, F.: 1985, in Chromospheric Diagnostics and ModellinQ, ed. B.W. Lites, 

Sunspot, p. 252. 
Kneer, F., v. Uexk~ll, M.: 1985, Astron. Ap. 144, 443. 
Kuin, N.P.M., Martens, P.C.H.: 1982, Astron. Ap. 108, LI. 
Lee, M.A., Roberts, B.: 1986, Ap. J. 30___!., 430. 
Linsky, J.L.: 1977, in Solar Output and its Variation, ed. O.R. White, 

Colorado Assoc. Univ. P., p. 477. 
Linsky, J.L.: 1980, Ann. Rev. Astron. Ap. 18, 439. 
Linsky, J.L.: 1985a, Solar Phys. 100, 333. 
Linsky, J.L.: 1985b, in Relations between Chromospheric-Coronal Heating and 

Mass Loss in Stars, eds. J.B. Zirker, R. Stalio, Sunspot, p. 55. 
Linsky, J.L., Haisch, B.M.: 1979, Ap.J. 229, L27. 
Linsky, J.L., Jordan, C.: 1987, in Scientific Accomplishments of the IUE, 

eds. Y. Kondo et al., Reidel, in press. 
Lites, B.W.: 1985, in Theoretical Problems in High Resolution Solar Physics, 

ed. H.U. Schmidt, MPA 212, p. 273. 
Mangeney, A.: 1985, Highlights of Astronomy !, 399. 
Mariska, J.T.: 1986, Ann. Rev. Astron. Ap. 24, 23. 
Mariska, J.T., Hollweg, J.V.: 1985, Ap.J. 29~, 746. 
Mariska, J.T., Klimchuk, J.A., Antiochos, S.K.: 1986, Bull. Am. Astron. Soc. 18, 

708. 
Mattig, W., Kneer, F.: 1981, Astron. Ap. 93, 20. 
McClymont, A.N., Canfield, R.C.: 1983, Ap.J. 265, 497. 
McClymont, A.N., Craig, I.J.D.: 1985a,b, Ap.J. 289, 820 and 834. 
McWhirter, R.W.P., Thonemann, P.C., Wilson, R.: 1975, Astron. Ap. 40, 63 

(Erratum 1977, Astron. Ap. 61, 859). 
Meyer, F.: 1985, in Theoretical Problems in High Resolution Solar Physics, 

ed. H.U. Schmidt, MPA 212, p. 251. 
Mihalas, B.W., Toomre, J.: 1981, Ap.J. 249, 349. 
Mihalas, B.W., Toomre, J.: 1982, Ap.J. 263, 386. 
Mullah, D.J.: 1982, Astron. Ap. 108, 279. 
Neckel, H. 1974, Astron. Ap. 35, 99. 
Noyes, R.W.: 1985, Solar Phys. 100, 385. 
Osterbrock, D.E.: 1961, Ap.J. 134, 347. 
Owocki, S.P., Canfield, R.C.: 1986, Ap.J. 300, 420. 
Parker, E.N.: 1982, GAFD 22, 195. 
Parker, E.N.: 1986, in Cool Stars, Stellar Systems, and the Sun, eds. M. Zeilik 

and D.M. Gibson, Springer, p. 341. 
Pneuman, G.W., Solanki, S.K., Stenflo, J.O.: 1986, Astron. Ap. 154, 231. 
Praderie, F.: 1985, in Future Missions in Solar, Heliospheric. and Space Plasma 

Physics, ESA SP-235, p. 219. 
Priest, E.R.: 1982, Solar Maqnetohvdrodvnamics, Reidel. 
Rabin, D., Moore, R.: 1984, Ap.J. 285, 359. 
Reimers, D.: 1973, Astron. Ap. 24, 79. 
Reimers, D.: 1977, Astron. Ap. 57, 395. 
Roberts, B.: 1986, in Small-Scale Maanetic Flux Concentrations in the Solar 

Photosphere, eds. W. Deinzer, M. Kn61ker, H.H. Voigt, Vandenhoeck & Ruprecht, 
G6ttingen, p. 169. 

Roberts, B., Webb, A.R.: 1978, Solar Phys. 56, 5. 
Rodon6, M.: 1987, these proceedings. 
Rosner, R., Tucker, W.H., Vaiana, G.S.: 1978, Ap.J. 220, 643. 
Roussel-Dupr~, R.: 1980a,b, Solar Phys. 68, 243 and 265. 



97 

Saar, S.H., Linsky, J.L.: 1986, in Cool Stars, Stellar Systems. and the Sun, 
eds. M. Zeilik and P.M. Gibson, Springer, p. 278. 

Saar, S.H., Linsky, J.L.: 1987, poster presented at this meeting. 
Schmitz, F., Ulmschneider, P.: 1981, Astron. Ap. 9/3, 178. 
Schmitz, F., Ulmschneider, P., Kalkofen, W.: 1985, Astron. Ap. 148, 217. 
Schrijver, C.J.: 1986, in Cool Stars, Stellar Systems. and the Sun, eds. M. Zeilik 

and D.M. Gibson, springer, p. 112. 
Schrijver, C.J., Zwaan, C., Maxson, C.W., Noyes, R.W.: 1985, Astron. Ap. 149, 123. 
Schrijver, C.J., Cot~, J.: 1987, poster presented at this meeting. 
Schrijver, C.J., Saar, S.H.: 1987, poster presented at this meeting. 
Sch~ssler, M.: 1984, Astron. Ap. 140, 453. 
Sch6ssler, M.: 1986, in Small-Scale Magnetic Flux Concentrations in the Solar 

Photosphere, eds. W. Deinzer, M. Kn61ker, H.H. Voigt, Vandenhoeck & Ruprecht, 
G6ttingen, p. 103. 

Shoub, E.C.: 1983, Ap.J. 266, 339. 
Simon, T., Linsky, J.L., Stencel, R.E.: 1982, Ap.J. 257, p. 225. 
Skumanich, A., Smythe, C., Frazier, E.N.: 1975, Ap.J. 200, 747. 
Spruit, H.C.: 1981, in The Sun as a Star, ed. S.D. Jordan, NASA SP-450, p. 385. 
Spruit, B.C.: 1982, Solar Phys. 75, 3. 
Spruit, H.C.: 1984, in Small-Scale Dynamical processes in Quiet Stellar 

Atmospheres, ed. S.L. Keil, Sunspot, p. 249. 
Staiger, J.: 1987, Astron. Ap. 175, 263, and in preparation. 
Stein, R.F.: 1985, in Chromospheric Diaanostics and Modelling, ed. B.W. Lites, 

Sunspot, p. 213. 
Stencel, R.E., Mullan, D.J.: 1980, Ap.J. 238, 221. 
Stenflo, J.O. (ed.): 1983, IAU Symp. 102, Solar and Stellar Maunetic Fields, 

Reidel. 
Stix, M.: 1987, these proceedings. 
Thomas, J.H.: 1985, in Theoretical Problems in High Resolqtion Solar Physics, 

ed. H.U. Schmidt, MPA 212, p. 126. 
Ulmschneider, P.: 1970, Solar Phys. 12, 403. 
Ulmschneider, P.: 1979, Space Sci. Rev. 24, 71. 
Ulmschneider, P.: 1986, personal communication. 
Ulmschneider, P.: 1987, Adv. Space Res., in press. 
Ulmschneider, P., Kalkofen, W.: 1977, Astron. Ap. 57, 199. 
Ulmschneider, P., Schmitz, F., Hammer, R.: 1979, Astron. Ap. 74, 229. 
Ulmschneider, P., Muchmore, D.: 1986, in Small-Scale Magnetic Flux Concentrations 

in the Solar Photosphere, eds. W. Deinzer, M. Kn61ker, H.H. Voigt, Vandenhoeck 
& Ruprecht, G6ttingen, p. 191. 

Vernazza, J.E., Avrett, E.H., Loeser, R.: 1981, Ap.J. Suppl. Ser. 45, 635. 
Vogt, S.S., Penrod, G.D.: 1983, Publ. Astron. Soc. Pacific 95, 565. 
Walter, F.M., Neff, J.E., Gibson, D.M. Linsky, J.L., Rodon6, M., Gary, 

D.E., Butler, C.J.: 1987, Astron. Ap., in press. 
Wilson, O.C., Bappu, M.K.V.: 1957, Ap.J. 125, 661. 
Z~hringer, K., Ulmschneider, P.: 1987, in Proc. DES Workshop, eds. E.H. Schr6ter 

et al., Cambridge UP, in press. 
Zwaan, C.: 1986, in Cool Stars. Stellar Systems, and the Sun, eds. M. Zeilik, 

D.M. Gibson, Springer, p. 19. 



SOLAR AND STELLAR CORONAE 
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ABSTRACT. This paper reviews our present understanding of coronal heating, structu- 

ring and variability that has emerged from space observations of the Sun and nearby 

stars. It is shown that a basic analogy exists between solar coronal physics and 

the phenomena observed in the coronae of other late-type stars. Recent X-ray obser- 

vations of stellar coronae from EXOSAT are used to illustrate the main points. 

i. INTRODUCTION 

In this paper, I will not attempt to present a comprehensive review of solar and 

stellar coronal physics. The subject has developed so enormously in the past few 

years that to cover it all has become a virtually impossible task. Instead, I will 

focus on a few general topics which I feel are particularly important and suitable 

to illustrate the many contact points between solar and stellar coronal studies. In 

particular, I will discuss the following fundamental problems: 

a/ the heating of solar and stellar coronae, both in the framework of dynamo mo- 
dels and in the light of recent suggestions which relate quiescent emission to 

flaring activity in stars; 

b) the structuring of coronae, as derived directly from spatially resolved solar 
observations and indirectly from modelling of spatially unresolved stellar obser- 

vations; 

cJ the variability of solar and ~tellar coronal emission, particularly the most 
obvious manifestations of such variability, i.e. the occurrence of flares at 

coronal heights. 

The basic observational data we need to study the above problems have nearly all 

been provided by space missions that in the past several years have monitored the 

X-ray and UV emission from the Sun and nearby stars. In particular, observations of 

the Sun from SKYLAB, 0SO-8, SMM and other satellites have demonstrated the essential 

role played by magnetic fields in shaping coronal structures and in controlling the 

flow of mass and energy. At the same time[ stellar observations with IUE, EINSTEIN 

and EXOSAT have shown that transition regions and coronae are ubiquitous among 

stars of almost all spectral types. It is quite obvious at present that solar and 

stellar observations are mutually complementary and need to be. analyzed in toto in 

order to solve the basic physical problems of coronal physics. This is a point that 

I will keep emphasizing in the course of this review. 

2. CORONAL HEATING 

As it is well known, in the outer solar atmosphere the temperature first drops 

to a minimum in the upper photosphere and then starts rising again reaching ~ 10 % K 
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in the chromosphere and more than z 106 K in the corona. Thi s apparent paradox has 

been a major puzzle in solar physics since the discovery of the high coronal tempera- 

ture in the 1940's. The theory almost universally accepted up until now explained 

the temperature inversion as due to shock dissipation of acoustic waves generated in 

the subphotospheric convective zone. In its simplest formulation, the theory neglec- 

ted magnetic effects and regarded magnetic activitY as a localized phenomenon with 

only minor effects on the global properties of the Sun. In such a scenario, the 

"average" corona outside activity centers could only be expected to be quite homoge- 

neous and temporally constant. 

SKYLAB showed a completely different picture: the corona appeared to be formed 

by an ensemble of arch-shaped structures (loops), connecting regions of opposite ma- 

gnetic fields (Vaiana and Rosner 1978). These loops differ widely according to tem- 

perature, density and length; the more extended loops usually have a lower tempera- 

ture and density than the shorter ones. These structures are ubiquitous in the solar 

corona and there is no evidence of a quiet homogeneous substratum in the space 

between them. Loop structures occur in bright points~ active regions, flares and 

even in the "quiet" low magnetic field regions outside centers of activity. The only 

exception are coronal holes, i.e. regions of lower temperature and density where the 

magnetic field opens into the interplanetary medium and from which the high velocity 

wind originates. Since the solar corona is a highly conductive, low ~ plasma, the 

loops actually trace magnetic field lines: the heating appears to occur in magneti- 

cally confined structures and is strongly enhanced in regions of high photospheric 

magnetic field. Although SKYLAB could not prove that the solar corona is heated by 

magnetic processes, it pointed out the importance of considering magnetic effects 

and motivated a search for alternative heating mechanisms based on dissipation of 

MHD waves and/or DC currents (Kuperus, Ionson and Spicer 1981, Parker 1983). 

Perhaps the most important indication that magnetic effects are important for 

heating the solar corona was provided by OS0-8 and SMM observations (Athay and White 

1978, Bruner 1978, 1981). By measuring Doppler broadenings of UV lines formed in 

the transition region it was possible to demonstrate that the energy flux carried by 

acoustic waves was too short by several orders of magnitude to provide for the energy 

requirements of the transition region and the corona, although it could be high 

enough to heat the low chromosphere. Additional evidence in favor of magnetic pro- 

cesses came from the virtually continuous time variability of transition region and 

coronal emission. This variability appears to be stochastic in nature and indicates 

the existence of continuous fluctuations in the heating rate, that are probably asso- 

ciated with the emergence of new magnetic flux or with the stressing of magnetic 

field lines by turbulent surface motions. 

What can stellar observations tell us about the heating problem? The extensive 

observations of X-ray emission from stellar coronae carried out by the EINSTEIN Ob- 

servatory showed the existence of severe discrepancies in the acoustic theory of 

coronal heating and called for different explanations. In order to have an idea of 

the situation before EiNSTEINjIet us imagine a diagram of predicted and observed 

X-ray coronal emission vs. spectral type as could be drawn just before the launch of 

EINSTEIN (a similar diagram appears as Fig. 5 in Mewe 1979). The stellar X-ray lum~ 

nosities were calculated on the basis of the dissipation of acoustic waves generated 

in subphotospheric convective zones. Only stars in a narrow range of spectral types, 

therefore, were predicted to have coronae; not surprisingly, these were mostly stars 

of spectral types F and G, i.e. stars not very different from the Sun. In the stan- 
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dard theory, stars of spectral types earlier than F were not expected to have coronae 

simply because they do not possess outer convective zones. Stars of very late spec- 

tral types (K and M), although possessing deeper convection zones than the Sun, were 

not expected to be vigorous X-ray emitters since the generation of the acoustic flux 

scales as the eigth power of the convective velocity, which decreases towards later 

spectral types. For the earliest spectral types (0 and B stars), for which UV emiss- 

ion was already known, a somewhat different theory had to be proposed , based on the 

amplification of acoustic waves by the radiation pressure of these high luminosity 

stars. In the same diagram, one could also plot the handful of stellar coronal 

sources known at that time (see again Fig. 5 in Mewe 1979). Notice that some of 

these sources have not been confirmed by later observations. 

The EINSTEIN Observatory showed that in reality the story was completely differ- 

ent (Vaiana et al. 1981, Rosner, Golub and Vaiana 1985). Stars of virtually all 

spectral types were found to be X-ray emitters with luminosities ranging from 

1026 erg s -I to ~ 1034 erg s -l. The only exceptions were A-type dwarfs - for 

which there is no credible evidence of X-ray emission at the present sensitivity 

level - and late-type giants and supergiants. In particular, the EINSTEIN Obser- 

vatory showed that early-type stars (O and B) are very strong X-ray sources, with 

luminosities in the range of ~ 10 29 erg s -I to z 1034 erg s -1, much larger than previous 

predictions by even the most optimistic theories. For late-type stars (F to M) there 

is a broad range (up to three orders of magnitude]) of observed X-ray luminosities 

at each spectral type s but there is little, if any, dependence of the median X-ray 

level on spectral type. These observations are in obvious contrast with the stand- 

ard theory of coronal formation by dissipation of acoustic noise. We note in pass- 

ing that among the detected sources there was a group of very active late-type stars 

with typical X-ray luminosities in the range z 1030 to 1031 erg s -I. These were 

binaries of the RS Canum Venaticorum type, which were established as a class of 

X-ray sources by early observations with HEAO-I and which are now recognized as 

being the brightest X-ray sources among late-type stars (I will come back to these 

stars later on). 

The EINSTEIN Observatory also showed that there is a dichotomy between early- 

type stars (0 and B) and late-type stars (F to M) regarding the dependence of 

X-ray coronal emission on basic stellar parameters (Pallavicini et al. 198[). ~ile the 

L -7 7 X-ray luminosity of early type stars depends on bolometric luminosity (L x bol 

and is virtually independent on rotation, the reverse occurs for late-type stars 

which show no dependence on the radiation field but a strong dependence on rotation 

(L x v 2 7. This remarkable dichotomy suggests that, whatever the heating mechanism 
rot 

of coronae, it must be fundamentally different for early- and late-type stars. For 

the latter ones, we can probably use the solar analogy as a guide-line; for early- 

type stars, instead, a similar approach is likely to be completely unjustified and 

may lead to erroneous conclusions. As I will show in a moment, stellar observations 

of late-type stars are consistent with magnetic heating of the coronal plasma, as 

independently suggested by solar observations. -For early-type stars, no satisfactory 

theory exists as yet, although some plausible scenario, which needs to be tested by 

future X-ray missions, has already been proposed (e.g. Lucy and White 19807. 

For stars of late spectral types, the observed dependence of coronal emission 

on rotation can be taken as a strong argument in favor of the notion that coronal 

heating is due to dynamo generated magnetic fields emerging at the star surface. This 

is further supported by the rapid onset of X-ray emission among late-type stars at 

spectral type ~ FO, i.e. at about the same spectral type at which stars start to have 
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appreciable outer convective zones. This rapid onset contrasts with the sharp drop 

off of X-ray emission at spectral type A (Schmitt et al. 1985a). Amplification of 

magnetic fields by dynamo action requires interaction of rotation and convection, 

which in turn produces differential rotation. Differential rotation acting over a 

seed poloidal field produces a toroidal field which eventually emerges at the star 

surface by magnetic buoyancy (see reviews by Cowling 1981 and Gilman and DeLuca 1986). 

The efficiency of dynamo action is expected to depend on both rotation and convectien, 

in qualitative agreement with present X-ray observations. Unfortunately, it is diffi- 

cult to go beyond this qualitative stage. Dynamo theories are not sufficiently well 

developed, even in the case of the Sun, to allow reliable predictions to be made for 

other stars. Moreover, it is important to keep in mind that the magnetic field 

generated by the dynamo process is related only indirectly to the observed X-ray 

coronal emission. There are many steps in between, all poorly understood, including 

the concentration of the field in elementary KGauss flux tubes, the emergence at the 

star surface, the stressing of magnetic field lines by turbulent fluid motions, the 

mechanism of conversion of magnetic energy into thermal energy and plasma heating. 

Only when all these processes are clearly understood for the Sun, it will be possible 

to relate quantitatively the observed X-ray emission of stellar coronae to basic para- 

meters of the dynamo process, such as rotation and convection. For the moment, we 

must be content with the good qualitative agreement found between observations and 

general expectations of the dynamo theory. 

Now I would like to discuss a new and interesting suggestion for heating the 

solar corona and the coronae of other late-type stars. Using balloon-borne high 

sensitivity instrumentation, Lin et al. (1984) have found that small amplitude hard 

X-ray bursts, that they have called "microflares", occur frequently on the Sun. 

These events, which typically occur with a frequency of one every 5 minutes or so, 

have an intensity I0 to 100 times smaller than all previously detected hard X-ray 

bursts and tend to occur during the rise phase of the associated soft X-ray events, 

as usually observed in solar flares. Taking into account their rate of occurrence, 

one can estimate that the average rate of energy deposition by greater than 20 KeV 

electrons is : 1024 erg s -I . This is quite small with respect to the energy re- 

quired to heat the corona (z 1027 erg s-l). However, the available energy may be 

substantially higher if the electron spectrum extends to lower energies, for instance 

as low as i0 or 5 KeV. Moreover, the rate of occurrence of microflares continues to 

increase as the detection threshold decreases. This opens up the possibility that 

the energy deposited by non-thermal electrons may indeed be sufficient to heat the 

solar corona. There are good theoretical reasons to believe that coronal heating 

may actually occur in discrete events through the dissipation of current sheets 

formed as a consequence of the shuffling of magnetic footpoints by fluid motions 

(Parker 1983). 

The concept of coronal heating as a result of continuous flaring activity has 

been suggested also in the stellar case, with some important differences with respect 

to the solar one. This suggestion is based on two main arguments. First, it has 

been found by a number of authors (Doyle and Butler 1985, Skumanich 1985, whitehouse 

1985) that there is a statistical correlation between the time averaged rate of ener- 

gy release in optical U-band flares and the quiescent X-ray luminosity of dMe stars. 

What is even more important, there appears to be an approximate equality between the 

total energy released by flares (averaged over time) and the X-ray quiescent luminosi- 

ty of dMe stars (Doyle and Butler 1985). A relationship between quiescent and flar- 

ing activity is not unexpected if they both originate from the same basic physical 

mechanisms, such as stressing and dissipation of dynamo generated magnetic fields. 
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Fig. 2 - EXOSAT LE observation of UV Cet on December 6, 1984 (re- 

analyzed data from the EXOSAT Archive). Only the period 

02:00 to 05:00 UT was covered by simultaneous optical 

spectroscopy as reported by Butler et al. (1986). 
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However, the conclusion that flares energize stellar coronae would require the very 

special condition that flares deposit in the atmosphere (for instance by mass motions) 

an equal amount of energy to that emitted by them in electromagnetic radiation. How 

this non-radiative energy can be stored and subsequently reabsorbed by the atmosphere 

remains to be explained. The second argument is more direct: Butler et al. (1986; 

see also Butler and Rodon6 1986) have claimed to have found evidence of mieroflaring 

activity in EXOSAT observations of flare stars obtained simultaneously with optical 

spectroscopy at ESO. They base this conclusion on an observation of the star UV Cet 

obtained in December 1984. The EXOSAT data have been binned by them at very short 

time intervals (30 sec and 60 sec), in spite of the low intensity level of the 

source (z 0.05 counts per second). They notice the "spiky" appearance of the data, 

which at a first glance looks just like noise. However, simultaneous monitoring of 

the same star in the HT line shews that some of the X-ray peaks are ciearly associa- 

ted with bri~ht~nings in Hy, which suggests that they might be statistically signi- 

ficant (see Pig. 1 in Butler et al. 1986). They conclude that the quiescent corona 

of dMe stars may actually result from a continuous succession of microflares last- 

ing from tens of seconds to several minutes and with characteristic energies of 

2 X 1030 erg. 

Given the importance of this result for solar and stellar physics, we have under- 

taken an extensive survey of flare star observations obtained with EXOSAT. There 

are about 20 such observations in the EXOSAT archives, each of them lasting normally 

for periods of z 8 hours. The data have been analyzed for time variability, using 

a technique developed by L. Stella, which compares the observed variance with the 

variance expected from a constant source, taking into account the bias introduced 

by the fact that a counter was used in acquiring the data. In addition, an auto- 

correlation analysis is applied which allows the determination of the relevant time 

scales of shot-noise fluctuations. Fig. i shows the best case for continuous varia- 

bility that we have been able to find (Pallavicini and Stella 1987). It is an 

observation of UV Cet obtained several months later than the previous observation 

by Butler. The star is clearly variable at a high significance level (z 7J). The 

observed variability is mainly due to three flares detected at a greater than 40 sig- 

nificance level (at 09:20, 11:40 and 12:50 UT). Other smaller events are also pro- 

bably present, at a significance level not exceeding 3~. The observed flares last 

much longer (tens of minutes) and have higher energies (from z 5 X 1030 to = i X 1031 

erg) than the microflares reported by Butler. Furthermore, the source is a visual 

binary unresolved by EXOSAT, and there is no reason why the observed events should 

all originate from the same star. In fact, simultaneous radio observations at the 

VLA by Kundu et al. (1987) clearly demonstrate that the three major events occurred 

alternatively on both components of the system. We have also reanalyzed in the same 

way the original observation by Butler (Fig. 2). We find that the source behaved 

quite similarly during the two observations, with regards to both quiescent and 

flaring emission. We only found evidence for the occurrence of relatively major 

events, lasting five to ten minutes each, with no significant variability detected 

on time scales as short as ~ i min or smaller. During the period of simultaneous 

optical spectroscopy (02:00 to 05:00 UT), the larger events were associated with 

Hy peaks, but there were also many other Hy peaks not associated with simultaneous 

X-ray brightenings, which is hardly surprising considering what we know from the 

Sun. In addition, the last three hours of the observation by Butler are completely 

free of significant variability, which is difficult to reconcile with the interpre- 

tation of quiescent emission as a superposition of low amplitude flares. 
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All other observations analyzed by us lead to the same conclusion. We find sub- 

stantial variability in dMe flare stars on all time scales from several minutes to 

hours. However, we do not find any convincing evidence that quiescent emission on 

these stars may result from continuous low-amplitude and short-lived flaring activi- 

ty. Two other EXOSAT observations of UV Cet may be particularly relevant (one is 

shown in Fig. 5 later on). Excluding a major flare, the source was observed at 

about the same flux level as on previous occasions: however, the observed variabili- 

ty was quite different, and dominated by long time scales (of the order of = i/2 

hour to i hour) in addition to variability on time scales of z 15 min. Again there 

was no evidence of significant variability on time scales of z i min or shorter. 

In conclusion, we cannot exclude at this stage that microflaring activity might heat 

the coronal plasma. HoWever, in our opinion~ this is still somewhat speculative in 

the case of the Sun, and, what is more, it remains to be proven in the case of stars. 

3. CORONAL STRUCTURING 

On theSun, virtually all of the observed X-ray emission originates from loop 

structures, which are the building blocks of the solar corona. A loop structure is 

simply a magnetic flux tube with rigid walls, inside which high temperature, high 

density plasma is confined. If we neglect a number of distracting complications 

(e.g. departure from symmetry, variations of loop cross-section with height etc), we 

can characterize a loop structure with a few global parameters, such as semilength 

L , maximum temperature T M at the loop top, and base pressure Po (equal to the 

pressure along the entire structure for loops much smaller than the pressure scale 

height). The simplest way of modelling such a structure is to assume static condi- 

tions (i.e. v = 0 everywhere) and to impose at each point in the loop an energy ba- 

lance equation between the heating rate E H per unit volume, the radiative losses 

E R (assumed to be optically thin), and the divergence of the conductive flux F c , 

i.e. 

E H + E R = div E c (i) 

where F c = K T 5/2 (dT/dl). The conductive flux will vanish at the loop top (for 

symmetry reasons) and at the loop footpoints, provided these are taken at sufficient- 

ly low levels in the atmosphere that the temperature gradient at the'footpoints is 

virtually zero (in practice, we take the loop base in the chromosphere at the level 

where T z 2 X 104 K). with these boundary conditions, Eq. (i) implies that the total 

energy deposited in the loop by the heating mechanism must be balanced by the total 

radiative losses, conduction being only a means of transferring energy from one part 

of the loop to another. 

With the aid of Eq. (i) it is possible to obtain simple scaling laws between 

global parameters of the loop. For instance, in the case of constant pressure and 

constant heating deposition along the loop, the scaling law reads (Rosner, Tucker 

and Vaiana 1978): 

i/3 

T M (P0 L) (2) 

Alternatively, we can write: 

T M ~ EH2/7 L -4/7 (3) 



105 

Eq. (2) has been shown to be in reasonable agreement with observations of spatially 

resolved features on the Sun. On the Sun we also observe that, except for flares, 

the coronal temperature does not vary very much for different types of structures, 

and that the high temperature, high density loops, typical of active regions, are 

shorter than the low temperature, low density loops characteristic of quiet areas. 

When we observe the integrated X-ray emission from a stellar corona, all the 

different structural features will be mixed together, which makes the analysis much 

more complicated. If we can assume that the corona is constituted by structures of 

only one type, all with the same pressure and length (an assumption which at best is 

only a crude approximation of reality), we may expect that the observed emission will 

depend on many parameters, including the number of loops, their length and base 

pressure, their cross-sectional area, the distribution of temperature along the 

structure, and so on. However, as shown by the existence of the scaling laws above, 

not all these parameters will be independent. In practice, we can express the inte- 

grated coronal emission from a star as: 

FX ~ ~ (TM' P0' Af) (4) 

where Af is the fraction of the stellar disk covered by X-ray emitting loop struc- 

tures, and ~ is a function which can be computed (generally numerically) on the basis 

of the energy balance equation (i). The relevant question is whether X-ray observa- 

tions of stars are capable of providing us with a determination of the three para- 

meters TM, P0 and Af, or at least can allow us to put constraints on these quantities. 

Before we answer this question, we need to discuss briefly what the observations are 

actually telling us. 

An important physical quantity that we would like to know is the temperature 

stratification in stellar coronae. In order to obtain this information we need high 

spectral resolution observations, which so far have been obtained only for a limited 

number of bright nearby sources, mostly RS CVn and Algol-type binaries. Fig. 3 shows 

an observation of Capella obtained with the Transmission Grating on EXOSAT (Mewe et 

al. 1986). Although we cannot resolve individual lines formed at different tempera- 

tures, the complexes of lines resolved by the instrument already call for a two - 

temperature model, with one component at a temperature of a few million degrees, and 

the other one at a temperature of about one order of magnitude higher. Two tempera- 

ture models were also required by previous observations of RS CVn and Algol-type bi- 

naries obtained with the SSS instrument on board the EINSTEIN Observatory (Swank et al. 

1981). Also low-resolution EINSTEIN IPC data, as well as EXOSAT broad-band observa- 

tions of both RS CVn's and normal active stars, usually give two temperature solu- 

tions (Majer et al. 1986, Pallavicini et al. 1987). Taken at face value, this result, 

which suggests the existence of spatially distinct regions at quite different tempera- 

tures, is at variance from what we would expect from the solar analogy. On the Sun, 

even if we consider it as a mixture of quiet and active regions, the coronal tempera- 

tures do not differ by more than a factor of z 2; furthermore, on the Sun, we have a 

continuous distribution of temperatures inside coronal structures, rather than iso- 

thermal regions in two quite distinct temperature regimes. 

J. Schmitt was probably the first one to notice a curious behavior when compar- 

ing results obtained with different instruments (Schmitt 1984, see also Majer et al. 

1986). He noticed that, when observing different stars with the same instrument, 

one usually gets very similartemperatures;on the contrary, when the same stars are 
observed with different instruments, the derived temperatures usually do not patti- 
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cularly agree. This is well illustrated by a comparison of spectral fittings of 

EINSTEIN SSS and IPC spectra of RS CVn stars (see Figs. 3 and 4 in Majer et al. 1986). 

Thi~ behavior is wha£ could be expected from a continuous distribution of temperatures 

in stellar coronae. As any observing instrument has a finite pass-band , it will select 

those plasma regions which are at temperatures at which the instrument is most sensi- 

tive. ~n other words, the temperatures we can measure are not "true" coronal tempera- 

tures, but rather "effective" temperatures, which depend on both the differential 

emission measure distribution in the source and the spectral response of the instru- 

ment used. 

In order to test this hypothesis, Schmitt et al. (1987) have made MonteCarlo 

simulations of EINSTEIN and EXOSAT coronal observations, for sources with a contin- 

uous differential emission measure distribution of the form ~ T ~ (which closely 

mimics that of a coronal loop in energy balance). For the IPC they obtain the typical 

two temperature solutions usually found in real IPC spectra of coronal sources; for 

EXOSAT broad-band observations, they find a distribution of filter ratios Ai-Pa/3-Lex 

which clusters around values z 0.5, similar to the observed values. Notice that 

EXOSAT filter ratios do not provide unique temperature solutions, even for truly iso- 

thermal sources. A detailed analysis of EXOSAT broad-band results shows indeed that 

filter ratios obtained with different filters can only be reconciled by assuming a 

continuous temperature distribution in the source (Pallavicini et al. 1987). 

We can now come [b~ck toEq.¢4) and to the determination of source parameters from 

observations. It is clear from the above discussion that the maximum temperature 

T M in the loop is not a quantity that can be directly measured. The observations can 

only provide an "effective" temperature which will usually be lower than T M. Nor can 

we observe directly P0' since it would require the measurement of density sensitive 

lines, a task that needs X-ray instruments with much higher spectral resolution than 

those flown so far. However, ifwehaveanX-ray spectrum or measurements at different 

X-ray and UV wavelengths, we can hope to get some information on source parameters 

by model fitting techniques. This has been done by a number of authors, with differ- 

ent degrees of success. Broadl~ speaking, we can distinguish two different types of 

approach. Certain people (Schmitt et al. 1985b, Stern, Antiochos and Harnden, 1986) 

try to fit X-ray observations only, i.e. the coronal portion of the loop; others 

(Giampapa et ai.1985, Landini et al. 1985, Landini, Monsignori-Fossi and Pallavicini 

1985) try to find a consistent solution for X-ray and UV observations (as provided 

by IUE) on the grounds that a loop model should be able to simultaneously reproduce 

the coronal portion of the loop, as well as the transition region and chromospheric 

sections at the base of the same structure. Generally speaking, the first approach 

usually gives reasonably good results (i.e. loop models are able to reproduce X-ray 

observations); much more difficult is to find self-consistent solutions for the 

entire set of X-ray and UV observations. Whether this is due to temporal variability 

between X-ray and UV observations of the same stars, or to the existence on stars of 

a family of cool loops with maximum temperature not exceeding = 105 ~ - in addition 

to the more familiar hot loops (cf. Antiochos and Noci 1986) - this is not understood. 

We note in passing that even the coexistence on the same star of coronal loops in 

quite different physical conditions (as may occur for RS CVn binaries, see below) may 

result in poor agreement between the observations and the predictions of single loop 

models. 

In spite of the many uncertainties that still plague loop modelling of stellar 

coronae, a few facts already seem well established. First, the maximum temperatures 

T M derived for many active late-type stars (both single and of the RS CVn type) are 
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far in excess than those typical of solar active regions and approach those of the 

flaring Sun (z a few times 107 K). If we recall the scaling law (3), this means 

that, for loops of comparable length, the heating rate must be larger. Actually, 

since E H scales as TM7/2, the heating rate must be many orders of magnitude higher 

in active late-type stars than in the Sun. The other important result is that it is 

not possible to separate the area filling factor Af from the base pressure P0' unless 

additional constraints are imposed quite arbitrarily. This is simply because the 

observed X-ray emission depends linearly on the amount of emitting coronal plasma 

and there is no obvious way of distinguishing, in spatially integrated observations, 

between large low pressure regions and small high pressure regions. 

Fortunately, there is another way by which we can get information on the spatial 

structure of stellar coronae. This is through eclipse observations in eclipsing bi- 

nary systems as well as through rotational modulation of the observed emission in 

rapidly rotating single stars. This technique was first applied hy Walter, Gibson 

and Basri (1983) using the EINSTEIN Observatory. They observed the RS CVn binary 

AR Lac, which is formed by a G2 IV primary and a KO IV secondary, separated by 9.1R 0. 

In spite of the many gaps present in the data owing to the low orbit of the satellite, 

they were able to observe a deep primary eclipse (when the G star is occulted by the 

K star) and a shallow secondary eclipse (when the K star is behind the G star). 

From this they concluded that compact coronal structures exist on both stars and, in 

addition, that an extended inhomogeneous corona surrounds the KO IV component. How- 

ever, it was only with the long, uninterrupted observations provided by the EXOSAT 

satellite that it has become possible to fully exploit this technique (White et al. 

1986, White 1987). EXOSAT has obtained observations of several systems, including 

a 35 hours continuous observation of Algol, centered on the secondary eclipse, and 

complete coverage of a full orbital period for AR Lac (P=1.98 days) and TY Pyx 

(P=3.20 days). The Observation of Algol failed to reveal any eclipse when the KO IV 

X-ray bright Component was behind the X-ray dark B8 V primary (Fig. 4). From this it 

was inferred that an extended high temperature corona with a scale height of at least 

= i R, surrounds the K star. The observation from AR Lac is even more interesting 

(White 1987). The primary eclipse was observed in the Low Energy detector (as it 

was with EINSTEIN), but there was no obvious eclipse in the Medium Energy data: this 

indicates that the extended corona is at higher temperatures than the more compact 

structures close to the surface of the star. 

The picture which emerge s from these eclipse observations indicates that struc- 

tures of quite different sizes, temperatures and pressures coexist in RS CVn binaries. 

The more compact structures close to the star surface are at lower temperature and 

probably higher density than the more extended structures whose sizes ar e comparable 

and even larger than the stellar radius. What are these extended components? We do 

not know. They might be associated with loops connecting the two stars, as suggested 

by extrapolations of photospheric magnetic fields (Uchida and Sakurai 1~83) and fur- 

ther supported bY VLBI observations which indicate the presence of extended radio 

emitting components comparable in size with the binary separation (Mutel et al. 1985, 

Felli et al. 1987). AlternativelY, the extended components may be the upper end of 

a range of solar-like loops whose larger dimensions are permitted by the lower gravity 

of RS CVn stars. It is perhaps interesting to observe that the different average 

temperatures found for compact and extended structures in RS CVn binaries repropose 

the question of the two-temperature solutions found from fitting EINSTEIN and EXOSAT 

spectra. Schmitt (1987), working in the context of coronal loop modelling, has al- 

ready found it difficult to explain the extended coronal structures suqgested by 

eclipse observations. The question whether RS CVn binaries behave similarly to the 
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Sun and other late-type stars, or rather if they possess unique properties, should 

be considered open at this stage. 

4. CORONAL VARIABILITY 

Surprisingly, very little was known until quite recently on time variability of 

coronal X-ray sources. The observations from the EINSTEIN Observatory were usually 

very short ( = a few thousands seconds) and longer observations - when available - 

were interrupted by the periodic eclipses of the satellite and by the passages 

through regions of high background. Furthermore, systematic effects and the poor 

knowledge of source temperature make it difficult to compare observations obtained 

with different satellites. For instance, fluxes measured by EINSTEIN and EXOSAT may 

have systematic differences of up to a factor of z 2, owing to the different spec- 

tral bands and to the temperature dependence of the detector response. The most 

comprehensive study of stellar X-ray variability before the advent of EXOSAT is pro- 

bably that of Ambruster, Sciortino and Golub (1987). They have analyzed EINSTEIN 

observations from a sample of active late type stars (mostly flare stars), using a 

new substantially improved version of the classical X 2 test. They have found that 

variability is ubiquitous in their sample of K and M stars, with a typical am- 

plitude of = 30% and time scales ranging from a few hundred seconds to > 1000 sec. 

However, the presence of many data gaps, characteristic of EINSTEIN observations, 

makes the physical nature of the observed variability rather unclear. In addition, 

long time scales (including the entire evolution of long-lived transient events) 

could not be adequately studied with EINSTEIN. 

The EXOSAT satellite has dramatically increased our knowledge of time variabili- 

ty of stellar coronae, at least at short and medium time-scales (minutes to days). 

I have already mentioned above some of the EXOSAT results on time variability. In 

this section, I will focus only on one aspect of variability, that associated with 

flare-like events. I will show that with the new EXOSAT observations we are starting 

to appreciate the rich variety of transient phenomena observed on stars, and we are 

in a better position to make comparisons with similar phenomena observed on the Sun. 

The quality of the data is such as to allow for the first time realistic modelling 

and the derivation of miningful physical parameters. 

Flares have been observed by EXOSAT on a variety of stars (Brinkman et al. 1984, 

Droemer and Gibson 1985, de Jager et al. 1986, Landini et al. 1986, Pallavicini et 

al. 1986, White et al. 1986, Nelson et al. 1987, Haisch et al. 1987, Pallavicini and 

Stella 1987). They have been observed on classical dMe flare stars (UV Cet, AT Mic, 

YZ CMi, EQ Peg, YY Gem etc.; cf. Figs. 5 and 6), on RS CVn and Algol-type sytems 

(o 2 CrB, Algol; cf. Fig. 4) and even on a single solar~type G star (~i UMa, cf. Lan- 

dini et al. 1986). The latter observation may not be particularly surprising, since 

X-ray variability and flares are commonly observed in integrated observations of the 

Sun. What is surprising, however, is that the flare on 71UMa was seen against a 

background quiescent emission that was two orders of magnitude higher than the solar 

quiescent l~ninosity! This implies that the ~i UMa flare released, in the X-ray 

band alone, at least a factor ~i0 more energy than the total energy released by 

the largest solar flares. This suggests that activity on young rapidly-rotating 

solar-type stars (such as ~i UMa) does not result simply from larger areas of the 

stellar surface covered by magnetic regions: it may also be intrinsically more 

powerful. An even more interesting observation is that shown in Fig. 7. It is a 

3-Lex observation of the bright star Castor (~ Gem), which is formed by two unresol~ 
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ved A-type stars (AIV + A2Vm, both spectroscopic binaries). Since, as shown by 

EINSTEIN, A-type dwarfs are not strong X-ray emitters (if at all), the observed 

EXOSAT emission is mostly due to contamination of the EXOSAT detector by the ultra- 

violet radiation from the photosphere and the chromosphere of the star. The data 

in Fig. 7 show the occurrence of a flare - first reported by Droemer and Gibson 

(1985) - whose time behavior closely resembles that of flares observed on the Sun and 

dMe flare stars. It is interesting to speculate on the - presumably magnetic - 

activity of this star, which is thought not to possess a subphotospheric convective 

zone, and, hence, which should not have the high level of turbulent surface motions 

required to stress surface magnetic fields. 

How can we model the observed events? If we take the solar analogy as a guide - 

line, we can consider a simple magnetic loop, whose configuration remains unchanged 

throughout the event. We further assume that energy is deposited impulsively close 

to the top of the loop, and that there is no energy input during the decay phase. 

This is what is believed to occur in oomp~ot flares on the Sun (Moore et al. 1980). 

The flare will decay through radiative and conductive losses which we can write as: 

T R = 3 K B T / n P(T) (5) 

and 

2 T-S/2 T C = 4.8XI0 -I0 n L C sec (6) 

In the Eqs. above, T is the flare temperature, n the density, K B is the Boltzmann 

constant, P(T) is the emissivity function for an optically thin plasma, and L C is a 

characteristic length for the temperature gradient. 

From Eqs. (5) and (6), and the temperature and emission measure derived from X- 

ray data, we can estimate the physical parameters of the flaring region (density, 

volume, characteristic length L C ecc.). In order to do so, the observed decay time 

is equated to the radiative time, and the further assumption is made that conduc- 

tive and radiative times are approximately equal. This approach, as crude as it 

might be, gives reasonable numbers when applied to flares on dMe stars. Densities, 

temperatures and volumes derived in this way (T = 2-3XI0 7 K, n ~ 1011-10 12 cm -3, 

V z 1027-10 ~ cm 3) are not very different from those of flares on the Sun. The 

total energy release, however, may be much larger, being typically of the order of 

10 31 - 1033 erg as compared to z 10 29 - 10 31 erg of compact flares on the Sun and 

10 32 erg of large solar two-ribbon flares. Note, however, that the flare on 

Algol mentioned above (cf. Fig. 4) released at least z 10 35 erg and involved a 

much larger volume (z 1031 cm 3) than typical solar flares. It also had a higher 

temperature (T z 6 X 107 K) and longer decay time (= 7 X 10 3 sec) than most flares 

on the Sun and on dMe flare stars (White et al 1986). Recently, Schmitt, Harnden and 

Fink (1987) have checked the reliability of the above mentioned approach by applying 

it to so~a~ ~ 8  observed with the EINSTEIN Observatory by looking at the X-ray 

radiation scattered by the Sun-lit Earth. The parameters derived for these flares 

using the simple formalism above are in quite good agreement with those derived 

directly from spatially resolved solar observations. 

Certainly, the physics involved in real flares is much more complex than the 

simple orders of magnitude estimates discussed above. A flaring loop is not an iso- 

lated system: it is rooted in the dense chromospheric and photospheric layers, and 

the flare time evolution will depend on the complex hydrodynamic phenomena resulting 
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from this coupling. For instance, if energy is deposited at the loop top, it will 

be transferred to lower levels either by accelerated particles or by heat conduction. 

If the chromosphere receives more energy than it can radiate away, it will expand 

upwards (chromospheric evaporation) filling the loop with high density plasma. This 

in turn will profoundly affect the time evolution of the flare. Full hydrodynamic 

calculations of this type have been carried out for the Sun and have been successful- 

ly applied to flares observed from the Solar Maximum Mission (Pallavicini et al. 

1983, Cheng et al. 1983, Peres et al. 1987). In principle the same type of modelling 

can be applied to flares on stars with the aim of getting better insights into the 

flare phenomenon. There are already a few groups, both in the States and in Europe, 

that are actively pursuing this question (e.g. Reale et al. 1987). 

So far, we have assumed that the flare occurs in a closed magnetic structure 

which does not change throughout the event, as in solar compact flares. However, not 

all flares on the Sun behave in this way. Flares on the Sun are of two types (Palla- 

vicini, Serio and Vaiana 1977, Priest 1981): a) compact, short-lived events, b) 

large, long-decay, two-ribbon events. These two classes of flares differ not only 

in their morphology and temporal evolution, hut also in the basic physical mechanisms 

which operate throughout their lifetime. In particular, large two-ribbon flares on 

the Sun are believed to occur as a consequence of a disruptive phenomenon which 

suddenly opens a magnetic field structure (Kopp and Pneuman 1976, Kopp and Poletto 

1984). The open field lines then relax back to a closed potential configuration, by 

gradually releasing energy as they reconnect during the decay phase of the flare. An 

interesting question is whether these events occur also on stars. I believe that 

the answer is affirmative. EXOSAT has recently observed a number of large, long- 

duration events, strongly reminiscent of solar two-ribbon flares. Examples are fla- 

res observed on EQ Peg and YY Gem (Figs. 8 and 9). Another example may be a long- 

decay flare on Prox Cen observed previously with EINSTEIN (Haisch et al. 1983). In 

order to test whether these flares are indeed the stellar counterpart of solar two- 

ribbon flares~ Poletto, Pallavicini and Kopp (1986, 1987) have applied to some of 

them a reconnection model previously used successfully for solar two-ribbon flares. 

They have found that the model is capable of reproducing correctly the energy relea- 

se rate and temporal evolution of the decay phase of the observed flares, thus sup- 

porting the correctness of the identification. Furthermore, this allows constraints 

to be put on the physical parameters of the flaring region (area extension, strength 

of t~e photospheric magnetic field, velocity of growth of post~flare loops etc.). 

To conclude, the extensive coronal observations obtained with EINSTEIN and EXOSAT 

tend to support the view that a substantial analogy exists between phenomena observed 

in the solar corona and many (probably most) phenomena observed in the coronae of 

other late-type stars. This analogy allows us to use, for modelling stellar observa- 

tions, the same basic techniques successfully developed for interpreting the much 

more detailed solar observations. However, given the widely different parameters 

occurring in late-type stars, we should also be careful not to exclude the possibili- 

ty that stellar phenomena may exist, which do not have an exact solar counterpart. An 

example may be the extended coronal structures suggested by eclipse observations in 

RS CVn binaries. Another example, recently discovered with EXOSAT (Haisch et al. 

1987, Pallavicini and Stella 1987), may be flares on dMe stars which are characteri- 

zed by a gradual rise and a more rapid decay (Fig. I0). These apparently un-solar 

phenomena should be investigated carefully if we want to establish the extent to 

which the solar analogy can be correctly applied to other stars. 
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ABSTRACT 

X-rays have proved a powerful tool in discovering, or monitoring, the activity 
of many kinds of stars. Among these, the T Tauri stars and other pre-main sequence 
objects are particularly interesting in that~ based on X-rays, the activity seems 
to be of solar type, albeit on a scale i0 ~ to 106 times higher in intensity, 
mainly in the form of gigantic flares. Also, in the radio range, follow-up obser- 
vations have allowed to discover a few flaring PMS stars. Optical results (multi- 
band photometry) have recently confirmed the solar nature of this activity to some 
extent, by revealing periodic variations attributed to large starspots. In addi- 
tion, from these data and other rotation indicators, one finds a fair correlation 
between rotation and activity, as can be expected from dynamo-induced phenomena 
already known on the Sun. 

However, this seems to be only part of the story. Already in the visible, such 
traditional activity indicators as Ha point to the existence of large sources of 
energy in forms other than magnetic. In the microwave range, exotic phenomena like 
jets or bipolar flows appear to be widespread. In the radio cm range, the emis- 
sion, when detected, is non-solar in most cases, and intriguing examples from 
recent VLA observations are given. The reasons for this may lie in the specific 
nature of PMS objects, i.e., very young and perhaps still surrounded by circum- 
stellar material (e.g., accretion disks), drawn from their parent molecular 
cloud. 

i. THE SOLAR-STELLAR CONNECTION 

That some stars share at least some of the properties of the active Sun has 

been kown for a long time in the optical domain. For instance, although individual 

light curves are usually not available, strong variability (several magnitudes in 

time scales at hours, or even minutes) has been interpreted as flares in dMe, UV 

Ceti, or T Tauri stars ; on other stars, periodic variability has been interpreted 

as being due to large starspots, like in RS CVn or BY Dra close binaries. 

But all these stars were "abnormal" in some way, and it was not until the 

advent of, first, solar X-ray astronomy (Skylab, 1973), and second, stellar X-ray 

astronomy (Einstein, 1978-1981), that it became clear that "solar-type" activity 

was widespread within the Herzsprung-Russell diagram, and, most remarkably, among 

ordinary stars. One major reason for this: the contrast between quiescent and 
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active s~tes is, in general, much higher in X-rays than at other wavelengths, and 

stellar X-rays can be seen from large distances (several kpc). Since the detected 

keV X-rays correspond to temperatures = 106-107 K, they are however by themsel- 

ves insufficient to characterize stellar outer atmospheric structures other than 

flares or coronae (for a review, see e.g., Rosner, Golub, and Vaiana, 1985). Hence 

the equally crucial role played by IUE to characterize chromospheres (T ~ 104 K), 

along with continuing photospheric studies from the ground. 

It is now widely recognized that a "solar-stellar connection" exists. This is 

meant to say that, by using a number of quantitative tracers to measure the 

activity of stars, there exists only a simple-scale ~actor between the Sun and the 

various stars studied ; this scale factor may reach several orders of magnitude. 

In turn, this scale factor may be compared with other stellar parameters to help 

understand the origin of stellar activity in general (e.g., Pallavicini, 1985). 

This "solar-stellar connection", however, appears restricted mostly, if not 

entirely, to late-type stars, i.e., of spectral type later than = early F. For 

instance, flares or coronae (at least in the solar sense) do not exist in 0 and B 

stars ; their X-ray "efficiency" Lx/Lbo I is much smaller than for late-type stars 

(= 10 -7 vs. ~ 10-4), and does not depend on the spectral type. The transition 

appears around type A, where the activity seems minimal. 

To date, the conventional wisdom is that convection and rotation play a 

central role in generating the activity: (i) the stars cease to have an outer 

convection zone at mid-F (there is an increasingly large convective core for 

earlier types) ; (ii) fast rotators (young stars, or older stars rotating rapidly 

because of tidal synchronism with a close companion) are more active than slower 

ones. This supports the dynamo picture of stellar activity: through the dynamo 

mechanism (e.g., the "~-~ dynamo", see Gilman 1983), convection and (differential) 

rotation generate surface magnetic fields ; in turn, because of the surface move- 

ments also linked with convection (see, for instance, the Sun), the breaking and 

subsequent reconnection of field lines create energy in the form of flares, 

eoronae, etc... 
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However, one is still looking for a more satisfactory situation than the above 

qualitative description. Indeed, in spite of all the observational and theoretical 

material at hand, the choice of the relevant tracers and physical parameters is 

still debated (e.g., Basri 1987a, b). For instance, to characterize activity, 

should one use total fluxes (in Mg II, Ca II, X-rays, etc...) ? Or fluxes per unit 

area, or fluxes normalized to the bolometric flux, or "excess fluxes" ? To charac- 

terize rotation, should one use v sini ? Or the period ? Or add a convection 

ingredient, in the form of the "Rossby number" R o = Period/~ c (where ~c is the 

convective turnover time), even if this means mixing an observationally measured 

value (Period) and a theoretical, model-dependent, result (~c) ? 

To help answer these questions, it is useful to broaden the star sample as 

much as possible, looking for wide ranges in the various parameters (up to orders 

of magnitude): rotation velocity, depth of convection zones, spectral type, 

binarity, etc. In this context, pre-main sequence (PMS) stars are very interes- 

ting: the bulk of the PMS stars known belong to spectral types later than F5, but 

are more deeply (even fully) convective, more luminous, and rotate faster than 

their main-sequence counterparts. A potential complication, however, is that the 

purely stellar picture may be blurred by the influence of the environment (molecu- 

lar clouds, circumstellar material, etc. ). 

The present review will therefore concentrate on "Young Stellar Objects'" 

(YSOs). This designation, although rather ill-defined, is used more and more 

frequently, in part to emphasize the fact that the classical T Tauri stars (see, 

e.g., Bertout, 1984), or even PMS stars, form only a subset of YSOs, which are 

now being discovered in increasingly large numbers at essentially all wavelengths, 

mainly in the radio, infrared, and X-rays, in addition to the traditional optical. 

We will put some emphasis on the nearly p Oph cloud star formation region, 

160 pc away, which is a particularly good example of a multi-wavelength study 

over a large area (several square degrees). 

We first look for solar-type activity in the sense outlined above ; the 

results tend to support the general picture (§ 2). However, there is also evidence 
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for non-solar activity (co)existing with it, in forms often "exotic" (jets, 

bipolar flows, etc...) (~ 3). Finally, we look to what extent it is possible to 

reconcile some apparently conflicting results by using our knowledge of the 

environment(s) of YSOs (§ 4), before making some concluding remarks (§ 5). 

2. EVIDENCE FOR SOLAR-TYPE ACTIVITY 

2.1 Flares 

Several regions of star formation, as well as individual T Tauri stars, have 

been observed in X-rays by the Einstein Observatory and, to a lesser extent, by 

EXOSAT. These observations have provided the best evidence to date that YSOs are 

frequently flaring, and that the flares are of a solar nature (see reviews by 

Feigelson 1984, 1987). In fact, the largest existing body of evidence for stellar 

X-ray flares comes essentially from the observation of such objects. 

The early individual cases of two classical T Tauri stars, DG Tau and AS 205 

(Feigelson and De Campli 1981 ; Walter and Kuhi 1984) have been supplemented by 

the results of Montmerle et al. (1983, 1984), who obtained repeated exposures of 

the p Oph cloud with the IPC instrument, covering = 2 ° x 2 ° , i.e. overlapping the 

darkest parts of the cloud. About 50 sources were discovered, characterized by a 

generalized variability (the "p Oph Christmas tree"), involving factors = 2-20. 

Almost all these "ROX" sources are YSOs, about i0 being previously known classical 

T Tauri stars. The remainder were suspected, and later confirmed (see below, 

2.2) to be pre-main sequence objects, many of them being in fact faint~ weak T 

Tauri stars. The demonstration that the observed variability must be interpreted 

in terms of solar-type flares rests essentially on three arguments, as follows: 

(i) In one particular instance, the source ROX-20 underwent a strong event, 

the decay of which could be followed on a timescale of ~ 2 hrs (fig. la) ; this 

was interpreted as the radiative cooling phase of a very strong flare (perhaps the 

strongest stellar flare ever recorded): Lx,ma x = 1032 erg.s -I, T = I keV (deduced 

from a reasonably good bremsstrahlung continuous spectrum), density n = i0 I0 cm -3, 

size % = 1012 cm, i.e., 3 R® or ~ I stellar radius R,. This event, therefore, has 

a typical solar flare density and temperature ; its high luminosity is essentially 
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Fi~. 1. (a) Light curve of the Rho Oph X-ray source ROX-20, obtained by repeated 
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5, and 6 is interpreted as the cooling phase of a very strong flare. (b) Cumulative 
flux distribution of the X-ray flares of the ROX sources. The same distribution 
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(c) Flux distribution as a function of the temperature. (Numbers refer to the ROX 
sources; the dotted line is only a guide to the eye. Montmerle et al. 1984.) 
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due to its enormous size. As Table i shows, this is just an extreme case, follo- 

wing the same trend as other stellar flares in general. 

(ii) Given that all X-ray detections are very similar, differing only in their 

intensity (in line with the above remark, the X-ray spectra, when available, do 

not differ much), one can put them all into a "log N - log S"-like histogram. As 

fig. ib shows, one obtains roughly a power-law, of index -1.4, i.e., the same as 

that of the similar histogram obtained on the Sun. 

(iii) Another typically solar feature, displayed on Fig. ic, although less 

clearcut, is that the X-ray temperature tends to increase with the flare 

luminosity. 

The solar nature of this activity has been confirmed in a few cases in the 

radio (GHz) range. Indeed, in the course of a follow-up survey of the p Oph cloud 

with the NRAO Very Large Array to look for radio counterparts to the ROX sources 

(see Andr~ et al., 1987), rapid variability in the form of a flux increase of a 

factor < 2 over = 2 hrs was found in DoAr21, one of the strongest X-ray sources of 

the cloud (Fig. 2a, Feigelson and Montmerle, 1985). The maximum flux observed can 

be interpreted as gyrosynchrotron emission of = MeV electrons in a magnetic field 

of about I00 G over a loop of size = several stellar radii. This size is so large 

that one needs in fact to resort to inhomogeneous models of synchrotron emission 

(Klein and Trottet, 1984): as shown on Fig. 2b, where a dipolar field has been 

used, different frequencies are associated with different regions of the loop (see 

Andre, 1987 ; also Klein and Chiuderi-Drago, 1987). Fig. 2c displays the long 

timescale behaviour of DoAr21, which shows that variability is always present, but 

that strong fluxes are comparatively rare. A similar flare-like behaviour has been 

found in another source, ROX-31 (Stine et al. 1987, in preparation). 

To date, these are the only known cases of rapid radio variability in YSOs, 

but large variabilities have also been observed between long time intervals 

(months or years) in other objects (V410 Tau, HP Tau/G2 and /G3, Cohen and 

Bieging, 1986), making the flare interpretation likely in these cases as well, 

especially in view of the long-term variability of sources like DoAr21 or ROX-31. 
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Table I. Properties of stellar flares (see Montmerle et al. 1983) 

L~(max) T Size Density 
Star {1030 ergs s -  l) (10 7 K) (10 ~' era) (10 l° c m -  ~) 

Sun . . . . . . . . . . . . . . . . . . . . . . . . .  compact flares ~ 1 0 - "  1-2 ~ I0-1  lO-lO0 
flares ~ I0 -3  i -2  ~> 1 lO 
class 3 flares > 10 -3  1-2 > 10 1-10 

d M e  stars . . . . . . . . . . . . . . . . . .  AD Leo 1,6 (3) ( ~ 3 )  (10) 
VZ CMi" 8 (1) 
AT Mic 16 3 ( '~7)  (iO) 
Prox. Cen b 1.8 (i)  . . . . . .  
UV Cet 2.0 ( ~  I) 

T Tau and related stars ... ROX ° sources ~ 5 2 ( I0-30)  (10-20) 
DO Tau ~>20 (1) [50] [10] 
ROX 20 ~ 100 1-2 ~ I00 3-6 
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Fi~. 2. Radio observations of DoAr21(= ROXS). (a) Rapid variability (Feigelson and 
Montmerle 1985); (b) interpretation in terms of inhomogeneous gyrosynchrotron emis- 
sion associated with a flare event in a dipolar magnetic loop (see Andrd 1987, 
using the model of Klein and Trotter 1984); (c) long timescale behavior (Andrd 1987). 
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Note, however, in contrast with the X-ray situation, that strong radio flares are 

rare, and concern only a small number of objects. 

2.2. Starspots 

Another well-known piece of evidence regarding solar-like activity is the 

presence of starspots. The evidence is always indirect, as no images are seen ; it 

relies on repeated observations either of near-IR and optical photometry or of a 

photospheric tracer like the Call H and K lines. 

We will briefly summarize the recent results of the first method, obtained on 

a sample of T Tauri stars (Bouvier et al., 1986, Bouvler and Appenzeller, in 

preparation, and Bouvler 1987), which were confirmed for the targets in common by 

the second method (Hartmann et al., 1987). The sample, in particular, includes a 

number of ROX sources. 

The use of UBVRI photometry allows to derive a temperature T (by fitting a 

black body), hence its variation as a function of time. A model may then be cons- 

tructed, in which the smaller fluxes are assumed to be associated with circular 

starspots of temperature differing by an amount AT from the photospheric tempera- 

ture Teff, at a latitude ~, and covering f % of the total stellar surface (for 

details, see Bouvier 1987a, 1987b). While this modelization may be considered as 

simplistic, it involves a minimum number of parameters and gives a reasonably good 

fit to the data (Fig. 3a). In almost all cases, the starspot interpretation must 

be basically correct, since AT is • 0 ; in one case, however (DF Tau), AT is ~ O: 

the "spot" is hotter than the surrounding area, and at a high latitude. We shall 

come back to this point below (~ 4.1). 

If one measures the activity of T Tauri stars in the sample by the filling 

factor f of their starspots, then these stars appear here also as very active, on 

the same level as RS CVn stars, in any case much more active than their main-se- 

quence counterparts (Fig. 3b). 

In addition to giving a measure of activity, starspots give also at the same 

time the rotation period, which is of course precious in the context of the 

rotation-convection vs. activity connection. 
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surface, and cooler by &T = 1425 K. (b) AT vs. f diagram for T Tauri stars (dark 
spots), and for BY Dra and RS CVn binary systems Ca and b from Bouvier 1987a). 



126 

2.3. Activity vs. rotation and convection 

The T Taurl stars studied by Bouvier (1987a, 1987b) all have known X-ray 

fluxes F x. Taking these as an activity tracer, one may then plot F x against the 

rotation period P, or against the Rossby number R o = P/~c (see above, § i). As 

shown on Fig. 4a, where the results on T Tauri stars have been supplemented by 

similar data on a sample of stars of similar spectral types (main-sequence dwarfs 

and RS CVn binaries), there is definitely a trend for faster rotators to be more 

active. However, at a given period, T Tauri stars are -as expected- more active 

than dwarfs. We note that this is at variance with the "shell dynamo" explanation 

of activity (i.e., dynamo generated at the bottom of the convective zone), since T 

Tauri stars are fully convective, contrary to dwarfs. The RS CVn stars are quite 

scattered, but, at the same rotation period, they tie in rather nicely with T 

Tauri stars. 

Fig. 4b shows the same points, but using the Rossby number R o. The trend is 

still there, but in a more confused fashion. In particular, the T Tauri stars 

appear much more scattered: they span = 2 orders of magnitude in F x vs. less than 
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127 

one in Ro, and yet no correlation is apparent. This example illustrates how 

difficult it is to date to derive physically meaningful correlations. 

But the main result is that, altogether, apart from a scale factor, the T 

Tauri stars follow the same trend as dwarfs and RS CVn stars in X-rays, confirming 

qualitatively the solar nature of their activity in this wavelength range. 

3. EVIDENCE FOR NON-SOLAR ACTIVITY 

3.1. Excess flux from several tracers 

As stressed in the Introduction (§ i), other activity tracers exist: Call, 

Mgll, Ha, etc... One can therefore draw the same kind of graphs than in the prece- 

ding section (Bouvler 1987a,b). The results are markedly different: there is a 

clear excess of those tracers in the case of T Tauri stars over the general trend. 

Figs. 5a and 5b show the case of F(Ha) vs. P or R o. The situation is identical for 

Call and Mgll, indicating that the corresponding excess is located close to the 

surface of the star (photosphere and chromosphere). This is also the case for Ha, 
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some T Tauri stars, over the general trend. 
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if one brings in the X-ray result (~ 2.3) which relates to more extended outer 

regions: contrary to the early tendency, advocated by Walter and Kuhi (1981), that 

T Tauri stars have "smothered coronae", the X-ray emitting T Tauri stars have 

"normal" Ha (i.e., along the same trend as RS CVn stars or dwarfs), but some of 

them clearly have I0 to I00 times more Ha flux than others , while having about 

the same X-ray flux. In those cases, there is evidence for substantial, or even 

dominant, "non-magnetic" activity. Its nature, as traced mainly by Ha, is unclear 

; it probably indicates, when present, the existence of a large amount of ionized 

gas, possibly in addition to the "normal" solar-like active regions over the 

stellar surface (of course, the presence of this gas cannot be explained by 

photoionization, since the stellar temperatures are too small). We will return to 

this point in § 4.1. 

3.2. "Exotic" phenomena 

Mass outflows are widespread among YSOs, and may take a variety of forms, from 

(spherical) winds, to narrow jets or very extended bipolar flows seen in CO. 

Winds have been found in a variety of T Tauri stars from P Cygni profiles (in 

the optical or in the UV)(e.g. Bertout, 1984) or related Herbig Ae/Be stars 

(Catala et al., 1986). The velocities range from = 150 km.s -I to < 300 km.s -I, 

i.e., are generally smaller than the solar wind. Mass-loss rates, on the other 

hand, have been derived in the past mostly from near-IR or radio measurements, 

with results sometimes in excess of = 10 -7 M@ yr -I. Theoretical considerations, 

(e.g. De Campli, 1981), as well as new data and interpretations (see below, for 

instance, the case of radio measurements) give a maximum value of a few 10 -8 

M@ yr -I at most, and more generally M • 10 -8 M@ yr -I. Although smaller than the 

earliest estimates, this Value remains comparatively high, = 106 times the values 

of M for the solar wind. 

The geometry of the mass loss is, in general, not readily accessible. If the 

wind is ionized, a typical radio flux (see, e.g., Panagia and Felli, 1975) of a 

few mJy in the GHz range give sizes of order = 1014 cm ; i.e. ~ 103 R,. Such sizes 

cannot be resolved in general, except by the VLA in its most extended configura- 
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tion, and for the closest sources (see, e.g., Andre, 1987). In an increasingly 

large number of cases, the mass loss takes the form of highly extended collimated 

jets (e.g. Mundt et al., 1984), of sizes up to = 1015-1016 cm, visibl~ mostly in 

Ha. 

The most extreme cases of mass loss are associated with cool bipolar flows 

(e.g., Lada, 1985 ; see also Casoli, 1987, Guilloteau, 1987), expanding over 

1018 cm or more, with typical velocities again in the range ~ 200-300 km.s -I. In 

this case, the associated mass loss is huge, reaching = 10-4-10 -3 M~ yr -I (but see 

discussion in Cabrit and Bertout, 1986, 1987), pointing to rather short-llved 

phenomena. The once enigmatic Herbig-Haro objects appear closely associated with 

jets or bipolar flows (e.g., Schwartz, 1983). 

The physical mechanism of the mass loss is unknown, but must be very efficient 

since it sometimes reaches a few percent of the bolometric luminosity of the exci- 

ting object (see discussion in Lada, 1985), just as in the case of the massive 

Wolf-Rayet stars. For "ordinary" winds associated with T Tauri stars, however, 

heating (i.e., acceleration) by Alfv~n waves has been advocated (e.g., Lago, 1982, 

Hartmann et al., 1982), but it should be stressed that the mass loss mechanism for 

the Sun is not known either... 

In other YSOs, there is evidence for mass inflow, i.e., accretion. It may be 

spherical (see the example of T Tauri(S) itself, Bertout, 1983, Andre, 1987), or 

may compete with mass loss and generate Raylelgh-Taylor instabilities (YY Ori 

stars, see Mundt 1981). The accretion can also take place in the form of a 

disk, as will be discussed below, § 4.1. 

3.3. Radio emission 

The radio emission from the Sun has been known for a long time (see e.g., the 

Nan~ay radiohellograph), but, because of sensitivity problems, the field of stel- 

lar radioastronomy has initially developed rather slowly. The first star detected 

in the GHz range, has been, pointedly, a flare star (1963) a few pc distant ; the 

first T Tauri stars were detected in 1974 (T Tau, Lk Ha iO1) ; but it was not 

until 1981, with the completion of the Very Large Array (allowing to reach = 0.i 
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mJy in 8 hrs) that the field began to grow rapidly (e.g., Hjellming and Gibson, 

1985). 

The mechanism for radio emission may be either thermal (free-free emission 

from an ionized gas: winds, accretion, HII regions), or non-thermal (e.g., 

gyrosynchrotron from mildly relativistic electrons, as in the ease of the DoAr21 

flare, § 2.1 above) ; for reviews, see e.g., Dulk (1985) and Andr~ (1987). Recent 

observations have yielded suprlsing results for YSOs, which we now summarize. 

To date, essentially two surveys of YSOs with the VLA exist. The first one is 

a survey of 41 classical T Tauri stars (Cohen and Bieging, 1986, and refs. 

therein); the other is the radio follow-up of the p Oph Einstein survey (Andr~ et 

al., 1987), which covers over I00 YSOs detected in the same area at X-ray, optical 

or IR wavelengths. At a sensitivity of > I mJy, the detection rate is low, on the 

order of I0 % in both surveys: 3 objects in the first survey, 12 in the second. 

But the most intriguing results come from the spectra (given by observations at 

two or three frequencies: 1.4, 5, or 15 GHz), of which all kinds are found - by 

contrast with the fair uniformity of the X-ray properties: 

(i) "standard" winds (radio spectrum ~ v +0"6) are very rare, giving upper 

limits to the mass loss rates < 10 -8 M 0 yr -I ; 

(ii) only a few flaring objects have been found (see above, i 2.1), always 

detected on the basis of time variability - spectra alone are not sufficient (see 

below.the case of WL5) ; 

(iii) the present data have comparatively large error bars, hence allow 

several interpretations, including collimated winds (Reynolds, 1986) as shown on 

Fig. 6. 

The situation holding in the 00ph survey (Andr~ et al., 1987) seems to be the 

paradoxical evidence for simultaneous thermal and non-thermal features (Fig. 6): 

source WL5 has a flarelike spectrum, but has remained constant over several diffe- 

rent observations ; source VSI4 is consistent with a thermal accretion flow, but 

has been found to be circularly polarized (at the 30 level) , hence perhaps non- 

thermal ; source SI has a resolved core + halo structure (Fig. 7), with a non- 
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variable flat spectrum, suggesting a compact HII region, but is circularly polari- 

zed at the 10c level (= 7 %). Obviously, there are several classes of radio-emit- 

ting objects - perhaps as many as there are sources. A case by case study is in 

progress (Andr~ et al., 1987, in preparation). We simply note here that, except 

for unambiguous cases of non-thermal emission, the emitting volumes may have sizes 

to -~ 1015 cm. This is much larger than typical scales of "solar-type activity" 

seen in X-rays or in the radio, pointing to a possible influence of the 

eireumstellar environment, which we now discuss. 

4. CONTRIBUTION OF THE ENVIRONMENT TO NON-SOLAR ACTIVITY 

4.1. Accretion disks: observational evidence 

One of the most intriguing suggestions of contemporary stellar astronomy is 

that stars may be surrounded by disks of dust and gas - which might be protoplane- 

tary disks. Such disks are known to exist with certainty (imaging) in only a few 

cases, like ~ Pie and similar stars (e.g. Sadakane and Nishida, 1986). It is 

therefore conceivable that such disks already exist as a result of the star 

formation process itself (see also below, ~ 4.2), i.e., are present around YSOs, 

and detectable indirectly in a variety of ways. 

In a recent survey of 12 T Tauri stars and related objects, Edwards et al. 

(1987) did high-resolution spectra of forbidden emission lines of [SII] and [01] 

(sensitive to low-density regions) and of Ha emission. Modelling the llne profi- 

les, they found evidence for a mass outflow, likely in the form of a hollow cone. 

In addition, since only the blueshifted part of the emission lines is seen, 

Edwards et al. suggest, along the lines of Appenzeller et al. (1984), that 

the receding part of the outflow is obscured by some optically thick material, 

presumably a disk. In their view, therefore, there is accretion of mass from an 

equatorial disk~ which confines a bipolar mass flow in a hollow cone. We shall 

come back to this model later (§ 4.3). 

Using a different approach, Bertout (1987, and in preparation) has studied the 

behaviour of an optically thick, warm disk around a T Tauri star. The disk is 

assumed to be everywhere Keplerian, although the momentum loss by viscosity 
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results in a slow infall of material towards the center of the disk, i.e., in 

aecretlon towards the star. Following Lynden-Bell and Pringle (1974) (see also 

Pringle, 1981), the model is parametrized by the accretion rate, Macc' and featu- 

res a hot boundary layer where the disk meets the accretlng star. The temperature 

TBL of this layer is = 5 times the maximum disk temperature, Td,ma x. For accretion 

rates ~ a few 10 -8 M~ yr -I to a few 10 -7 M® yr -I, Bertout (1987, in preparation) 

finds Td,ma x = 1500 to 2500 K, hence TBL = 7500 to 12500 K. The total mass of the 

disk is = 0.01-0.I M@. In this model, the disk therefore appears to emit UV and IR 

radiation in excess over the stellar spectrum: the UV comes from the boundary 

layer, the IR from distant regions of the disk. This gives indeed a good fit to 

the continuum spectra at several T Tauri stars (Fig. 8). Bertout (1987, in prepa- 

ration) suggests, furthermore, than the prominent emission lines present (espe- 

cially Ha) in the most active T Tauri stars come not from an active chromosphere, 

but from the boundary layer. This suggestion fits rather nicely the apparent 

absence of correlation between the X-rays and Ha emission (§ 3.1), and implies 
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Fi . 8. The continuous spectrum of the active T Tauri star DR Tau, from the UV 
~ data) to the far-IR (IRAS data). In the model of Bertout (1987, in prepara- 
tion), the spectrum is the superposition of the emissions of a warm disk (full 
line), of its boundary layer with the star (thin dotted line), and the photo- 
sphere itself (thick dotted line), which is seen in this case to be almost 
negligible! 
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that UV and IR excesses, in addition to strong optical and UV emission lines, 

should trace accretion disks. The odd case of DF Tau, in which there is evidence 

for a hot starspot at a high latitude (see § 2.2), could then correspond to 

magnetic accretion along a pole of the star, assumed to be an oblique rotator. We 

shall also come back to this model (§ 4.3). 

4.2. Towards a unified picture ? 

In view of the demonstrated evidence for outflow from YSOs, and of the possi- 

ble evidence for accretion disks, one can build a unified time sequence of the 

early stages of stellar evolution (see, e.g., Adams et al. 1987). Briefly, the 

picture is as follows. A rotating clump of gas collapses in the form of a flatte- 

ned disk. This disk further shrinks towards the central core, leading to a star 

surrounded by an accretion disk. Meanwhile, the interstellar magnetic field is 

tangled by the rotation at the disk, and either by a combination of magnetic 

twisting and centrifugal forces (see e.g., Pudritz and Norman 1986, Uchida and 

Shlbata, 1987), or by an as yet unidentified stellar mechanism, a strong mass loss 

develops, in the form of jets and/or bipolar flows (Fig. 9). 

Even if only a particular configuration of the magnetic field can give rise to 

and/or confine a bipolar flow, there may be accretion disks also with milder out- 

flows (Edwards et al.) or without (Bertont). If the disk has a finite mass 

= 0.01-0.1 M@ as mentioned above, an accretion rate > 10 -7 M® yr -I gives a short 

timescale, ~ 105-106 yrs. The T Tanri star ceases to be active and becomes (?) a 

"post-" or "naked" (see Walter, 1986) T Tauri star. 

4.3. Objections and unsolved problems 

The above picture may have some truth, but the situation is still not 

satisfactory, for a number of reasons. 

(1) The evolution described above cannot be a universal time sequence. For 

instance, the stellar radio sources in p Oph are certainly young (look at their 

spatial distribution in Fig. 3 of Andr~ et al., 1987), yet show no IR excess, 

hence, presumably, no warm disk. 

(ii) On the contrary, classical active T Tanri stars are generally found at 
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Fig. 9. An artist's view of the environment of a very young star, here applied to 
the case ofL1551 in Orion (see Schwartz 1983J. This consists in an accretion disk, 
an expanding, hollow shell observed in CO as a bipolar flow (see the line profiles 
at the bottom), and Herbig-Haro objects as tracers of the interaction between the 
flow and the molecular cloud. In some models, the flow is magnetized, and rotates 
along the rotation axis of the exciting star. 

the edge of molecular clouds, and have ages • 106 yrs, i.e., greater than the 

presumed lifetime of a pristine accretion disk. 

(iii) In the accretion disk + wind model of Edwards et al. (1987), the H= 

emission is entirely due to the mass loss. The calculated M is = 10 -8 M~ yr -I in 

most cases, but rises to 10 -6 M8 yr -I in the extreme cases of HL Tau and R Mon. 

However, no radio emission has been detected from these stars, down to very low 

levels (= 0.5 mJy), putting an upper limit • 10 -8 M 8 yr -I to their actual possible 

mass loss rate. Would H~ in that case be due to a boundary layer ? 

(iv) From the radio data, cases of accretion are known around some PMS stars 

(T Tau (S), VSI4 ?), but this implies hot disks (= 104 K), not warm disks. 

It therefore seems that all the above examples of non-solar activity in YSOs 

do not yet fit into a single picture, even simplified. For instance, it is not 

even sure that a bipolar-flow phase should exist for all stars, as advocated by 

Lada (1985) ; only one such flow has been found in the p Oph cloud, for example 

(Walker et al. 1986, Fukui et al. 1986). Given the variety of objects considered, 
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this may well be due to a difference in initial conditions: angular momentum, 

mass, ambient magnetic field, etc... 

5. CONCLUSIONS 

The few examples of present problems we have raised in the preceding section 

make this review more like a progress report. This basically reflects the fact 

that new data have been gathered at high speed, mainly in the new windows opened 

by space astronomy, and that to this day theory has just been unable to catch up. 

One should however stress that, in spite of this wealth of data, a key ingre- 

dient in the study of stellar activity remains largely unknown: the magnetic field 

itself, of which only the strongest can be measured (see Borra et al., 1982), 

although major improvements have been made recently (Saar et al., 1986). In our 

opinion, this is one of the important reasons why the concept of the solar-stellar 

connection in general remains today largely qualitative. 

The extension of this concept to young stellar objects in general (T Taurl 

stars remaining the most studied) has brought two main conclusions, however. 

(i) X-ray, and, to a lesser extent, UV observations, have confirmed that YSOs 

display a conspicuous and widespread solar-type activity, mainly in the form of 

flares (note that weak underlying coronae cannot be excluded) ; 

(ii) There is also a lot of evidence for a non-solar component of the activi- 

ty, linked essentially to mass exchange with the surrounding medium: outflow 

(winds, jets, etc...), or inflow (accretion, either isotropic or from a disk). 

The origin of the solar activity is most likely magnetic, as for other late- 

type stars (dynamo effect), although the correlations between activity tracers and 

stellar parameters are little more than trends. Again, the lack of knowledge of 

the magnetic fields is probably crucial. As for the non-solar activity, its origin 

is largely unknown. If it were confirmed that~at least in some well-defined cases, 

it is due only to environmental causes (e.g., accretion disks), then YSOs could be 

put more securely along with main sequence stars, to widen the available range of 

stellar parameters. For instance, it would be very interesting to systematically 

compare a set of cool, weakly active PMS stars, still on their convective track, 
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all at the same spectral type (hence at different ages, since these tracks are 

almost vertical), with main sequence stars of exactly the same spectral type, 

e.g., = MO or later. For this type, luminosities go from = 3 L® down to = 0.03 L@, 

the v sini span the range = 25 km.s -I to less than a few km.s -I, etc... Other 

ongoing studies are also of course worth pursuing. 

Beyond the problem of the validity of the "solar-stellar connection", we have 

at least learned that intense activity (solar as well as non-solar) is in fact a 

characteristic of very young stars. Therefore, activity studies, in the broadest 

sense, remain a prime concept to trace the pre-main sequence phases of stellar 

evolution. 
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WINDS IN LATE TYPE STARS AND THE SOLAR WIND 

D. Reimers 
Hamburger Sternwarte, Universit~t Hamburg 

Gojenbergsweg 112, D-2o5o Hamburg 80, F.R.G. 

I. Introduction 

Both the solar wind and winds in late type giant stars have been studied since more 
than 25 years. While the solar wind was postulated by Ludwig Biermann in 195o from 
the fact that comet tails always point away from the Sun and was probed for the first 
time by Mariner 2 in 1962, mass-loss of a late type giant was discovered when Deutsch 

(1956) found blue shifted resonance lines in the spectrum of the close visual companion 
of the M51I giant ~ Her. 

In the first two decades the focal points of research on the solar wind and on cool 
giant winds were quite different. For cool stars, the main motivation for wind studies 

was to determine the rates of mass-loss with the aim to understand late stages of 
stellar evolution. The solar wind, on the other hand, has been studied with in situ 
measurements of the solar wind plasma in the ecliptical plane at various distances 
from the Sun (~ 0.3 A.U. to ~ 15 A.U.). This has led to a detailed picture of the dy- 

namics and of the plasma properties of the solar wind. Only recently - with the advent 
of X-ray and UV satellites - physical conditions of chromospheres, coronae, and winds 
of cool giants could be studied, and only on a large scale with low geometrical reso- 

lution. The detection of stars like the "hybrid giants" with properties of the outer 
layers common to the Sun (hot corona and fast wind) and to cool supergiants (heavy 
mass-loss) has been a challenge to both researchers working on the solar wind and on 
winds of cool giants. 

While solar wind and coronal studies may help to identify complex physical processes 
important also in stars, late type g~ants with properties not too different from the 
Sun (e.g. G and K giants and supergiants) may help to identify mechanisms not yet un- 
derstood in the Sun like the heating of the solar corona. What would happen to the 

solar wind if we could "blow up" the Sun to ~ 4o solar radii. Do observations of the 
wind of a G supergiant give the answer? 

One thing this review might accomplish is to demonstrate on one hand the uncomplete 

picture of stellar winds we have - all information is from a few spectral lines - and 
to point out the tentative nature of our present understanding of the oflter layers of 
the Sun. We should not be too optimistic about theoretical stellar wind models as long 
as the solar wind is so poorly understood in spite of detailed in situ measurements. 

In section II, I summarize briefly the present state of knowledge of stellar winds 
for those stars most relevant for a comparison with the Sun, i.e. G, K and M giants 
and supergiants. Winds of the coolest luminous stars like OH-IR stars, in which we 

observe dust, maser emission and thermal emission from molecules, will not be dis- 
cussed here since in these far evolved stars most probably other mechanisms like radi- 
ation pressure on dust particles are effective. 

In section III, I try to summarize very briefly those - large scale - aspects of 
solar wind observations which appear relevant for a comparison with winds in late type 
giants. 

A comparison of mass-loss rates, wind velocities, energies required to drive the 
winds, and energy losses of the outer layers of cool stars, including the Sun, is made 
in section IV. 
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II. Winds of cool stars 

i) Mass-loss indicators and incidence of mass-loss in the HR diagram 

a) Circumstellar CaII, MgII and Ly ~: All stars cooler and more luminous than on a 
line in the HR diagram defined roughly by (KS, M v = o), (K4, -i), (K2, -1.8), (G5, -4), 
(Go, -4.5) have far-shifted CaII H+K absorption components (Reimers, 1977a), cf. Fig.l. 
In case of the spectroscopic binaries ~UMa (MoIII) and ~ Cyg (K5Ib) it could be shown 
that these K4 absorption lines remain stationary- while the photospheric lines move 
back and forth due to orbital motion - and thus indicate circumstellar matter. 

Similar far-shifted absorption lines have been found in the MgII resonance lines 
(Hartmann et el., 1981; Reimers, 1982, Dupree and Reimers, 1987). Due to larger opti- 
cal depths of the MgII lines (higher Mg abundance) compared to CaII lines the MgII 
visibility limit is at slightly lower luminosity and higher temperatures. Line asym- 
metries most probably caused by winds have also be seen in Ly ~, in d Aur, and ~ TrA 
(cf. Dupree and Reimers, 1987). In the CaII and MgII resonance doublets, the ratio of 
the violet to the red emission peak (V/R) provides more indirect evidence for outflow 
of matter from red giants. Stencel (1978) and Stencel and Mullah (198o) have shown 
that the lines bounding those regions in the HR diagram where V/R > I (no outflow) 
changes to V/R < 1 (outflow) are near to and parallel to the line in the HR diagram 
beyond which stars have CS lines. It is not clear whether V/R < i values are just 
caused by blue-shifted absorption by escaping material (far away from the star) or 
are caused by expanding chromospheres, or both. Without detailed modelling, the origin 
of the asymmetry of the selfreversed CaII and MgII profile remains unclear. Even the 
conclusion that V/R < I means mass-loss appears still speculative. 
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" r ~u~.~.~.~. ~ <> lines in stars of different spectral types 
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M, L -%~'-~ cs ceil lines appear (Reimers, 1977). The 
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,z from Dupree and Reimers (1987). 
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b) HeI io83o A: Among K giants there is evidence for a nearly one to one correlation 
between the presence of HeI emission and a CaII K asymmetry ratio V/R < i (see below). 
A number of K giants and G supergiants (I Aur, ~ Aqr, @ Her, ~ Aql) have far-blue- 
shifted (-15o to -2oo k/n/s) HeI loS3o ~ absorption components (O'Brien and Lambert, 

1986). 

c) H~-emission: It is known since the work of Kraft et el. (1964) and Gahm and 
Hultquist (1972) that in G and K supergiants there is variable H~-emission - mostly 
blue-shifted - superimposed upon the broad chromospheric Hd absorption line. Similar 
H~-emission components that have been considered as due to mass loss have been found 
in bright Population II stars (e.g. Cohen, 1976; Caceiari and Freeman, 1981), and in 
extremely luminous F and G supergiants. Severe doubts have been cast on former simple 
interpretations of the H~-emission in terms of mass-loss in a recent paper by Dupree, 
Hartmann and Avrett (1984); and much lower mass-loss rates were found. 

d) In K supergiants like ~ Vel, the emission cores of CaII H and K are blue-shifted. 
The stellar winds in red giant stars seem to be under way already in the chromospheres 
with typically half the terminal velocity (Wilson, 196o; Reimers, 1975a, Fig.2). In 

Ori, the Hd absorption core - formed in the extended chromosphere of the star - is 
also blue-shifted by about half the wind terminal velocity. In addition, the absorption 
core does not follow the photospheric pulsation, indicating that the chromosphere is 
well decoupled from the photosphere (Goldberg, 1979). 

e) Radio emission: A deep survey of the nearest, cool giants and supergiants has 
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been conducted with the VLA at 6 cm (Drake and Linsky, 1986). Only four K and M giants 
(~I Her, ~ Boo, p Per, ~ Gem) have been detected definitely. Radio emission of giant 

stars at 6 cm is thermal emission from cool, partly ionized winds. With estimates of 
the degree of ionization (ne/n H % o.i ... o.oi) and spectroscopically determined wind 

velocities the mass-loss rates can be estimated. 
In a binary system consisting of an M or K supergiant and a hot B star, the latter 

may form an HII region within the wind of the supergiant which is observable at cm- 
wavelength. Systems studied quantitatively are the GoIa supergiant HR8752 (Smolinski 

et al. 1977; Lambert and Luck, 1978) and d Sco (Hjellming and Newell, 1983). Further 
detected systems are 31 Cyg and 47 Cyg (Drake, Brown and Reimers, in preparation). 
Very recently, the CS envelope of ~ Ori could be detected in the HI 21 cm line (Bowers 
and Knapp, 1986). 

f) Emission from dust and molecules: All sufficiently luminous and cool supergiants, 
Mira stars etc. with high mass-loss rates have thermal emission from dust and from 
abundant molecules like CO as well as maser line emission of OH, H20, etc. 

This review will mainly concentrate on a comparison of winds of less luminous and 
somewhat hotter red giants with the solar wind. Therefore, the advanced evolutionary 

stages with the highest mass-loss rates will not be discussed here. 

g) Cool stars with hot companions: The wind of a red giant can be seen in strong re- 
sonance lines in the spectrum of a close visual companion e.g. in 52 Her, ~ Sco B, and 
in Mira B. 

With the launch of IUE, the optical separation of red giants with hot companions 
could be replaced by a separation through complementary energy distributions of the 
components. As will be shown below, this technique has yielded the most detailed wind 
studies and among the most accurate mass-loss rates available for red giants. 

2) Wind velocities 

In red giants, wind velocities are usually below the velocity of escape from the 

stellar surface. A survey of stellar wind velocities in the whole red giant region 
of the HR diagram has been made by means of CaIl K 4 shifts (Reimers, 1977 a), while a 
compilation of wind velocities from MgII lines is given by Dupree and Reimers (1987). 

A trend can be seen from luminous M supergiants ( % iO km/s) over early M giants 
(25 km/s) and G and K (Super)-giants ( ~ 50 to 150 km/s) to the solar wind (~500 Pun/s). 
Detailed measurements of wind velocities by means of high-resolution IUE spectra taken 
at various binary phases of ~ Aur, 31Cyg, 32 Cyg, 22 Vul and ~ Sge confirm the values 

found more simply from K 4 shifts. 
Well studied stars with good estimates of both wind velocity v and velocity of 

escape from the stellar surface are given in Table 2 and Fig. 2. WResults are dis- 
cussed in section IV I. 
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Figure 2. Stars with well determined wind velocities 
v w (= asymtotic flow speeds) and gravitational escape 
velocities Ves c from Table 2. d = ~ Ori, A = ~ Boo, 
6 = 6 And, 22 = Vul, 32 = 32 Cyg. 

The upper and lower lines correspond to Ekin = Epot 
and ~kin = 10-2 ~pot for the winds. 
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3) Dividing lines, "hybrid atmosphere" stars, wind variability 

A mentioned above, circumstellar CaII H and K and MgII h and k lines are seen to the 
right of a line in the HR diagram which runs from about MoIII through the K giants to 
early G supergiants (c.f. Fig. I). After the first IUE observations, it was suggested 
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(Linsky and Haisch, 1979) that among red giants there is a sharp division in the HR 
diagram between "solar like" stars that emit transition layer lines (NV, CIV, SiIV, 
...) and "non solar like" stars, that emit only low temperature, chromospheric lines 
(OI, SI, CI, SiII, ...), and that this seemingly sharp line coincides with the lower 
boundary of stars in the HR diagram with observed cool stellar winds (Reimers, 1977a). 
X-ray observations of cool giants with the Einstein-Satellite (HEAO-B) seem to confirm 
the existence of a dividing line between stars with and without detectable X-ray 
emission (e.g. Linsky, 1981), and occurring at a similar location in the HR diagram. 
The most obvious interpretation was that the onset of massive winds inhibits the for- 
mation of a hot "corona" through efficient cooling. 

However, it has become clear later, that the transition in the HR diagram from 
stars with "solar type" outer atmospheres (transition layer line and X-ray emission) 
to stars with cool, massive winds is not sharp and that, in particular, "mixed" types 
occur, the so-called "hybrid atmosphere" stars. 

These stars are early G supergiants like ~ Aqr, ~ Aqr, 6 TrA or K giants of lumino- 
sity class II (e.g. @ Her, ~ Aql, I Aur, d TrA), all close to the mentioned wind/corona 
boundary line (c.f. Fig.l). Hybrid stars have both a cool, high-velocity wind (55-18o 
km/s) and transition layer line emission (CIV, CIII, CII, NV). 

In Table I I have collected data for all 12 presently known hybrid stars. Spectra 
of two new hybrid stars (not yet published) ~ UMa and O Oph, are shown in Fig.3. 

O Oph (HD 157999) has highly variable CS CaII H4+K 4 components which disappear 
sometimes. ~ UMa is a SB for which the CS CaII H+K lines could be shown to remain 
stationary at -75 km/s while the photospheric lines move back and forth (Reimers, 
1977a). The star has a far shifted Hel io83o ~ line (up to -165 km/s) like the hybrid 
stars 7 Aql, 1Aur, @ Her and ~ Aqr (O'Brien, 198o), The UV spectrum does not reveal 
the companion, which accordingly must be a late main sequence star or a fairly cool 
white dwarf. According to the high wind velocity, the transition layer lines, and 
HeI io83o ~, ~ UMa is a typical hybrid star in spite of its late spectral type (MoIII). 
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Figure 3. IUE low resolution SWP spectra of 
further hybrid stars: ~ UMa (SWP 24 264, 12o 
min) and O Oph (SWP 18 12o, 21om; 21 o56, 
132 m, 21 o71, 2oo m coadded) in comparison 
with standard hybrid star @ Her. 

ms H-K 

Figure 4. Variable circumstellar 
CaII H Cleft) and K (right) lines 
in ~ Oph (MoIII). 

Four of the hybrid stars have been observed for X-ray emission with the Einstein 
X-ray observatory. For ~ Aqr+ ~ Aqr and ~ Aql, only upper limits of fx/f<o.3-1"Io-7 
were found (Haisch and Simon, 1982), while @ Her is a marginal detection with 
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fx/f = 1-4"io-7 which corresponds to log L x % 29.8 (Drake et al. 1984a). 

EXOSAT observed 3 hybrid stars and detected ~ TrA (Brown, 1986). According to 
Brown, the detection of ~ TrA suggests the presence of plasma at Te > Io ~ K with 

emission from cooler regions being a less likely explanation. 
According to the common occurrence of hybrid stars near the corona/wind dividing 

line, the concept of a sharp transition from one modus (hot corona, no detectable 
wind) to another (massive, cool wind, extended chrom., no hot plasma) is no longer 

tenable. 
One characteristic of the hybrid stars and of other stars close to the dividing 

line is the variability of CS CaII lines (Reimers, 1977). For several hybrid stars, 

variability of circumstellar MglI lines has been studied and detected in ~ Tra, 
Aqr, y Aql (c.f. Dupree and Reimers, 1987). 
In a study of variability of UV emission lines (mainly chromospheric) of red 

giants and supergiants, Oznovich and Gibson (1986) found variability in 4 stars 
(~ 15% of their stellar set): ~ Aqr, ~ Peg, O Oph, and y Aql. Three of these stars 

are hybrid stars. 
HeI io83o ~ emission is also variable. In Q Her, e.g., HeI emission showed cyclic 

variations with maximum in 1966, 1971 and 1975 (Zirin, 1976). The characteristic time 

scale for larger variations of CS lines in K giants is of the order of one to several 
months. Examples are ~ Tau, ~ UMa, ~ Aql, 8 Her, and 63 Cyg (Reimers, 1977a, 1982), 
cf. Fig.4. 

Hybrid stars, in particular the K bright giants of L.C.II, have been shown to have 

usually an excess CaII H+K flux, indicative of a high activity level (Middelkoop, 
1982). From the occurrence of KII giants in clusters of intermediate turnoff mass 

(~ 4 Me) it appears plausible that these stars have quite recently evolved off the 
main sequence and rotate still faster than normal (L.C.III) giants. In case of 22 Vul 

(G3II-Ib), which is in many respects similar to hybrid stars (Reimers and Che-Bohnen- 

stengel, 1986), a rotational velocity of 18 km/s has been measured. 

Table i. Known Hybrid Stars 
................................................................................... 

Star HD Sp. M v (CaII) V(MgII) Ref. Comment 
v [km/s] 

................................................................................... 

8 Aqr 2o4867 GoIb -4.7 -80 - 75 .... -135 (1) 

Aqr 2o975o G21b -5.3 -127 (i) 

TrA 148544 G2II -3.9 -88 - 8i (3) 

0 Her 16377o KiIIa -2.5 -69 - 75 .... -ioo (3) X-rays? 

TrA 15o798 K2IIb -2.4 -94 -128 -18o (2) X-rays,binary? 
-IIIa 

y Aql 186791 K3II -1.9 -76 var. - 7o .... -llo (4) 

I Aur 31398 K3II -1.5 -75 - 77 (3) 

Oph 157999 K2II -1.8 -95 var. this paper 

81817 K3III -2.3 variable (5) WD companion 

q Car - K3IIa i (6) 

6 And 3627 K3III -3oo (7) Binary 

UMa 89758 MoIII -I -55 var. this paper Binary 

.............................................................................. ~ ..... 

References: 

(i) Hartmann et al. (1981a) (5) Reimers (1984) 
(2) Hartmann et al. (1981b) (6) Brown (1986) 

(3) Reimers (1982) (7) Judge et al. (1986) 
(4) Hartmann et al. (1985) For further candidates cf. Brown (1986) 
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If winds of hybrid stars represent something like the missing link between hot, 
solar type winds and cool M giant winds, the question arises, whether there is evi- 
dence for a warm wind of % 1o 5 K in these stars. 

Hartmann et al. (1981) proposed that the broad transition region emission lines 

(e.g. CIV, CIII and SiIII lines) are formed in the wind, whereas an alternative would 
be that the wind originates in magnetically open regions, while the hot plasma is 
confined to closed magnetic regions. 

High dispersion, wavelength calibrated IUE spectra of d Tra and ~ Aql show that 
the SiIII 1892 ~ and CIII 19o8 ~ intersystem lines are essentially at their rest wave- 

lengths (IAvI ~ 5 km/s) (Brown et al. 1986). This means that these transition region 
emission lines, which are formed at temperatures near 5olo 4 K, are formed in statio- 

nary or only very slowly expanding regions. There is no evidence for hot gas expan- 
ding at velocities comparable to the wind velocities observed in MgII or CaII (cf. 
Table i). 

The widths of the CIII and SiIII lines in ~TrA implies nonthermal broadening 
(turbulence) with a velocity % 30 km/s (Brown et al., 1986). 

In the G2II-Ib star ~ Dra, which however, has no detectable wind, there is even 

evidence for downflow in SiIII 1982 relative to low excitation chromospheric lines 
(Ayres et al., 1986). 

3. Mass-loss rates 

a) Optical CS lines of single stars 

While the winds, or circumstellar shells, of late type giants are easily detected as 

violet shifted cores - at high resolution P Cyg profiles superimposed upon photo- 
spheric line cores - of strong resonance lines of neutral or singly ionized metals 
like CaII, MgII, TiI and TiII, BaII, SnII, NaI, FeI, ..., it has turned out to be 
impossible to determine mass-loss rates quantitatively from these lines. The reason 

is that while it is possible to measure ion column densities Nio n and wind veloci- 
ties V w from a theoretical analysis of the P Cyg type lines, it is not possible to 
infer from spectroscopic observations where in the line of sight the CS lines are 

formed. Since the mass-loss rate M ~ ~ion " Vw ' Ri , where R i is the inner shell 
radius, and R i + Rstar is not known, M cannot be determined from CS lines of single 
M giants and supergiants. 

The only technique for measuring mass-loss of single (nonbinary) stars appears to 
be spati@lly resolved imaging of CS shells in scattered resonance line photons like 
KI 7699 ~ or NaD (Mauron et al., 1984; 1986). In case of ~ Ori, the KI line was seen 

as far as 5o" from the star. 
However, since KI and NaI are minor ionization species, reliable knowledge of the 

ionization of metals and of the formation of CO (carbon can be a major electron do- 
nator) is necessary. Nonequilibrium effects (flow time ~ recombination time scale in 
the outer envelope) could be shown to be negligible for KI while large effects have 
been found for ~ Ori for CaI, CaII and MgI at distances ~ 1o 3 stellar radii (~2o" 
apparent distance) from detailed ionization calculations including outflow effects 

(Robel, 1987). 

b) Microwave continuum emission 

The partly ionized winds of K and M giants reveal thermal ff-emission. Four nearby 

giants have been positively detected at 6 cm and 2 cm with the VLA with spectral in- 
dices close to the o.6 (S~ ~ ~.6) as predicted for an optically thick wind (Drake 
and Linsky, 1986). The rate of loss of ionized matter for ~ Her is % i % of the total 

rate as determined by the binary technique (Reimers, 1977b). If similar ionization 
degrees are valid for K giants like ~ Boo, a mass-loss rate of ~ 7"1o -9 Me/Yr is de- 
rived. This is certainly an upper limit, since ionization degrees could be higher 
than in ~ Her (M51I). From chromospheric modelling using MgII emission, Linsky (1986) 
gives ~ = 2"1o -10 M®/yr and an ionization fraction of % 50 % for ~ Boo. 

c) Binary technique 

The rate of mass-loss can be determined from CS absorption lines of a predominant 
stage of ionization seen in the spectrum of either a visual companion or of a hot 
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companion which can be separated from the red giant in the UV due to its complemen- 

tary spectral energy distribution. In both cases one avoids the difficulty of locating 

the shellt since the geometry of the visual system or the binary system with known or- 

bital elements permits to locate the origin of the CS lines. 
The visual binary technique has been applied to ~ Her (Deutsch, 1956; Reimers, 

1977b), ~ Sco (Kudritzki and Reimers, 1978) and to 0 Cet (Reimers and Cassatella, 

1985b). 
With the launch of the IUE, the UV technique could be applied to a number of ~ Aur 

systems (eclipsing binaries) and VV Cep systems (like ~ Sco, Boss 1985). At IUE wave- 
lengths, the optical separation of red giants with hot companions can be replaced by 
a separation through complementary energy distribution of the components. At IUE wave- 
lengths, in particular in the short-wavelength range, one observes a pure B star spec- 
trum upon which numerous CS P Cygni type lines formed in the extended wind and chro- 
mospheric absorption lines (near eclipse) of the red giant are superimposed. 

The B star serves as an astrophysical light source (a "natural satellite") which 

moves around in the wind of the red giant. However, compared to widely separated 
visual binaries, a number of additional difficulties arise 
- a non-spherical, 3-dimensional line transfer problem has to be solved since the 
light source (B star) is excentric from the wind symmetry center. Computer codes that 

solve this problem have been developed in the 2-level approximation by Hempe (1982, 
1984) and for the multilevel case by Baade (1986) 
- the wind is disturbed in the immediate surrounding of the B star as it moves super- 

sonically through the wind and formes an accretion shock front (Chapman, 1981). How- 
ever, a detailed study of the accretion shocks has shown that their geometrical size 
is very small compared to the CS shell and can be neglected in line transfer calcu- 
lations (Che-Bohnenstengel and Reimers, 1986) 
- the hot B star ionized the wind, i.e. an HII region is formed within the red giant 

wind. In 31Cyg and ~ Sco, in particular, the size of the HII region is large, and 
it has to be taken into account quantitatively since ions like SiII and FeII which 
are used for the mass-loss rate determination may be doubly ionized within the HII 
regions. 

On the other hand, ~ Aur binaries are the only stars besides the Sun where the 
winds and extended chromospheres can be studied with spatial (hei(ht) resolution. 
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Figure 5 b) Dependence of a wind 
line (FeII UV Mult.l) on phase in 
comparison with theory. 
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In ~ Aur/VV Cep systems, the wind is visible at all phases in P Cyg type profiles 
(during total eclipse of B star pure emission lines) of ions like FeII, SiII, SII, 
MgII, CII, AIII, and oI. These lines are formed by scattering of B star photons in 
the wind of the red giant. A few wind lines like FeII Mult.9 (~ 1275 ~) are seen in 
pure absorption due to the branching ratios of the upper levels which favour re- 
emission as FeII UV Mult. 191 photons (Hempe and Reimers, 1982; Baade, 1986). 

Theoretical modelling of wind line profiles and of their phase dependency has 
yielded accurate mass-loss rates and wind velocities for a number of systems (Table 2). 

It has turned out that a good mass-loss determination requires both phases with the B 

star in front of the red supergiant (which yields wind turbulence v t) and phases with 
the B star behind the red supergiant (which yield the wind velocity Vw). Typically, 
v w ~ 2 v t. Further details can be found in Che et al. (1983). It turned out that it 
was possible to match the circumstellar line profiles at all phases with one set of 

parameters v w , v t and - within a factor of 2 - one mass-loss rate M (Figs.5,6). This 
mean& that at least in the orbital plane the envelope asymmetries (in density) are 
within a factor of 2 on a length-scale of several K giant radii. 
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%0=0.926 

o 

1531 153/, 

Figure 6. Observed and theoretical SiII UV Mult.l line at 

different phases for 22 Vul (G3Ib-II), from Reimers and 

Che-Bohnenstengel. 

In several binary systems consisting of a red giant and a 
hotter companion, the B star is early enough (earlier than % B 4) 

to ionize the wind in part. The HII region within the wind produ- 
ces thermal Bremsstrahlung which has been detected in a number of 
systems (cf. section IIl). Mass-loss rates have been determined 
for ~ Sco (Hjellming and Newell, 1983) and HR 8752 (Lambert and 
Luck, 1978). A compilation of the most accurate mass-loss rates 

of red giants is given in Table 2 and Fig.ll. 

4. Extended chromospheres and wind expansion 

There is growing evidence that closely related to strong mass- 
loss in red giants is the existence of geometrically extended 

chromospheres. 
During a lunar occultation of 119 Tau (M2Iab) it was observed 

that Hd light comes from a region having at least twice the dia- 

meter of that which produces the continuum. In ~ Ori it was ob- 
served by means of speckle interferometry in H~ that the detec- 
table H~ diameter is about 5 times the stellar diameter (Goldberg 
et al., 1981; Hege et al., 1986). It was also found that the 
extended H chromosphere has an elongated shape. Recall that 
during a solar eclipse bright red features (Hd) are seen here 
and there around the obscured disk. This was the origin of the 

name "chromosphere" of the Sun. 
In Zeta Aurigae type eclipsing binary systems, the extended chromospheres can be 

studied with height resolution when the B star moves behind the extended atmosphere 
of the K supergiant. IUE observations wi~h high spectral resolution during chromo- 
spheric eclipse phases offer several advantages over optical studies as performed in 
the 195os (cf. Wilson, 196ob) : (i) in the UV at wavelengths ~ ~ 2800 ~ , the B star 
provides a smooth continuum on which the chromospheric absorption lines are super- 
imposed (ii) in strong UV lines the chromosphere can be seen up to projected heights 
of about one stellar radius (iii) the steep increase of continuous opacity - Rayleigh 
scattering at neutral hydrogen - provides a means to derive a density model of the 
inner chromosphere from the wavelength and time dependence of totality in UV below 

20o0 ~. 
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Schr6der (1985a, 1985b, 1986) has used both absorption lines and continuum data 

for constructing empirical model chromospheres for 32 Cyg, ~ Aur and 31Cyg. Chromo- 

spheric densities could be represented by power laws of the form p ~ r-2-h -a with 

a % 2.5 where r is the distance from the center of the star and h is the height 
above the photosphere. The empirical density distribution shows that after a steep 
decrease in the inner chromosphere already in the upper chromosphere (height > I/2 
to 1 giant star radii Rx) expansion starts (p ~ r~2),a typical density at a height 
of 2 ~c is Io 7 cm -3 (Fig.7). 
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Figure 7. Chromospheric density distribution obtained 
from curve of growth analysis of ultraviolet FeII lines 

(Schr6der, 1985a,b). 

~CM 

Since one observes total particle densities in the expanding chromosphere up to 

h ~ 1.5 R K , and in addition the wind density and velocity outside of 5 R K , one 
can try to look for consistency by assuming a steady wind, i.e. to apply the equation 
of continuity. Using M = 4 ~ r2"p(r)-v(r) and p(r) = pn'(R,,/r)2-(r/(r-R..)) a for the 

• • 2 - I  a ~ ' "  . "'. . 
chromosphere, we flnd v(r) = M (4 ~ Do ~) (i - Rx/r) and a wlnd termlnal veloci- 
ty v~ = M (4 ~ O0"~) -l which can be checked with observed values for PO ' M and 
v~ for consistency. For 32 Cyg and 31Cyg Schr0der (1985) found consistency, which 
means that the empirical density distribution (when extrapolated by the equation of 
continuity to the outer wind) yields the correct mass-loss rate. In case of ~ Aur, 

the chromospheric density distribution was far too steep - at least at that particu- 
lar limb position during eclipse - to give the mean mass-loss rate, which might be a 
stellar analogue to a solar coronal hole. 

Another stellar-solar analogue is the prominence detected during egress of the 
1981 eclipse of 32 Cyg (Schr0der, 1983). After egress from eclipse, an additional 
'dip' in the light curve was seen at wavelengths ~ < 200o ~ for at least 6 days. 
Since the observed "prominence" was optically thin, the observed frequency of optical 
depths TV % Vs.5 could be used to identify the opacity as Rayleigh scattering at HI 

ground state. A linear extension - perpendicular to the line of sight - of about I/6 
K giant radii (~ 3o Re) and an apparent height of % 15 R® above the limb (at 135o ~) 
was estimated from the light curves. The small observed velocity of +2o km/s as mea- 
sured from a few absorption lines like VII 311o.7 or TiII 3072 ~ seen in addition to 
the normal chromospheric lines indicates a slowly moving cloud. Also, even a moderate 
velocity perpendicular to the line of sight, e.g. a slow prominence moving upwards 
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with the wind velocity of ~ 60 km/s can be excluded, since within the 6 days the cloud 

was seen it would have moved by 45 R e (3 times the observed height above the limb). 
The density in the observed prominence was of the order of 1o 12 cm -3 , about a factor 

of Io higher than in the surrounding chromosphere. If the excess pressure was balanced 
by magnetic fields, a field strength of ~ 4 Gauss would have been necessary. 

The empirical model chromosphere of ~ Aur also provided a test of a method deve- 
loped to derive the electron density, electron temperature and the geometrical extent 
of giant star chromospheres from the CII (UV o.oi) ~ 2325 ~ multiplet and the CII 
1335 ~ resonance doublet (Stencel et al., 1981; Carpenter et a1.,1985; Brown and 
Carpenter, 1985). 

Using the CII method, it was claimed that coronal stars, i.e. stars ~elow the 
wind/corona 'dividing line', have a small geometrical extent (R/R:~ < I.ooi) of the 

CII emitting region, while noncornal stars have typically R/R:: % 2 (1.4 to 5). 
Application of the CII 2325 ~ method to a double shift high-resolution spectrum 

taken of ~ Aur during total eclipse of the B star - at other phases the wavelength 
range around 23o0 ~ is dominated by the B star - yielded the following results 
(Schr6der et al., 1987): i) the CII 2325 ~ flux is matched with the empirical model 

chromosphere obtained from eclipse data (Schr6der, 1985), ii) most CII 2325 ~ is 
emitted by the innermost chromosphere, iii) line intensity ratios within the CII 
2325 ~ multiplet are affected by optical depth effects, at least in supergiants, 
and iv) the method to determine the geometrical extent of giant star chromospheres 
from CII emission gives results which are quantitatively incorrect. 

5. Temperatures 

In case of 32 Cyg and 22 Vul, the wind electron temperature T e has been estimated 
from the observed population of excitet FeII levels. 

In the wind of 32 Cyg, at distances of more than 5 R K (K supergiant radii), Che- 
Bohnenstengel (1984) derived a wind electron temperature T e ~ 48oo K for i % hydrogen 

ionization (ne/n H = o.oi) and T e ~ io ~ K for smaller electron densities. 
In the chromosphere of 32 Cyg, Schr~der (1986) estimated T e ~ 85oo K at 0.2 R K and 

an increase to about ii ooo K at o.5 R~ height. Hydrogen ionization appears to increase 

over the same range from about ne/n H =~io -3 to io -2 . This means that strong nonradia- 
tive heating occurs in heights above the photosphere where the wind starts and most of 
the wind driving energy - mainly potential energy, cf. Table 2 - is deposited. It can 

be shown that for the semiempirical velocity law as shown in Fig.12, the energy depo- 
sition into the wind per unit mass reaches its maximum at ~ i R K above the photosphere. 

The results for 32 Cyg are consistent with radio observations of ~ Ori which imply 
an extended chromosphere with a temperature in the range 7o0o-90o0 K (Wischnewski and 
Wendker, 1981). In the semiempirical model of the outer atmosphere of ~ Ori by Hartmann 
and Avrett (1984), which matches line6profiles of CaII, MgII, H~ and SiII, microwave 
emission, and a mass-loss rate of io- Mo/yr, chromospheric temperatures of 5o0o- 

8ooo K extend outwards to about Io R x . 
Similarly, Drake and Linsky (1986), cf. Linsky (1986), obtained a semiempirieal 

model from the observed MglI k of d Boo (K2III) in which wind velocity and electron 

temperature rise steeply to their maximum value of ~ 4o km/s and ~ 8ooo K at % 1.2 Rx, 
and in which there is a broad temperature plateau with T ~ 700o K extending outwards 
to % 13 ~:. 

In 22 Vul, a further G2Ib-II Zeta Aur type eclipsing binary, which is in several 
respects (high wind velocity, rotation, intermediate mass) similar to hybrid stars 
like ~ Aqr, a wind electron temperature of 3o± io°Io ~ K was estimated with the assump- 
tion of pure electron collision excitation (Reimers and Che-Bohnenstengel, 1986). How- 
ever, since radiative excitation via high levels cannot be excluded at present, it is 
highly desirable to prove or disprove the existence of a high-temperature wind in a 
G supergiant. The location of 22 Vul in Fig.2 is also not inconsistent with a rela- 

tively high wind temperature. 
There is little direc~ evidence for wind temperatures at large distances from the 

stars. Only in the case of d Her, from the observed absence of lines from excited fine 
structure levels of TiII, one can exclude that T >> ioo at a distance of 3o0 M giant 
radii (Reimers, 1977b), consistent with adiabatic cooling of the wind at large distan- 
ces (T ~ r-4/3). 
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III. The solar wind 

All spacecraft observations of the solar wind have been limited to ± io degrees in the 

ecliptical plane. The following brief summary of what I consider relevant for compari- 
son with stellar observations relies heavily on Feldman et al. (1977), Zirker (1984) 
and Dupree (1986). 

i.) The mean solar wind has at i AU a wind velocity v = 47o ha/s, a proton particle 
density N = 9 cm -3 , and assuming spherical symmetry,W~corresponding mean mass-loss 
rate, M = 2"Io -14 M yr -I 

® ® 

2.) The solar wind consists of 
i) high speed streams with v > 650 km/s up to 9oo km!s (v = 7o0 km/s, N = 4 cm -3) 
ii) interstream regions withWv as low as 3o0 km/s (v ~ 33o, N % ii). 

w 
High speed streams are from the socalled 'coronal holes'. These are large scale regions 
of the solar corona with T < io 6 K and low density which are "dark" in X-rays. Coronal 

holes, magnetically open regions, are always present at the poles. Near minimum they 
can approach the solar equator, and in the rising part of the solar cycle coronal holes 

- not related to polar holes - can appear also at low heliographic latitudes. 
Between the high speed streams, the slow wind seems to arise from the belt of equa- 

torial streamers. 
27 day averages over 6 years are shown for illustration in Fig.8. 

Solar wind variations over ~3 solar rotation periods as measured at I AU and 

between 6.4 and 6.9 AU are shown in Fig.9. 

00 m I 

~ 400 

~ 300.1. 
2.5 

2.0 

1.0 

o 

1971 

7O0 IMP7 AND 8 

1.0 AU 
850 HEL. LAT. I-2.7 TO -7*2 degJ 

6 

r I J J 

1972 1973  197 / .  1975 1976 
YEAR 

J 
t 

? 17 27 37 417 
OAY NO. 1977-7B 

PIONEER 11 

6.4-&9 AU 
28 DAY DELAY 

~ EL, LAT, I+l,tl TO +0.2 deg) 

\ f  

i t 
S7 67 77 

' ' r ' ' ' 3  ' 
2 33 43 G3 83 73 83 103 113 

DAY NO. IB78 

Figure 8. The 27-day averages of the 
solar wind proton speed, total energy 
flux, kinetic energy and proton number 
flux (from Zirker, 1984). 

Figure 9. Solar wind speed for IMP 7 
and 8 and Pioneer ii for the 1978 align- 
ment (Collard et al., 1982). 

3.) Propagation of the solar wind 

The propagation of the solar wind has been studied between 0.3 AU and i AU by Helios 
i and outwards to %15 AU by plasma experiments on Pioneer io and ii. 
- The mean solar wind speed decreases very little between i and 15 AU. High speed 
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streams and interstream regions observed near i AU can still be identified beyond 

the orbit of Jupiter (Fig.9), although the speed modulation is decreased due to 
stream interactions. 

The solar wind velocity fluctuations are damped with an e-folding length of 11AU 

(Fig.lo), i.e. O = O (I AU) • exp. I (r-l)/ll AU~ (Collard et al., 1982). It has 
been concluded that beyond distances of 30 to 40 AU the wind may be nearly uniform 
and expanding radially with constant velocity. 

The flux of momentum_~s constant with distance from the Sun, i.e. n % v -2 (if the 

radial variation % r is taken out !) 

1.0 [ -It-l) ] 

o ~-~ 

i i I i i i I w , | i , , , 

o 2 3 ~ 5 8 7 8 ~ ,o , 1 1 2  ,3 . ,5"1;" 
. E u o c E . 7 . , c  D,ST~.CE.AU 

Figure Io. Ratio of Pioneer to IMP 
standard deviations of solar wind speed 
plotted as function of mean heliocentric 
distance of Pioneer spacecraft from each 

alignment (Collard et al., 1982). 

4.) Variation of wind with solar latitude and solar cycle 

All information about the solar wind at latitudes larger than io ° is from observations 

of interplanetary scintillations of extragalactic radio sources, coles et al. (198o) 

investigated the dependence of the speed of the polar wind on the solar cycle and 
found a strong dependence of the latitude-dependence of the solar wind on sunspot 

cycle phase (cf. Fig.9 in Zirker (1984)). 
On the other hand the average speed of the solar wind as observed in the ecliptic 

does not change much throughout the cycle. At large distances from the Sun, the proton 

flux density appears to be isotropic within ~ 15 % from observations of scattering of 
solar Ly d by interstellar neutral hydrogen. It was shown by Witt et al. (1979) that 
while the solar wind speed increases by ~45 % from the equator to the pole - con- 

sistent with interplanetary scintillation measurements - , the wind proton density 

decreases by ~4o %. 
Altogether, Zirker (1984) comes to the conclusion that the mass-loss of the Sun is 

probably isotropic in space and constant in time to % 2o %. 

5.) Spectroscopic observations of the solar wind ? 

It is an interesting question to ask how small the rate of mass-loss of a late type 
star can be to be discovered spectroscopically. The Sun, if observed as a star, i.e. 

without angular resolution, shows no signs of mass-loss. 
There is some (weak) evidence for outflow at coronal levels in coronal holes with 

velocities o (1o k/n/s) as observed in lines of Mg x to Fe XII (see discussion by 

Dupree, 1987). 
Spectroscopic observations of the solar wind acceleration region using corona- 

graphic techniques indicate flow speeds of ~ ioo km/s at 4 R® (withbroe et al. 1982). 

IV. Stellar winds and the solar wind: Trends 

i) Wind velocities 

The massive stell~r winds of cool stars are characterized by low asymptotic flow 
speeds v , usually less than the surface @scape velocity v -c . The energy required 

w . • " I " 2 z . e~ . . 
to drive the wlnds is E = ~ • M • (v + v ), i.e. the sum of the klnetlc energy 
- Z " W e $ c  . . . 

E_ i of the wind and ~e energy E~ot required to llft the wlnd out of the grav±- 
t~t~onal field of the stars. Usually the second term dominates in large, low gravity 
stars. The distribution of wind energy between kinetic energy and potential energy 
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can be seen in more detail in Fig.2 where we plot wind velocity v w versus escape 

velocity Yes c (data from Table 2). Virtually all cool stars are placed between the 

lines v w = Vesc. and v w = 1o -I Yes c which corresponds to Ekin = Epot and 

Eki n = 1o-2 • Epo t • 
In the range Ves c ~ ioo to 16o km/s stars occupy the whole range between Vw/Ves c = 1 

and io -I . G supergiants (e.g. ~ Aqr and 22 Vul) and KII hybrid atmosphere stars are 

close to v w = Yes c , M supergiants like ~ Ori are near v w = io -I Yes c , while MII 
giants and K supergiants like 32 Cyg occupy the intermediate regime. 

Although the data basis is still too small it appears that above Ves c = 16o km/s 

and below 80 km/s the stars are close to v w = Vesc and v w = io -I Ves c , respectively. 
We have yet no interpretation for the transition from the "high velocity mode" (Solar 
type winds and hybrid star winds) to the "low velocity mode" (M giants and supergiants) 
where nearly all the driving energy of the wind is used to lift the escaping matter 
out of the potential well. The way of transition from one type to the other (Fig.2) 
may be an indication for a transition from one dominating wind acceleration mechanism 

to another mechanism while in the intermediate regime both (or several) mechanisms 
operate simultaneously. 

2) Mass-loss rates and driving energies 

Further quantities that can teach us something about the driving mechanism(s) of the 
winds are the total energy requirements for winds and the fraction of the stellar 

luminosity that goes into the mass-loss process. 
If always the same fraction of the stellar luminosity is used to drive the mass- 

loss, and the kinetic energy of the wind is small compared to the potential energy, 
the mass-loss rate scales as M % L/g- R. It was shown (Reimers, 1975) that for Pop.I 
red giants this is a reasonable approximation formula, with the more accurate mass- 

loss rates available now we can look more closely into this question. 

Fig.ll shows that M = 5"io -13 L/g'R is indeed a good approximation for most of our 

stars of Table 2. Within a factor of 2 (not for all stars is E, .Kin >> Epot) this corre- 
sponds to Ew ~ 2.5"i°-5"L - All stars seem to lie above Ew/L = Io -6 (see also Table 
2). AS can be seen from Table 2, the energy requirements (wind energy flux per cm 2 
stellar surface) even for supergiants with mass-loss rates 1o 8 times that of the Sun 
are rather modest. Most cool stars require about 1o 5 erg cm -I s -I although the total 

observed range covers a factor of % 4o , and the G supergiants show the highest values 
(io 6 erg cm- s-l). 
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Figure Ii. Mass-loss rates from 
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Compared to chromomospheric energy losses (represented by MgII and CaII), the wind 

energy losses are usually small (Table 3), except perhaps in the latest, most luminous 

stars. It can also be seen that while transition layer and coronal emission decrease 
steeply with decreasing gravity of the stars (factor of > io 3 between Sun and ~ Ori), 
a corresponding variation of wind energies is not observed. On the other hand, the 
comparison of the G supergiant 8 Dra, which has very high chromospheric and coronal 

activity and no observable wind (closed magnetic structures ?), with 22 Vul which has 

nearly the same spectral type and a strong wind shows that at a given location in the HR 
diagram there may be a considerable energy range used for a wind. This is - in a way - 
similar to what is known from chromospheric CaII and MgII fluxes which vary by a 
factor % Io at a given location in the HR diagram. A relation between chromospheric 

energy losses and wind energy losses is not known. 

2) Wind acceleration and wind 'turbulence' 

a) Wind acceleration 

Empirical models of the wind acceleration regions in the Sun and in cool giants could 
be useful for identifying mass-loss mechanisms. In stars, the combination of empirical 

chromospheric models up to heights of % i R x with wind data in ~ Aur type eclipsing 
binaries allowed to construct a semiempirical velocity law v(r) (sect. II), while for 
the Sun only two crude determinations of coronal expansion at 0.5 R o and 4 R o are 
available (see sect. III). 

A comparison is made between the K supergiant 32 Cyg and the Sun in Fig.12. Ap- 
parently the wind velocity increases more steeply close to the star in the giant. 
This is consistent with the fact that for 32 Cyg the driving energy of the wind is 
mainly potential energy (cf. Fig.2) which also must be fed into the wind close to the 

star. Both in the Sun and in 32 Cyg, the wind velocity surpasses the local velocity 
of escape at % Io R x . In giants like 32 Cyg, the relatively low asymptotic flow speed 

(v~/Ves c = o.4) constrains the amount of energy added to the flow in the supersonic 
regime (cf. discussion by Holzer and McGregor, 1985). 

b) Wind 'turbulence' 

The only quantitative measure of the dispersion of wind velocities in a star is 'micro- 
turbulence' v t as determined from circumstellar lines. Observed values in red giants 
are typically half the wind velocity, v t ~ ! v w (Reimers, 1981, 1987). This is not 
very different from what we see in the solar2wind. The solar wind velocity variations 
(3o0 - 900 km/s) observed at i AU would also mimic a large microturbulence if the solar 
wind was detectable spectroscopically. 

There is also direct observational evidence that at large distances from the stars 

microturbulence has declined, like in the Sun, where the velocity dispersion is damped 
with distance from the Sun with an e-folding length of 11AU. 

In dOri, e.g., the main $I component of the circumstellar CO i-o vibration rotation 

band at 4.6 ~ (seen also in KI and NaI) yields v t = 4 km/s and v w = 11 km/s, while 
the weaker S1 component, probably formed at larger distances from the star, has 

v t = i km/s and v w = 18 km/s (Bernat et al. 198o). 
The quantitative analysis of thermal mm-wave CO lines,observed in far evolved late 

type stars at large distances from the stars, also shows that for v w = 20 km/s typi- 
cally v t % i ... 2 km/s is required (K. schGnberg,priv.comm.). 
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Table 3. Energy losses r [io 5 erg s-lj ~ per cm 2 of the stellar surface in various 

cool stars 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

• wpot wind 
CaII H+K MgII CIV,SiIII, Soft Ewind ~ ~ L 

NV X-rays wkin (1o_5] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  • . . . . . . . . . . . . . . . . . .  

Quiet Sun G2V 12 9 0.09 o.i o.63 1.7 o.i 

Boo KIIIIp 7.5 1.8 <o.oo3 < o.o0o7 o.ii 4.5 0.o6 

(<3.8 (<2.1) 

Aqr ] G2Ib 13o 5o o.34 < o.oooi - - - 

22 VulJ ' G3Ib-II [ - - - 13 1.6 3.2 

Dra G2II-Ib 41 28 o.85 1.2 no wind seen 

Ori M2Iab - o.26 < o.oool <o.oooi 2 9o 2.4 

4. Concluding remarks 

According to the trends and numbers which we have presented in Figs. 2 and II and 
Tables 2 + 3, the solar wind seems to behave quite 'normal' among winds of other late 

type stars. We should remember, however, how little we know about stellar winds, how 
few reliable numbers are available. Cool stars' winds are probably as non-steady and 
non-spherically symmetric a~ the solar wind. Most probably more than one mass-loss 
mechanism is operative in late type stars: The solar wind is'driven by the hot corona 
and is further accelerated by magnetic waves, and in the stars of intermediate escape 

velocities (loo ~ Yes c ~ 16o) there is evidence for a transition from one dominating 
mechanism to another (thermally driven winds + wave driven winds ?). 

In addition, the influence of stellar activity_(magnetic fields) on winds in giant 
stars has not yet been explored. Hybrid atmosphere giants do show wind variations and 

variations of chromospheric UV emission lines so that a detailed, long-term study with 
a future UV satellite is promising. 

It will also be important to try to explore winds in G and K giants of somewhat 

lower luminosity (higher Vesc), e.g. with the binary technique. One can estimate that 
in the MgII lines mass-loss at rates at least as low as io -±I is detectable. The scarce 

of data in Figs.2 and Ii shows that we are certainly only at the beginning of a study of 
stellar winds in the context of the solar wind. 
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OBSERVATIONS FROM SPACE VS. GROUND BASED OBSERVATIONS: 

ADVANTAGES AND DISADVANTAGES 

F. Kneer 

U n i v e r s i t ~ t s - S t e r n w a r t e  

Ge ismar landst r .  11, D-3400 G6t t ingen 

ABSTRACT 

A comparison o f  obse rva t i ons  from space and from the ground should be l i m i t e d  to  the 

o p t i c a l  s p e c t r a l  range (about 0 .35p- lOp) .  Op t i ca l  observa t ions  g ive ,  e i t h e r  d i r e c t l y  

or  i n d i r e c t l y ,  access t o :  

a) the photosphere and chromosphere where most research is  i n t o  sma l l - sca le  dynamical  

processes, and 

b) the so la r  i n t e r i o r  by means of  se ismology,  measurement o f  l a r g e - s c a l e  v e l o c i t i e s ,  

and s t a t i s t i c a l  ana l ys i s  o f  l o n g - p e r i o d  data se ts .  

I n s t r u m e n t a t i o n  and observ ing modes have to  comply w i th  the s c i e n t i f i c  needs. With 

the a id o f  a few examples we discuss advantages and d isadvantages o f  observa t ions  

from space and from the ground. 

a) Observat ions w i th  h igh s p a t i a l  r e s o l u t i o n  are l i m i t e d ,  p r i n c i p a l l y ,  by the shor t  

t ime -sca les  (lOs - lOOs) o f  the dynamic phenomena and by photon no ise.  An observa-  

t i o n a l  set  (e .g .  a t ime sequence) i s  thus r e s t r i c t e d  to  few s p e c t r a l  bands and to  a 

smal l  f i e l d  o f  v iew. C r i t e r i a  f o r  the s e l e c t i o n  o f  the i n s t r u m e n t a t i o n  are:  s p a t i a l  

r e s o l u t i o n ,  du ra t i on  of  obse rva t i on ,  and v e r s a t i l i t y  o f  the ins t rument .  

b) For "observ ing"  the so la r  i n t e r i o r  one needs v e l o c i t y  measurements of  high pre-  

c i s i o n  (1 m s -1 - 1 cm s -1) and over  extended i n t e r v a l s  o f  t ime (years to  cen tu r ies )  

on a r o u t i n e  bas is .  Se lec t i on  c r i t e r i a  to  decide on space or  ground based obser-  

va t i ons  are s t a b i l i t y  and the p o s s i b i l i t y  to  mon i to r  the Sun over  years .  

1. INTRODUCTION 

Very soon a f t e r  World War I I  the space science era began w i th  the use o f  V2 m iss i l es  

f o r  research i n t o  s o l a r  physics and f o r  the e x p l o r a t i o n  o f  the  u l t r a v i o l e t  Spectrum 

o f  the Sun, which i s  not  access ib le  from the ground. There i s  no doubt:  Since then 

a wea l th  o f  i n f o r m a t i o n  has been gathered which one could not  have imagined be fore .  



160 

By means of UV spectroscopy and in situ particle measurements fundamental insight 

has been gained on the physics of the outer solar atmosphere and its relation to the 

Earth's environment. 

Wy do we have to go into space for observing the Sun in the visible spectral range a~ 

well, which is accessible from the ground? Observation with high spatial and temporal 

resolution revealed the importance of small-scale dynamics for stellar atmospheric 

structure. It is, however, recognised that high resolution observations from the 

ground are strongly hampered, if not made impossible most of the time, by the tur- 

bulence of the Earth's atmosphere, i.e. by bad seeing. From here came the main thrust 

into solar space observation and led to balloon borne telescopes as early as 1956. 

Indeed, efforts have already been undertaken three decades ago to-avoid image de- 

gradation by the Earth's atmosphere. Table 1 gives the data of the solar instruments 

for the visible spectral range which have been flown so far. (I omit the Ha auxilia- 

ry telescopes for UV observations as well as the coronagraphs aboard ATM and SMH). 

The Soviet Stratospheric Observatory was described to have a spatial resolution 

corresponding to a 50cm telescope. Excellent time sequences on granular dynamics 

were obtained with Spektrostratoskop and the US instrument aboard Spacelab 2, the 

latter being a predecessor to a larger, highresolution telescopeand the only one 

being truly e space telescope among the "stratospheric" observatories. 

Table 1 

Instrument (cm) f l i g h t s  Reference 

manned balloon f l i g h t  29 1956 81ackwell et al.,1959 

Stratoscope 30 1957 Danielson, 

1959(4x) 1961 

Soviet Solar Strato- 100 1966, 1968 Krat et a l . ,  1970 

spheric Observatory 1970, 1973 Krat, 1981 

Spektrostratoskop 30 1975 Mehltret ter,  1978 

SOUP 30 1985 T i t l e ,  1985 

Certainly, during the last decades, ground-based facilities made a large progress. 

Earth-bound observatories on excellent sites and with sophisticated telescope con- 

structions designed to minimize both internal and external seeing have proven to be 

scientifically very valuable, and there is hope that one can recover the genuine in- 

formation from the Sun using speckle techniques and modern computers. Thus, today as 

before space borne and ground-based observatories are competitive in the sense that, 

with both "observing modes", we aim at highest resolution obtainable. Yet competition 
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i s  only one aspect.  The o ther  aspect i s  t ha t  the two modes are complementary in  the 

sense t ha t  in  many a p p l i c a t i o n s  one technology a l lows to  solve problems which may 

not be at tacked by the o ther .  This w i l l  a lso hold dur ing the foreseeable f u tu re .  

In what f o l l ows ,  s t a r t i n g  from some fac ts  about our ob jec t ,  the Sun, and by means of  

a few examples, I should l i k e  to  throw open to d iscussion a few po in ts  of  view on how 

to  judge upon advantages and disadvantages of  observat ions from space and from ground. 

2. THE SUN IN THE 0PTICAL SPECTRAL RANGE 

Figure 1 gives a synopsis of  the wavelength dependence of  the so la r  br ightness tempe- 

ra tu re  and the he ight  of  continuum o p t i c a l  depth ~c = 1 (redrawn from Vernazza et a l . ,  

1976) toge ther  w i th  the so la r  r a d i a t i v e  energy output  and the t ransmiss ion of  the 

Ear th ' s  atmosphere. Instead fo r  the energy we sha l l  ask, below, f o r  the number of  

photons emi t ted .  
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Figure 1: Solar  br ightness temperature T, he ight  h at  continuum o p t i c a l  depth • = 1 
(from Vernazza et a l . ,  1976), so la r  output  S&~(Pierce and A l len ,  1977, Heath an~ 
Thekaekara, 1977), and t ransmiss ion  TR of  the Ear th 's  atmosphere (Lamla, 1982, Plass 
and Yates, 1965) 
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Then,observing at  longer  wavelengths is  more favorab le ,  the maximum of  emi t ted 

photons per wavelength and un i t  t ime being at  a wavelength of  about 1.2p. However, 

i f  one wishes to  keep high s p a t i a l  r e s o l u t i o n  w i th  a given te lescope aper ture one 

must not observe at  too long wavelengths, longer  than, say, l p .  

There are th ree aspects of  the so la r  layers  accessib le  in v i s i b l e  l i g h t .  F i r s t ,  the 

photosphere where most of  the energy i s  emi t ted forms the skin between the s t e l l a r  

body and the outs ide  space. We cannot see deeper (apar t  from measuring the g r a v i -  

t a t i o n a l  p o t e n t i a l  and the neut r ino  f l u x ) .  To i n v e s t i g a t e  the i n t e r i o r  one has to  

use the in fo rmat ion  shown on the sur face.  Secondly, t h i s  skin which rece ives energy 

and mass from below is  f a r  from e q u i l i b r i u m .  I t  i s  in  permanent motion and shows many 

phenomena of  spontaneous o rgan isa t ion  of  s t ruc tu res  such as g ranu la t i on ,  waves, and 

magnetic f i e l d s .  And t h i r d ,  every process occur ing in  th~ high coronal  layers  or in  

the so la r  wind is  rooted in  the photosphere and i s  l i nked  through the photosphere 

to the i n t e r i o r .  

By means of  spec t ra l  l i n e s  one can probe the access ib le  par t  of  the atmosphere on a 

he ight  range of a few thousand k i l omete rs .  These are the layers  where the temperature 

is  lowest  and the pressure scale he ight  H i s  the smal les t ,  about 100 km. Why i s  the 

scale he ight  a measure so o f ten  quoted as a l i m i t  on observa t iona l  needs? From r a d i a -  

t i o n  t r a n s f e r  there i s  the argument t h a t  the r a d i a t i o n  f i e l d  is  smoothed out over 

t h i s  d is tance and changes of the s ta te  of  the gas w i t h i n  t h i s  d istance are p r i n c i p a l l y  

hidden. From MHD cons idera t ions  one r e a l i s e s  t ha t  a gas parce l  of  l i n e a r  dimensions 

smal ler  than the scale he ight  has neighbouring elements w i th  phys ica l  cond i t i ons  very 

much the same as i t s  own. 

The scale he ight  leads to  a c h a r a c t e r i s t i c  dynamic t ime,  H/Cs~lOs , where C s i s  the 

sound speed. Some processes can be even f a s t e r ,  e.g.  the r a d i a t i v e  r e l a x a t i o n ,  or 

when magnetic f i e l d s  are invo lved .  Such t ime scales are very r e s t r i c t i n g  cons t ra in t s  

f o r  high r e s o l u t i o n  observat ions.  I t  means t ha t  an observat ion ,  or ,  more p rec i se l y ,  

one t ime step in  a sequent ia l  observat ion ,  has to  be completed w i t h i n  a few seconds. 

Given the above r e s t r i c t i o n  l e t  us tu rn  to another c o n s t r a i n t ,  the photon f l u x .  I t s  

est imate w i l l  show tha t  there  are p r i n c i p a l  l i m i t s .  At 5500~ the continuum i n t e n s i t y  

at  d isc  centre i s  (Ginger ich et  a l . ,  1971) 

I v = 3.6 x 10 -5 ergs cm-2s - lHz - l s te r  -1 

corresponding to  a photon f l u x  of  

N ~ 1018 photons cm-2s -1 ~ -1 s te r -1  

At 1 AU d is tance,  the number of  photons co l l ec ted  by a 1.2m te lescope from a reso lu -  

t i o n  element on the Sun's surface (80 km) i s  

N1A U = 5.6 x 109 x T x Q photons s -1 ~ -1 ( res.  e l . )  -1 
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w i th  T = t ransmiss ion  c o e f f i c i e n t  (o f  Ea r th ' s  atmosphere, o p t i c s ,  f i l t e r )  and Q = 

d e t e c t i v e  quantum e f f i c i e n c y .  The l a t t e r  i s  independent  o f  the  te lescope  aper tu re  

or o f  the  d i s tance  o f  the  te lescope  from the Sun. Inc reas ing  the  aper tu re  or going 

c l ose r  t o  the  Sun decreases the  area on the Sun corresponding to  the  angu la r  r e s o l u -  

t i o n .  

Now, l e t  me cons ider  the  case o f  a wavelength scanning spect rometer  l i k e  a tunab le  

smal lband f i l t e r  on a two-d imens iona l  f i e l d  o f  v iew.  To scan a wavelength range o f  

1~ w i t h i n  1 sec (lOm ~ in  10 msec) one gets per measurement in  a l i n e  w i t h  10 percent  

r e s i d u a l  i n t e n s i t y  and w i th  an o p t i m i s t i c  es t ima te  o f  T x Q = 0~1 

Nme s = 5.6 x 103 photons (lOmb) -1 (10 msec) -1 ( r e s . e l . )  -1 

or a signal to noise ratio 

s/n = 75. 

The photon counts become even less  f avou rab le  when observ ing f a i n t e r  f ea tu res ,  e .g .  

the  s o l a r  l imb,  sunspots,  or  prominences. Also we have not  considered any oversamp- 

l i n g  or the needs f o r  p o l a r i m e t r y  which necessa r i l y  reduce the number o f  de tec tab le  

photons per measurement by a f a c t o r  o f  2 to  10. 

This demonstrates t h a t  l i m i t s  to  the observab le  wavelength range and/or  the observab le  

area on the Sun are g iven by the  photon s t a t i s t i c s  when one aims at  observ ing w i t h  

h ighes t  poss ib le  s p a t i a l  r e s o l u t i o n  and w i t h  t ime steps comparable to  or  sma l l e r  

than the s o l a r  t ime sca les .  One may, o f  course, s a c r i f i c e  s p a t i a l  r e s o l u t i o n ,  i . e .  

b u i l d  a very  l a rge  photon c o l l e c t o r  and use i t  a t  lower  than d i f f r a c t i o n  l i m i t e d  

r e s o l u t i o n .  

3. SMALL-SCALE DYNAMICS 

There is no need to review the small-scale dynamics of the solar and of stellar atmos- 

pheres. A number of conferences on this subject have taken place in the last few 

years (see e.g. Stenflo, 1983, Keil, 1984, Deinzer et al., 1986). Yet a few examples 

may elucidate some criteria for the selection of the "observing mode": observation 

from space or from the ground. 

3.1 Granu la t i on  

In a recen t  i n v e s t i g a t i o n  Roudier and Mu l l e r  (1986) have shown t h a t  g r a n u l a t i o n  

changes properties at the size of about 1.4 arcsec in the sense that the smaller 

granules show an indication of turbulent cascading. Figure 2 shows a spectrogram of 

the disc centre near 6500~ taken with the new Gregory-Coud~-Telescope at the Obser- 

vatorio del Teide (Wiehr, 1987). 
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Figure 2: Photographic spectrogram from so la r  d isc cent re,  6493-6500~, lOm eehel le  
spectrograph of  the 45cm Gregory te lescope at the Observator io  de l  Teide, Tener i fe  
(courtesy E. Wiehr, 1987). 

The ana lys is  of  t h i s  h i g h - r e s o l u t i o n  spectrogram lends support  to  the r e s u l t  o f  

Roudier and Mul le r .  F i ~  3 g ives coherence and phase between continuum i n t e n s i t y  

and the s h i f t  o f  the weak Fe I 6494~ l i n e  (from Kneer and Wiehr, 1987). The coherence 

breaks down at  s t r u c t u r a l  s izes near 1.4 arcsec and the phase becomes unstable there .  

In accordance w i th  e a r l i e r  f i nd ings  of  Durrant and Nesis (1982), l i n e  s h i f t s  and 

i n t e n s i t i e s  loose c o r r e l a t i o n  at  smal l  scales,  ioe .  the motion is  t u r b u l e n t .  This 

breakdown i s  not due to ins t rumenta l  noise but of  so la r  o r i g i n ,  as may be learned 

from the f a c t  t ha t  coherence between other  spec t ra l  features on the same spectrogram 

extends to much smal le r  scales (about 0.7 arcsec, not shown here) .  

There would certainly be more to say about granulation, granular overshoot and secon- 

dary motions, and at other occasions during this conference there is deeper and 

broader discussion. Here I must be satisfied with the notion that observing the small- 

scale end of the granulation phenomenon may lead to understanding turbulence in 

stratified media. 

3.2 O s c i l l a t i o n s  and waves 

Figure 4 shows the contour p l o t  o f  a power ana lys is  of  a H~ f i l t e r g r a m  t ime sequence 

(Kneer and von UexkOll,  1985). The dura t ion  of  the observat ion was 128 min. The po in t  

to  be demonstrated here i s  t ha t  the 5-min p modes are present at  high wavenumbers 
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Figure 3: Coherence ( f u l l  l i n e )  and phase (dashed) between continuum and s h i f t  o f  
weak Fe I l i n e  at  6494~, number of  degrees of  freedom is  42. 

corresponding to  high degrees (1 = 2000 and beyond). The hatched area in  the k- w- 

diagram where Ando and Osaki (1977) f i nd  e x c i t a t i o n  by the ~ - mechanism does by f a r  

not extend to such high degrees. Poss ib ly ,  then, the waves which we see here are 

produced by n o n - l i n e a r i t i e s  of  the convect ive motion (Goldreich and Keeley, 1977, 

Ant ia  et  a l . ,  1984). The resonant cav i t y  of  the modes extends roughly as 1/k i n t o  

the subphotospheric layers  (Geugh, 1980). Thus, the presence of  these modes, t h e i r  

f requenc ies and t h e i r  breadth a l low to probe the close subsurface layers  and the 

ampl i tude of  the inhomogenei t ies there  (Bogdan and Zweibel ,  1985, Nesis, 1986). The 

propagat ion p rope r t i es  of  the high 1 modes are not we l l  known (Kneer and yon UexkOll,  

1985), thus,  i t  i s  a lso not c l ea r  whether they provide the high photospher ic  layers  

w i th  non - rad ia t i ve  energy. 

Waves w i th  sho r te r  per iods (20s - 200s) are c e r t a i n l y  present in  the so la r  atmosphere 

(Deubner, 1976, Mein and Schmieder, 1981, von UexkOll e t  a l . ,  1985, S ta iger ,  1987). 

Yet l i m i t e d  r e s o l u t i o n  makes an est imate of  the mechanical f l u x  and of  i t s  divergence 
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Figure 4: Power in the k-u-plane obtained from a Ha f i l t e r g r a m  time sequence (Kneer 
and yon UexkOll, 1985). 

3.3 Smal l -scale magnetic f l u x  tubes 

Much of today 's  research a c t i v i t y  is  focussed on th i s  subject .  And equa l ly  much 

speculat ion is  possible on f l u x  tube dynamics simply because c ruc ia l  observat ions of  

high s p a t i a l  reso lu t i on  are missing. I t  i s  not known whether the facu la r  points 

coincide s p a t i a l l y  wi th magnetic f i e l d  concentrat ions (Mul ler ,  1985). I t  i s  net known 

whether the 1 - 2 k Gauss f i e l d s  merge already in concentrated form the deep 

convect ive layers or whether they develop from weak f i e l d s  which col lapse in a con- 

vec t i ve l y  unstable layer  (Parker, 1978, Hasan, 1984). The zero-crossing of  the Stokes 

V p r o f i l e  shows Doppler sh i f t s  corresponding to v e l o c i t i e s  of 1 km s -1 when small  

areas are observed wi th s u f f i c i e n t  temporal reso lu t i on  (Schol iers and Wiehr, 1985). 

However, the Stokes V p r o f i l e  is  unshi f ted when one averages over large areas (Stenf lo  

et a l . ,  1984). Even more cont rad ic to ry ,  both the s p a t i a l l y  non-resolved and the 

be t te r  resolved V p r o f i l e s  ere asymmetric which is  commonly in te rp re ted  as an e f fec t  

of  ve loe i t y  gradients (Pahlke and Solanki ,  1986, but see also Landi d e g l ' I n n i c e n t i ,  

1985). Overstable o s c i l l a t i o n s  of  the f lux tubes,  predicted by Hasan (1984) could 

possib ly  exp la in  the observat iona l  puzzle. Resolved observat ions are h igh ly  needed. 
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There is  accord and observat ional  evidence (Skumanich et a l . ,  1975) that  smal l-scale 

magnetic f i e l ds  are re la ted wi th supergranular downflow and with the chromospheric 

network. Yet i t  is  unproven tha t  chromospheric Ha st ructure out l ines the magnetic 

f i e l d ,  as is  commonly bel ieved. Likewise, an excess wave f lux  in chromospheric net- 

work, guided by the magnetic tubes, could not yet be found. Again, observations with 

high spa t ia l  and temporal reso lu t ion are needed to actua l ly  see the energy d iss ipa t ion  

re la ted to magnetic f i e l d  dynamics. 

3.4 C r i t e r i a  

We may now, on the basis of the foregoing few examples, discuss some guidel ines fo r  

the comparison of space borne or ground based instrumentat ion. High spa t ia l  resolu-  

t i on  w i l l  be the f i r s t  c r i te r ium.  Furthermore, i t  w i l l  be agreed that ,  to study 

dynamical, non-stat ionary phenomena, time sequences are needed. (Admittedly, much 

ins igh t  in to  f ine st ructure has been gained in the past from single snapshots. But 

we could not even guess on dynamic behaviour i f  we would not know about the temporal 

evo lu t ion. )  Thus, the achievable time reso lu t ion and the durat ion of the observing 

time w i l l  be of importance as we l l .  And f i n a l l y ,  the above examples on smal l -scale 

dynamics show that  the s c i e n t i f i c  demands on equipment are very diverse. The versa- 

t i l i t y  may then be another c r i t e r i o n .  

3.4.1 Spat ia l  reso lu t ion 

Possibly, the very next space f a c i l i t y  w i l l  be the lm High Resolution Solar Observa- 

tory (HRSO) which w i l l  resolve approximately 0.1 arcsec. Experience with i t s  pre- 

decessor (SOT) has tought tha t  la rger  solar  telescopes may not be transported to 

space wi th in  the near future,  due to the large costs. Earth-based telescopes, although 

possibly of  la rger  aperture - the Large Earth-based Solar Telescope (LEST) is planned 

with a 2.40 m primary - ,  are l im i t ed  by seeing ef fects most of the t ime. The question 

is  whether seeing puts a p r i nc ipa l  reso lu t ion l i m i t  to ground-based telescopes. The 

answer is  negative, so fa r .  The best (short-exposure) p ictures of granulat ion - and 

thus pioneering reve la t ions about granulat ion stem from the ground (Muller, 1985, 

Seharmer, 1987). Spackle techniques al low to restore the images to the point  where 

they are d i f f rac t ion  l im i t ed  (yon der LOhe, 1987). However, the very best seeing 

condit ions l as t  only few seconds, minutes perhaps. Solar image res to ra t ion  has to 

struggle with tremendous amounts of data. I summarize, space telescopes give con- 

s tan t l y  high reso lu t ion ,  whi le,  at least  to my expectat ion fo r  the next two decades, 

ground based telescopes give the highest reso lu t ion only at very few moments and 

hinge to the app l ica t ion  of image res to ra t ion .  
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3 .4 .2  Temporal r e s o l u t i o n  

As expla ined above, high temporal  r e s o l u t i o n  sets demands on the pho ton th roughpu t .  

Space te lescopes have the advantage tha t  no atmospheric a t tenua t ion  is  present nor 

vacuum windows are needed. Far given aper ture the thrdughput  i s  thus somewhat h igher 

than fo r  ground te lescopes.  However, making the te lescope on ground l a r g e r  and s a c r i -  

f i c i n g  r e s o l u t i o n  w i l l  g ive the same photon counts as from a space te lescope.  

3.4.3 Durat ion of  observat ion 

Even f o r  sma l l - sca le  dynamics i t  may be des i rab le  to  have observat ions un in te r rup ted  

f o r  severa l  hours. Earth s a t e l l i t e s  w i th  o r b i t s  of  low i n c l i n a t i o n  do not a l low t h i s .  

There are necessar i l y  n igh t  gaps. Thus a po la r ,  f u l l  s u n l i t  o r b i t  would be much 

p re fe rab le  f o r  HRSO. In t h i s  case and toge ther  w i th  i t s  permanently high s p a t i a l  r e -  

so lu t i on  HRSO w i l l  be super io r  to  any e x i s t i n g  so la r  te lescope.  

3 .4 .4  V e r s a t i l i t y  

A l l  space te lescopes f lown or planned so fa r  have a foreseen l i m i t e d  dura t ion  of  

f l i g h t  and thus a very r e s t r i c t e d  observing schedule planned long t ime ahead. Spectro- 

graphic se t t i ngs  have to remain f i xed  to what one th inks  are the most impor tant  

spect roscopic  fea tures  and the best choice. Observing t ime i s  l i m i t e d  and so are, at  

the end, the number of  photons and the number of  spec t ra l  l i n e s  to  be observed. I t  

w i l l  not be poss ib le  to  repeat  measurements on a l a t e r  observing run w i th  somewhat 

d i f f e r e n t  se t t i ngs ,  s imply because fo l lowup space missions are not f e a s i b l e ,  at  l eas t  

not f o r  HRSO which is  not a permanent or repeated ly  f lown f a c i l i t y .  For the same 

reason, r e p a i r ,  replacement and improvement of  i ns t rumenta t ion  is  not an opt ion  f o r  

HRSO. 

The p o s s i b i l i t y  to  se lec t  var ious f i l t e r  tun ings and spect rograph ic  se t t i ngs  f o r  

s p e c i f i c  s c i e n t i f i c  quest ions i s  a des i rab le  proper ty  of  observat ions and is  most 

eas i l y  obtained on the ground. 

3.4.5 Phenomena to be i nves t i ga ted  

I t  may we l l  happen tha t  dur ing the next shor t  space missions very l i t t l e  a c t i v i t y  

occurs on the Sun, e .g .  t ha t  ne i t he r  sunspots nor prominences are v i s i b l e .  Furthermore, 

many of  the sma l l - sca le  fea tures  bahave so la r  cycle dependent. I t  i s  thus obvious 

t h a t ,  as long as no permanent space observatory is  ava i l ab l e ,  ground based observat ions 

are ind ispensab le .  

Let me compare then the expected performance of space and ground te lescopes in  view 

of the three s c i e n t i f i c  problems descr ibed above. A space te lescope in  an e q u a t o r i a l  

o r b i t  w i l l  c e r t a i n l y  br ing e x c i t i n g  observat ions about g ranu lar  dynamics and magnetic 
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f l u x  tubes, but the frequency r e s o l u t i o n  w i l l  be i n s u f f i c i e n t  to  e x p l o i t  the 5-min 

p modes f o r  subphotospheric i n v e s t i g a t i o n .  In a f u l l  s u n l i t  o r b i t  the r e s u l t s  on 

" long l i v e d "  phenomena would be much super io r  and the de tec t ion  of  f l u x tube  os- 

c i l l a t i o n s  and the i n v e s t i g a t i o n  of  t h e i r  b i r t h  and decay much eas ie r .  I do not ex- 

pect t h a t  observat ions from ground can ever be of  the same constant q u a l i t y .  Some 

may show very high r e s o l u t i o n ,  s ing le  g ranu la t i on  p i c tu res  perhaps which may lead 

the way to  new de tec t ions .  Some may be of  medium, yet  s a t i s f a c t o r y  q u a l i t y  to  i n -  

ves t i ga te  p-modes and other  sho r t - pe r i od  waves w i th  var ious ins t rumenta l  s e t t i n g s .  

The observat ion of  the dynamics of  the sma l l - sca le  magnetic f i e l d s  w i th  t ime-sca les  

of  about 1/2h w i l l  be very d i f f i c u l t  from the ground because of the de le te r i ous  

p rope r t i es  o f  atmospheric tu rbu lence.  

4. THE INTERIOR OF THE SUN 

People have observed the Sun f o r  severa l  cen tu r ies ,  even f o r  m i l l e n i a  (see Wittmann 

and Xu, 1987a,b, and the references t h e r e ) .  Long-term records of  so la r  a c t i v i t y  form 

the basis f o r  i n v e s t i g a t i n g  s t e l l a r  dynamos. Archive data obtained on a rou t i ne  basis 

f o r  long- term programs, e .g .  the f i l t e r g r a m s  from the Catania Observatory,  the whole 

d isc  magnetograms from K i t t  Peak, and the Mt. Wilson Dopplergrams, cover a t ime span 

o f  severa l  decades. They are used today to  search f o r  la rge  scale motions, mer id iona l  

f lows and g ian t  c e l l s ,  and to  measure the so la r  r o t a t i o n  v e l o c i t y  and i t s  cyc le 

dependence (see e.g.  Howard, 1985, and the rev iew by Schr6ter ,  1985). Doubtless, the 

data are extremely va luab le  f o r  s tud ies  i n to  the hydrodynamics of  the so la r  i n t e r i o r  

and e f f o r t s  to  cont inue t h e i r  a c q u i s i t i o n  are wor thwh i le .  To my knowledge, at tempts 

to  operate compet i t i ve  inst ruments in space over one or more so la r  cycles have not 

been undertaken because an advantage cannot be seen. The data a c q u i s i t i o n  i s  not 

eas ie r  from space than from ground, the inst ruments are f a i r l y  compl icated and need 

maintenance. 

Measurements of  the so la r  i r r ad i ance  are d i f f e r e n t .  These are t r u l y  space experiments 

because the changes of  i r r a d i a n c e  are sub t le  ( < I percent)  and, most impor tan t ,  the 

Ear th ' s  atmosphere l i m i t s  s u b s t a n t i a l l y  the c a p a b i l i t y  of  measuring the t o t a l  so la r  

output  to  the requ i red  accuracy (Fr6h l i ch ,  1977, Wi l lson,  1985). There i s  s u b s t a n t i a l  

s c i e n t i f i c  impetus to moni tor  cont inuous ly  the e f f ec t s  of  so la r  i n t e r n a l  dynamics 

by means of  a rad iometer .  As I understand i t ,  SOHO w i l l  g ive the oppor tun i t y  f o r  

t h i s  purpose f o r  an extended per iod of  t ime.  

Hel ioseismology i s  a r a p i d l y  growing f i e l d  of  research.  Observat ions from the ground 

have a l ready demonstrated the g rea t  p o t e n t i a l  o f  probing the so la r  i n t e r i o r  w i th  

the a id  of  g l oba l  o s c i l l a t i o n s  (see e.g.  Gough, 1985, and Noyes and Rhodes, 1984, 

f o r  rev iews) .  The f requencies have to be measured as accura te ly  as poss ib le  w i th  t h i s  

technique,  but severa l  obstac les hamper i t s  f u l l  e x p l o i t a t i o n .  F i r s t l y ,  the data 



170 

s t r i n g  should cover a t ime span as long as poss ib le  on a duty cycle as complete as 

poss ib le .  Night gaps must be avoided. Secondly, s tochas t i c  motions on the Sun produce 

noise which can be reduced again by long i n t e g r a t i o n .  And t h i r d l y ,  seeing e f f ec t s  

d e t e r i o r a t e  the s igna l  of  the high degree (1 ~ 300) modes, as repor ted  by Noyes and 

Rhodes (1984). 

There i s  then obvious ly  a st rong des i re  to  have an observa t iona l  f a c i l i t y  in  space 

w i th  f u l l  sun l i gh t  f o r  severa l  years. The SOHO spacecraf t  at  the inner  Lagrange po in t  

w i l l  o f f e r  t h i s  oppo r tun i t y .  A non-imaging ve loc i t y -me te r  i s  on i t s  payload l i s t  

w i th  h ighest  p r i o r i t y .  This w i l l  be an inst rument  w i th  a ra the r  low data r a t e .  ( I  

have learned dur ing t h i s  conference t ha t  Earth-based networks w i th  non-imaging 

resonance c e l l s  are under cons t ruc t ion  by a french group in Nice and in  a co l l abo ra -  

t i o n  of  s c i e n t i s t s  from Birmingham, U.K., and from the Canary Is lands ,  Spain.)  

Imaging inst ruments are des i rab le  to  analyse the medium and high degree modes. The i r  

data product ion is  c e r t a i n l y  much higher than t ha t  of  non-imaging c e l l s .  Noyes and 

Rhodes speak of  a 1024 x 1924 array f o r  the f u l l  d isc  and of  1010 samples per day f o r  

a space mission.  

As f a r  as ground based observat ions are concerned, there is  the p r o j e c t  of  the Global 

O s c i l l a t i o n s  Network Groups (GONG), housed at K i t t  Peak and w i th  much support  from 

a l l  over the wor ld .  To have a sunshine coverage as complete as poss ib le  B s ta t i ons  

d i s t r i b u t e d  over the globe are planned w i th  256 x 256 p i x e l  images of  the f u l l  d isc .  

There one speaks o f  a data f low of  200 M bytes per day and s t a t i o n .  

5. CONCLUSIONS 

The High Resolut ion Solar  Observatory (HRSO) on board of  Space Shut t le  w i l l  be the 

next space f a c i l i t y  f o r  high s p a t i a l  r e s o l u t i o n .  The s c i e n t i f i c  re tu rn  i s  expected 

to be very h igh.  I t s  f l i g h t  dura t ion  w i l l  be l i m i t e d  to about 10 days. The c a p a b i l i t y  

of  HRSO w i l l  be increased very much i f  i t  i s  put on a f u l l  s u n l i t  o r b i t .  Moreover, 

i t  should p re fe rab ly  f l y  dur ing the years when SOHO is  opera t ing  i t s  high r e s o l u t i o n  

UV and XUV spectrometers - al though delays of  one or the o ther  spacecraf t  f l i g h t s  on 

t echn i ca l  and f i n a n c i a l  grounds make the coord ina t ion  very d i f f i c u l t .  Yet in t h i s  

way HRSO w i l l  prov ide a l i n k  between the se ismolog ica l  s tud ies  of  the i n e r i o r  of  the 

Sun and the coronal  and wind i n v e s t i g a t i o n s  by SOHO. 

The Large Earth-bound Solar  Telescope w i l l  be much more v e r s a t i l e  than HRSO. There 

ex i s t s  a very broad v a r i e t y  of  t a rge ts  f o r  LEST dur ing i t s  long l i f e - t i m e .  I t s  pos t -  

f oca l  i ns t rumenta t ion  may be changed and improved cont inuous ly .  We have to  awai t  

f u r t h e r  development u n t i l  we know to  which degree a te lescope l i k e  LEST can be made 

f ree  from seeing. 
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What about the era beyond LEST, HRSO, and GONG? How much solar observation w i l l  be 

possible on COLUMBUS/Space Station/EURECA? Wi l l  i t  be possible, s tar t ing  with small 

steps and going to a more d is tant  fu ture in several decades, to s h i f t  much of the 

a c t i v i t i e s  from ground to space and to have there an universal  instrumentation with 

an observatory status which allows repai r ,  serv ic ing,  replacement of components, and 

the acquis i t ion of large amounts of data? The advantages of such a f a c i l i t y  are c lear.  

We should keep us informed about the p o s s i b i l i t i e s  to come and representatives from 

ESA might encourage us to work for  i t s  rea l i sa t i on .  

Acknowledgements: I am gra te fu l  to Dr. A. Wittmann for  he lp fu l  discussions. 
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A B S T R A C T  

The Solar Optical Universal Polarimeter (SOUP) on Spacelab 2 collected time sequences of diffrac- 

tion limited (0.5 arc second) granulation images with excellent pointing (.003 arc seconds) and 

freedom from the distortion that  plagues groundbased images. The solar 5 minute oscillations are 

clearly seen in the data. Using Fourier transforms in the temporal and spatial domains, we have 

shown that  oscillations have an important  effect on the autocorrelation (AC) lifetime. When the 

oscillations are removed the autocorrelation lifetime is found to increase from 270 seconds to 410 

and 890 seconds in quiet and magnetic regions, respectively. Exploding granules are common and 

it is hard to find a granule that  neither explodes nor is unaffected by an nearby explosion. We 

speculate that  a significant fraction of granule lifetimes are terminated by nearby explosions. Via 

local correlation tracking techniques we have been able to measure horizontal displacements, and 

thus transverse velocities, in the intensity field. It is possible to detect both super and mesogran- 

ulation. Horizontal velocities are as great as 1000 m/s  in quiet sun and the average velocity is 400 

m/s  and 100 m/s  in quiet and magnetic sun, respectively. These flow fields affect the measured AC 

lifetimes. After correcting for steady flow, we estimate a lower limit to the lifetime in quiet and 

magnetic sun to be 440 and 950 seconds, respectively. The SOUP flow fields have been compared 

with carefully aligned magnetograms taken at the Big Bear Solar Observatory (BBSO) before, 

during, and after the SOUP images. The magnetic field is observed to exist in locations where 

either the flow is convergent or on the boundaries of the outflow from a flow cell center. Streamlines 

calculated from the flow field agree very well with the observed motions of the magnetic field in 

the BBSO magnetogram movies. 
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I N T R O D U C T I O N  

Until the flight of the Solar Optical Universal Polarimeter(SOUP) on Spacelab 2, solar granulation 

was considered to be convective overshoot in the outer layers of the sun, in which the convective 

cells had a center-to-center distance of about 2.5 arc seconds and an autocorrelation (AC) lifetime 

of 3 to 7 minutes. Lifetimes from tracking of individual features varied from a few to 45 minutes. 

There had been some indication that granulation was slightly different in magnetic field regions 

and near sunspots, but  there was controversy on this point. On average the picture was that  a 

granule was a bright (hotter than average) region of upflow, with a diameter of 1.5 arc seconds, 

surrounded by a darker (cooler) region of downflow. The status of granulation before the flight of 

SOUP was excellently reviewed in "Solar Granulation" by Bray, Loughhead, and Durrant (1984). 

The picture of granulation emerging from the analysis of the SOUP data  is qualitatively different 

from the traditional model. We still cannot fully characterize granule evolution, but  we can de- 

scribe the phenomena of exploding granules and some associated effects. A complete evolutionary 

description is complex because there exists in the solar surface a hierarchy of intensity fluctuations, 

from the f and p-mode oscillations (with scales of a few to many tens of arc seconds and large 

phase velocities) to local phenomena (which involve areas with radii of a few to ten arc seconds). 

Exploding granules, which in previous data  were relatively rare, are seen to be pervasive in SOUP 

data. All of the wave fields and the local phenomena, of course, coexist in the intensity field we 

have called granulation, so that  a single image does not begin to reveal the richness in the solar 

surface. 

In addition the solar photosphere exhibits systematic flows with spatial scales from 10 to at least 

40 arc seconds, and lifetimes long compared to the thirty minute observing period imposed by the 

$pacelab 2 orbit. Some of the flow fields are the meso and supergranulation, but  other patterns 

may also exist. The existence of the flow fields can have a significant effect on the measured 

lifetime of the granulation pattern. Our results on pattern lifetime are preliminary, but  clearly 

indicate that  previous estimates by correlation techniques have underestimated the lifetimes of the 

individual features. Our measurements in magnetic areas also show significant differences from 

quiet regions. 

Using doppler imaging techniques, Simon and Leighton (1964) first observed the solar supergran- 

ulation flow field. They showed that  the supergranulation flow was generally inside the solar 

network pat tern observed in Ca II K and a number of other temperature sensitive solar lines. 

Leighton (1964) later conjectured that the flow field carried the solar magnetic field to the flow 

cell boundaries. He also created a diffusion model of the solar cycle in which the interaction of the 
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flow field and the magnetic field was responsible for the distribution of the field along the solar 

surface. There have been a number of at tempts to measure the motions of individual field ele- 

ments (Smithson (1973), Mosher (1977), and Martln(1987)) in order to validate the concept that  

the field was moved to the supergranulation boundaries. The recent observations of the motion of 

intranetwork fields at  BBSO (Martin, 1987) have shown motion of mixed polarity area toward the 

flow boundaries. 

Because doppler imaging is only sensitive to the line of sight velocity and the flow pat tern in 

the supergranulation is largely parallel to the solar surface, at tempts to detect the vertical com- 

ponent of the supergranulation at disk center have met with only marginal success (Simon and 

Worden(1976)). The granulation pictures taken in space by the SOUP instrument on Spacelab 2 

allowed a different approach to detecting surface flow perpendicular to the line of sight - direct 

displacement measurements of the granulation pattern. 

DATA 

The granulation data  were collected on film using the Solar Optical Universal Polarimeter (SOUP) 

which operated on the flight of Spacelab 2 (Title, et al. 1986). The original images are 140 x 

250 arc seconds and are taken in a thousand angstrom band centered at 6000/~. The images are 

very uniform in quality and are dlstortion-free. Using the Spacelab Instrument Pointing System 

(IPS) and an internal fast guider, image stability of 0.003 arc second RMS was achieved. For this 

preliminary report  most of the results are based on studies of three digitized subsections, a 40 x 40 

arc second quiet sun region, a 60 x 60 arc second pore region, and a 100 x 100 arc second region 

centered on AR 4682 at approximately S15, W31 (# = 0.75). The pores are part  of AR 4682. 

Because of limitations of the processing computer and our image display system, all digital images 

are 256 x 256 pixels. This corresponds to 0.161, 0.231, 0.381 arc second per pixel for the quiet, 

pore and active regions, respectively. The images are separated by 10 seconds in time and cover 

1650 seconds. The results reported here are all from orbit 110 (19:10:35 to 19:38:05 GMT, on 5 

August 1985.) 

During the flight of Spacelab 2 Big Bear Solar Observatory (BBSO) collected correlative data on 

AR 4682. The BBSO data  included magnetograms, Ha, and Ca II K images. The BBSO data  

covered the period before, during, and after the SOUP maps. For this report  only the medium 

sensitivity (1024 integrations) magnetograms have been used. 
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R E S U L T S  

Temporal Autoeorrelation Functions 

One of the s tandard  methods for determining the lifetime of an intensity pa t te rn  is from the width 

of its temporal  autocorrelation (AC) function. Here we define the temporal  autocorrelation of the 

intensity as 

A t ( r )  = (6ICx, y, to) 5XCx, y,to + r)) 
t o ) )  

where x and y are the spatial coordinates, to is the reference time, and r the t ime separation. The 

brackets indicate an average over space, and 

 xC=,y,t) = - ( x C = , v , t ) )  

where here the brackets indicate an average over space and time. 

Previous AC lifetime measurements  of granulat ion have ranged from 3 to 7 minutes with an average 

of about  6 minutes.  The lifetime, as measured by the t ime for the correlation to drop to 1/e (0.37) 

is, from figure la ,  about  5 minutes.  

Our data  for figure l a  were obtained from an area of about  300 square arc seconds.  When smaller 

areas are examined the AC functions look quite different. Figure 2 (solid) shows the AC functions 

generated from four 36 square arc second areas. In these smaller regions the AC functions do not 

drop monotonically, bu t  rather exhibit oscillations with periods of 3 to 6 minutes  (depending on 

the region). This suggests that  the five minute  oscillations are affecting the correlation lifetime, 

which is not  too surprising as it is strongly present in the granulat ion movies. The average AC 

over a sufficiently large region does not  oscillate as strongly as a small region because a range of 

periods and modes are present. 

To remove the effects of the five minute  oscillation we have applied what  we call a subsonic 

Fourier filter to the t ime sequence of quiet sun images. The original sequence of images is Fourier 

transformed from a function of x, y, and t into a transformed function of k~, kv, and w. The 

subsonic filter is defined by a cone 

w = v x k  

in k - w space, where k and w are spatial and temporal  angular  frequencies and v is a velocity. All 

fourier components inside the cone (i.e., with phase velocities less than  v) are retained, while all 

those outside are set to zero. Then  a new sequence of images is calculated by an inverse Fourier 
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lines show AC(r) for the same regions after Fourier filtering. 

transform. A value of v = 3 km/s ,  well below the sound speed of 7 km/s ,  is used. For this value 

of v, the velocity cone is total ly inside of the the five minute  oscillation modal  distribution. 

A subsonic filtered movie exhibits very little five minute  oscillation. As seen from figure 2 (dashed) 

the AC functions created from subsonic filtered da ta  for the individual regions have the oscillations 
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Fig. 3 
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AC functions for four magnetic regions using original (solid) and Fourier filtered data (dashed). 

strongly suppressed. Figure 1 shows the AC of 300 SAS for original (a) and subsonic filtered (b) 

images. The AC lifetime of the subsonic data  is 1.5 times greater than the original - a lifetime of 

410 versus 270 seconds. 

In order to observe the effect of magnetic field on the granulation pat tern the SOUP images have 

been aligned with National Solar Observatory (Tucson) magnetograms taken just  before and just  

after the SOUP data. Twelve 36 square arc second regions were selected to be inside the 70 gauss 

contour of the magnetograms, but well outside of pores. Shown in figure 3 are the AC functions 

for the original (solid) and the subsonic filtered (dashed) data  for four of these regions. Figure 1 

shows the sum of the AC's for the twelve regions for original (c) and subsonic filtered (d) data  in 

the magnetic areas. The lifetime from the subsonic data  is 2.1 times the original d a t a ' -  890 versus 

420 seconds. 

Spatial Autocorrelation Functions 

The temporal autocorrelation functions discussed above compare sets of spatially aligned data 

sets as a function of time and yield information related to feature lifetime. Spatial autocorrelation 

functions compare the same image with different spatial offsets and yield information on the spatial 

scale of the image. Here we define the spatial AC function as 

AO(A) = (tI(=,y,t) ~I(=+ a,y,t)} 
<~P(=,y,t)) 
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where A is the spatial  offset. 

For a wide variety of patterns the half width at half maximum (HWHM) of the correlation function 

is related to the pat tern size, to, by 

ro = 1.2 × HWHM. 

From radius of the average structure in the quiet and magnetic regions is 450 and 500 km (diameters 

of 1.25 and 1.4 arc seconds), respectively, which is consistent with previous measurements. The 

structures in the  quiet and magnetic regions are about the same size. 

The spatial AC functions can also be used to understand the effect of flows on the lifetime 

data because the displacement field can be interpreted as the result of a flow field.  That  is, 

A = v X t .  

The flow lifetime, Tf,  the time required for the flow to cause the spatial  AC to drop to ( l /e )  is 

just  
T/= AC1/,, 

vl 

where v.t is the flow velocity. The value of AC1/e is 450 km for 500 km for quiet sun and magnetic 

sun, respectively. 

The presence of a flow field will cause the measured lifetime from the temporal AC function to 

underestimate the lifetime of the granulation. Roughly, the lifetimes as measured by the temporal 

AC functions, the actual lifetime, and the flow lifetime from the spatial  AC functions are related 

by 

or 

llr~ -- ~/(11r~)2 + (1ITs)2, 

r ~ x r f  
T~= ~2/~-L-~_ ~2 ' 

V~ - ~'~ 

where Ta is the actual lifetime of the granules and Tm is the measured lifetime from the temporal 

AC function. Since the flow lifetime must be greater than the measured lifetime, we can set an 

upper limit to the average flow velocity. For quiet and magnetic sun the maximum flow velocities 

permitted by the observations are 1.1 and 0.5 kin/s,  respectively. 

Via local correlation techniques (November, et aL 1986), we have measured the average flow 

velocities for quiet and magnetic to be 400 and 200 m/s, respectively. Correcting for the flow field 
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Table  1. 

Original 

Quiet 270s 
Magnetic 420s 

Subsonic 

410s 
890s 

Steady Flow 
Correlation 

440s 
950s 

Feature Flow 
Correlation 

710s 

yields "corrected" quiet and magnetic granule lifetimes of 440 and 950 seconds, respectively. The 

AC lifetime data  is summarized in Table 1. 

Granule Evolution 

Once the oscillations are removed, it is obvious from the movies that  exploding granules are a 

major component of the evolutionary history of the local and overall flow. A significant fraction 

of granules are seen to explode, and those that  don't  explode have their evolutionary history 

dominated by exploders in their near vicinity. Waves generated by exploding granules can clearly 

be seen to travel at least the 2.5 arc second separation distance of the granulation pattern,  and 

there is some evidence that  they may propagate much further. 

Because of the confusion caused by the multiple interactions of exploding granules and their wave 

fields, it is difficult to develop statistical measures that  are characteristic of a single pattern. Rather 

the statistics reflect that  on some spatial and temporal scales the flow is convective and on others it 

is turbulent. It is possible, however, to infer a picture of the evolution of a prototypical exploding 

granule, based upon the appearance in movies and guided by model calculations (Nordlund, 1983) 

of granule behavior. In this conception an exploding granule is caused by a hot plume which rises 

because it is less dense than the surrounding gas. When the plume reaches the surface it radiates 

its excess thermal energy and cools. The cooler gas contracts and loses its buoyancy. It then falls 

onto the rising plume below it. The gas below is deflected horizontally, causing a hot annulus to 

form. Finally, the horizontally expanding front generates surface waves. 

When seen from above, initially the hot plume appears to be a bright, roughly circular region 

on the surface. As the spot cools, the center of circle dims causing an annular region to appear. 

However, as the annulus expands, its width decreases and the thin expanding region is broken apart  

by the local surface pressure fluctuations. Moving ahead of the annulus is a surface wavepattern 

that causes the appearance of rows of thin, elongated granules to appear. 

In a typical event, the bright ring covers the locations of the nearest and infringes upon the next- 

nearest neighbor granules. The nature of the interaction of the expanding bright front and the 
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local surroundings is difficult to describe under all circumstances. Because exploding granules are 

so common, a significant fraction of the surface area is dominated by these horizontally flowing 

fronts. The neighboring granules then must also be deflected or must deliver their excess thermal 

energy somewhat below the surface. The expanding fronts move at speeds of 0.5 to 1.5 km/s  and 

therefore take between 500 to 1500 seconds to expand an arc second in radius. The surface waves 

are much faster, about 7 to 10 km/s.  

The movies last only 1600 seconds so that it is difficult to say what occurs after an explosion, as an 

event and the length of the movie are comparable. Exploding granules are only recognized clearly 

if the original source can be recognized. 

Although it is possible to describe an exploding granule event fairly well, there are other phenomena 

occurring whose history is much harder to decode. Multiple exploding granules are the least 

confusing of the complex events. What  appears to occur is that  a group of granules explodes as 

one, creating an expanding front that  is an irregular oval. The oval events are often recognized 

after they have started,  that  is, evolution from a set of bright sources is not always seen. 

Relations Between Flow and Magnetic Fields 

Shown in Figure 4 are (a) a SOUP image, (b) a BBSO magnetogram at nearly the same time, 

(c) the SOUP flow field (shown as vectors) overlayed on a gray-scale map of the divergence of the 

flow field, and (d) the SOUP flow field superposed on the magnetogram. The speed and also the 

direction of the transverse motions are accurately measured by the correlation tracking algorithm. 

Values generally lie in the range 100 to 800 m/s ,  with one-sigma uncertainties of about 75 m/s.  

The velocities (shown as arrows in Figure 4) represent the average velocity obtained by correlation 

tracking over the 28 minute observation time of orbit 110. Since the divergence of the horizontal 

flow vector u is associated with upflows and downflows through the mass continuity equation 

(November, et al. (1986)), the divergence map accurately portrays the average vertical velocity. 

Thus, it clearly identifies cell interiors (sources or up flows) and boundaries (sinks or downdrafts). 

We see from the figure that  the flow field and the magnetic field are intimately related. In regions 

where the magnetic field is in roughly linear structures the flow is directed toward these structures. 

In relatively compact areas the flow field points toward the concentrations. In cell-like regions of 

the magnetogram the vectors of the flow field point radially outward from the cell centers toward 

the boundaries (network). 

Additional insight into the relationship of flows and magnetic fields is gained by asking where 

the flow field would carry free particles ("corks") that  are originally distributed uniformly in the 
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Fig. 4 The relation of flow and magnetic fields; (a) a SOUP imagej (b) a BBSO magnetogram at nearly the same 
time, (c) the SOUP flow field overlayed on the divergence of the flow field, and (d) the flow field overlayed on the 
magnetogram. 

flow field. The cork flow is calculated by moving the corks according to the velocity of the local 

flow field. Figure 5 shows (a) an initial uniform distribution of corks on a SOUP image, (b) the 

corks overlayed on a magnetogram after 4 hours, (c) 8 hours, and (d) 12 hours. The cork motion 

calculation assumes that the flow field remains unchanged over a 12 hour period. The 75 m/s 

uncertainty in the flow speeds used for Figures 4 and 5 would cause an uncertainty of less than 5 

arcsec in cork positions after 12 hours. This is quite small compared to the overall scale of the final 

cork pattern. As a check the flow fields were also calculated from shorter (and thus noisier) data 
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F~,g. 5 The evolution of a uniform distribution of free particles %orksr; (a) the initial uniform distribution of corks 
On a SOUP image, (b) a magnetogram overlayed with the corks after 4 hours, (c) 8 hours, and (d) 12 hours. 

sets obtained in orbits 108, 109, and 111, which span an interval of 4.5 hours. These measurements  

do not show convincing evidence for major  changes in the average flow field over this span, but  

unfortunately they are severely l imited by "solar noise" contr ibuted by random motions of granules 

and by five-minute oscillations. 

The cork paths  represent  streamlines of the flow. The streamlines and corks i l lustrate an impor tant  

feature of the flow pat tern.  Initially the flow carries corks to the cell boundaries,  but  then, as t ime 

proceeds, the corks are carried along the boundaries to sink regions. These sinks are usually 
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vertices in the network pat tern as seen in calcium, hydrogen, or magnetograms. In the course of 

the data analysis a magnetogram movie was made which was overlayed with the SOUP surface 

flow field vectors. It was very clear from the movie that  magnetic field elements usually move first 

to cell boundaries and then flow along the boundaries just as the cork model suggests. 

Both the magnetograms and the cork simulation show an incomplete network: fully-outlined cells 

are rare, and usually there are just  enough markers in the boundaries to suggest a cellular pattern. 

The cork simulation shows that  this is an intrinsic property of the flow patterns and not simply a 

result of insufficient magnetic flux to complete the pattern. The magnetic (or cork) network also 

suggests a larger dominant cell size than do the flow maps. Cell sizes (center-to-center) in the 

flow divergence maps are typically 10,000 to 15,000 km rather than the 30,000 km value usually 

associated with supergranulation. 

C O N C L U S I O N S  

This is a preliminary report. We have corrected AC lifetimes for the 5 minute oscillation and 

large scale flows, but  we have neglected more local flows caused by exploding granules and other 

phenomena which we know exist. Nonetheless, these corrections have increased the statistically 

measured lifetime by a factor of 1.6 and 2.25 in quiet and magnetic sun, respectively. In magnetic 

regions the uncorrected AC lifetime is dominated by the five minute oscillation. When this oscilla- 

tion is removed the AC technique demonstrates that  the average intensity pat tern is significantly 

more stable in magnetic field regions. Although the surface intensity patterns are considerably less 

vigorous in magnetic compared to non-magnetic regions, visually they are nearly as complex. The 

granulation pat tern is statistically more stable, there is lower modulation in the intensity field, the 

wave patterns are diminished in amplitude as are the velocities of the steady flows, and exploding 

granules are much less common; but  most of the phenomena seen in quiet sun can also be found 

in the magnetic regions. 

We believe that  the surface flow as indicated by the local intensity pat tern is closely related to the 

motion and evolution of the magnetic field. This implies that  the granulation pat tern is advected by 

mesogranular and supergranular flow fields. It is apparent that  the flow field determined from one 

28 minute measurement is an excellent surrogate for the topology and motion of the corresponding 

magnetic field configuration, and is valid for at least four hours prior to and after the SOUP 

observations. From the cork simulations we estimate that  the magnetic pat tern would require 

about 8 to 10 hours to develop. This suggests that  the flow field and magnetic field have a lifetime 

considerably longer than 12 hours as would be expected for large-scale supergranular structures. 

Once the field gets to a boundary the flow velocity slows considerably. 
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Our observations indicate that flow along network boundaries may be an important feature in 

the evolution of the magnetic field pattern. This would have important implications for coronal 

heating and buildup of magnetic stresses in the network. First, flow along the network boundaries 

will tend to mix and twist the fields on very small scales. This mixing will be enhanced by 

local displacements of the field caused by randomly-directed motions and explosions of individual 

granules. Since both dissipation and heating in magnetic regions depend critically on the spatial 

scale of the twisting of the flux tubes, chromospheric and coronal heating can be enhanced by the 

flow along the boundaries. Second, flow along the boundaries concentrates fields in vertices. These 

vertices are probably stable points in the flow field, so that new supergranules may form with a 

vertex at the previous boundary. If so, the random-walk diffusion of magnetic field discussed by 

Leighton (1964) may be much lower than would otherwise be expected. 

Figures 4 and 5 are in excellent agreement with Simon and Leighton's (1964) idea that the flow field 

pushes the magnetic field into boundaries. However, it is observationally difficult to distinguish 

this concept from the converse hypothesis that the locus of the flow field is constrained by the 

prior presence of magnetic field (the traditional chicken-or-the-egg conundrum!). 

Special thanks are extended to the crew of Spacelab 2 and the controllers and planners on the 

ground who worked so hard to get the observations described here on the extension day of the 

mission. The SOUP instrument was built by and under the direction of Mike Finch, Gary Kelly, 

Roger Rehse, and Ralph Reeves. The SOUP experiment was supported by NASA under contract 

NASS-23805. The image processing developments using laser optical disks have been supported 

by Lockheed Independent Research funds. 
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Abstract 

The unbeatable advantage of Space techniques in the investigation of solar 

and ste l lar  physics are br ief ly  reviewed, and a Table l i s t ing  most of the missions 

and fac i l i t i es  which are foreseen to contribute to the f ie ld in the next 15 years 

or so is presented. We then review different scient i f ic  areas for which we think 

Space Techniques wi l l  provide substantial advance. This is astrometry, the invest- 

igation of s te l lar  and solar inter iors, of external atmospheres and winds, of 

solar and ste l lar  f lares, the observations and studies of stars at various phases 

of their evolution and the search for very high resolution imagery. 

Some specific missions are described, providing a concrete i l lus t ra t ion  of 

the extreme wealthiness and of the potential of this exciting f ie ld  of Science. 

I Introduction 

The u t i l i sa t ion  of Space techniques in Astrophysics and in particular, in 

the area of s te l lar  and solar physics has proved to offer unbeatable advantages 

and has led to considerable progress which makes them today indispensible in the 

perspective of the evolution of this domain of science. 

The elimination of atmospheric absorption allows the observation of the 

entirety of the electromagnetic spectrum from gamma-rays to the far infrared and 

the radio domain. At the same time, the elimination of al l  other atmospheric per- 

turbations l ike proper l igh t  emission and turbulence allows absolute radiometry 

and provides images whose quality should only in principle be limited by the qua- 

l i t y  of telescopes, thereby allowing the sharpest view of the Universe. 

Since there is no l imitat ion on where to place a telescope in Space, i t  is 

in principle possible to optimize the observing site to the observation or 
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programme of a given instrument. Access to new and exceptional observing sites is 

therefore permitted, such as the L I and L 5 Lagrangian points of the 

Sun-Earth-Moon system which offers 24 hours of either fu l l  sunlight or complete 

darkness observations. Special sites l ike the geostationary orbit  of the 

International Ultraviolet  Explorer (IUE) permit simultaneous u t i l i sa t ion  by 

astronomers of two separated continents. The high excentricity of the EXOSAT orbit  

was the reason for many discoveries of neutron star emissions and quasi periodic 

objects, due to the long and uninterrupted observing time. The Moon i t se l f  may 

offer in the future, unique observing sites in particular for infrared and radio 

astronomy. 

Space techniques permit in situ observations of the interplanetary medium, 

the planets and their atmosphere, but also of their soi l ,  of comets and even of 

the Sun i t se l f .  The Pioneer 11 Satel l i te wi l l  very soon reach the l imits of the 

heliosphere and continue i ts  journey in in terste l lar  space. 

Final ly,  in the not so distant future, we may see the deployment of ultra 

long baselines for Interferometry, f i r s t  in the radio domain, where i t  is 

presently the Earth's diameter which imposes l imitations to the use of this 

technique, and later on in the optical and u l t rav io let  regimes. 

From the preceding, one can guess that major progress is expected in the 

near or longer term. However, there is one drawback to the use of space techni- 

ques which has been dramatically i l lustrated by the recent accidents of the 

Challenger Space shuttle and of the Ariane European launcher, the consequences of 

which have in the best case, grounded i f  not cancelled def in i te ly major astronomi- 

cal missions such as the US-European Hubble Space Telescope (HST), the German-US 

ROSAT, the European Hipparcos, without forgetting the sadly affected Ulysses 

mission. Consequently, i t  is very d i f f i c u l t  i f  not impossible, to forecast today 

the precise succession of future astronomy missions. In the remainder of this 

paper, we wi l l  describe some of these missions. Any mention of their possible 

launch date or launch means should be considered as tentative and l ikely to be 

subject to future change s . 

I I  Review of the major future astronomy fac i l i t i es  

We present here in synoptic form the l i s t  and main characteristics of solar 

and stel lar  missions which have already been developed or are in the process of 

being developed. 
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Table I gives as an exhaustive l i s t  as possible of a l l  missions of in terest  

for s te l l a r  and solar physics which are already Under development or envisaged in 

the timeframe between now and 2000, in Europe, Japan, the United-States, and the 

USSR. The location of the missions in the Table, depends on both the part of the 

electromagnetic spectrum for which the mission is designed and the launch date as 

known today. Interrogat ive marks are indicat ive of e i ther  the uncertainty of this 

date, or of the status of programmation of the mission i t s e l f .  Acronyms are ex- 

plained in the text  of the subsequent chapters. Figures 1 and 2 compare the rela- 

t ive sensivi t ies of some of the instruments l i s ted  in Table 1 and Figure 3 compa- 

res the angular resolution for some of them. 
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Figure 1 : Comparison made at  ESA between the l im i t ing  sens i t iv i ty  as a function 
of frequency of various astronomical f a c i l i t i e s .  Note that SIRTF is not included 
among the f a c i l i t i e s .  
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Figure 2 : Comparison similar to that of Figure 1 made at NASA. Note that ISO is 
not included among the fac i l i t i es .  
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Figure 3 : Comparison between the angular resolution, as a function of frequency 
of various astronomical f ac i l i t i es .  

We wi l l  now review br ief ly a few scientif ic areas where Space observations 

wi l l  yield major and fundamental progress. 
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I I I  Astrometr~ 

Our present knowledge of absolute distances and absolute luminosities is 

based on the measurement of the parallaxes of a few nearby or very bright stars. 

However, this represents only a small sample on the Hertzprung-Russel diagram. The 

very brightest of the giants and main sequence stars are rare because the volume 

of space in wich a suff icient number of them can be found for any stat ist ical  stu- 

dy, is beyond the reach of ground based astrometry which is limited in accuracy, 

due to the detrimental effect of the Earth's atmosphere on the images. 

One project, Hipparcos, programmed by ESA, wi l l  yield substantial progress 

and with an absolute accuracy of 2.10 -3 arcsecond, wi l l  improve by nearly one 

order of magnitude the accuracy of ground based measurements. Hence, Hipparcos 

wi l l  bring within range of direct trigonometric parallaxes, many giant stars and 

stars which are located in the brighter end of the main sequence and which do not 

pertain to the solar neighbourhood. For the f i r s t  time, direct luminosity calibra- 

tion wi l l  be possible for regions of the'Hertzprung-Russel diagram (Figure 4), and 

this wi l l  provide direct observational evidence for testing theories of ste l lar  

evolution. 

Figure 4 : 

The absolute cal i -  
bration of the 
Hertzprung-Russel 
diagram using the 
trigonometric para- 
llaxes which wi l l  
be obtained from 
Hipparcos (bottom). 

The upper panel 
shows the present 
situation and evi- 
dences the progress 
gained with the 
help of Hipparcos. 



193 

The Hubble Space Telescope which is presently awaiting the resumption of 

shuttle launches, has a similar pointing accuracy as Hipparcos and its stel lar 

sensors wi l l  in principle, be used for astrometry. There is a difference however, 

between the two missions. Hipparcos wi l l  provide an absolute reference frame in 

space to which the position of stars wi l l  be referred to, while the Hubble Space 

Telescope wi l l  provide measurements referred to a local reference frame only. 

Several observing programmes on the HST wi l l  however take advantage of this possi- 

b i l i t y  and some are coupled with Hipparcos observations. 

IV Investigation of stel lar interiors 

The only direct information we have today on the physics of the inter ior of 

a star is from neutrinos originating in the core of the Sun where hydrogen is 

transformed into helium. I t  has been found that these solar neutrinos are under- 

abundant by a significant factor of three with respect to what is expected from 

the standard solar model, an observation which casts doubt on the model i t se l f .  

Neutrinos from other stars are impossible to detect due to their very small f lux, 

hence we should rely on other means of investigation. 

Such means rest on the use of indirect information which is model dependent 

and allows to refine this model. The most promising one is helio or ste l lar  seis- 

mology which diagnoses the oscil lations of the main body of the Sun or of a star. 

Modes of oscil lations can be detected in the power spectrum of the variations in 

luminosity of the tiny, periodic displacements of the Sun's surface. These oscil- 

lations are dependent upon the chemical composition, temperature and internal 

rotation of the Sun, and can be measured with very high resolution spectrometers. 

Such measurements have been made from the ground and from space with the ACRIM 

instrument on board the Solar Maximum mission and have yielded information, on the 

depth of the convective zone and of the rate of rotation of the inter ior of the 

Sun. More progress rest on the use of space techniques because of the detrimental 

effect of the Earth's atmosphere on the t iny doppler displacements or on the 

minute fluctuations in luminosity. In addition, a space mission i f  properly desi- 

gned, can allow long series of uninterrupted observations increasing thereby the 

signal-over-noise ratio of the measurements. 

In 1988, a consortium of experimenters under the leadership of 

Dr. C. FrShlich in Switzerland, wi l l  f ly  a set of photometers on board the soviet 

mission PHOBOS which, on i ts journey to Mars and i ts moon, PHOBOS wi l l  benefit of 
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several months of fu l l  sunlight conditions. This wi l l  be the f i r s t  time that high 

accuracy uninterrupted measurements of solar luminosity oscillations wi l l  be made 

from space. I t  is expected that the fundamental modes of the global oscil lations 

of the Sun wi l l  be fu l ly  revealed with this experiment. 

The f i r s t  cornerstone of ESA's Long Term Plan "Space Science-Horizon 2000" 

is made of two projects : Cluster and SOHO. The lat ter  is a Solar Observatory and 

one of i ts prime goal is to study the inter ior of the Sun through helioseismolo- 

gy. Three types of instruments are foreseen : 

a high resolution velocity spectrometer, for the detection of global dis- 

placements of the Sun's surface ; 

a.  

411 

--J "71 
I 
I 
I 
I ' ] 
I I 
I I 
I I 
I..._ ~=. J 

[ ! t ~ -" L ÷ J"~ - 

I I 
0 0.2 0~ 0!6 0.8 1.0 
CENTER FRACTIONOFRADIUS ,SURFACE 

Figure 5 : Internal rotation of the Sun as a function of distance to the centre, 
deduced from the differences in frequency seen for identical oscil lat ion modes 
propagating in opposite direction along the same meridian. The closer we go to the 
centre, the larger the uncertainty of the "measurement". Going to space wi l l  allow 
long period, low amplitude gravity waves, which come from the core, to be detected 
as a consequence of elimination of atmospheric perturbations, yielding a much more 
precise picture of the situation near Sun centre. 
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a solar velocity imager for measuring the velocity f ie ld  on the Sun's 

surface with a resolution of a few arcseconds ; 

a series of photometers and radiometers to measure the solar intensity 

fluctuations. 

SOHO is to be launched in 1994, as part of a jo in t  agreement with NASA. 

In discussion is a similar project for stel lar seismology, the so-called 

PRISMA project which could be mounted f i r s t  on the future Space Station and then 

later on, on board a specially designed platform. 

The successor of late NASA's solar optical telescope, the now called High 

Resolution Solar Observatory (HRSO), a lm class telescope, wi l l  study the Sun with 

a resolution of 0.13 arcsecond, equivalent to one hundred km on the Sun's surface 

(Figure 6). Magnetic f ie ld  measurements on board the HRSO of 10 gauss per resolu- 

tion element, wi l l  permit a detailed analysis of the convective motions and their 

interaction wi th solar rotation, thereby providing a comprehensive study of the 

convection zone. HRSO is an international collaboration between the United States 

and Germany. Table 2 gives the main characteristics of the focal plane instru- 

ments. 

Figure 6 : 

Characteristics of 
the High Resolution 
Solar Observatory as 
compared to those 
for SOT. 



196 

0 
I 

0 

LL 

C~ 

I-'- 

I I I 

0 
[-., 

~ . ~  

m 

O o  



197 

4-~ 

¢ -  

¢ -  

% 
0 

r ~  

0o  

• , ~  . , ~ . ~  . , 0  ~ '~  ̧  

~_.-~ I I I 

~ ~ ' ~ .  ,. ,. ,. 
• © ~ .  ~ =  

. . .  ~ ~  

0 

I ~ O X I O  

~O~rO 
= ~ o  



198 

At the Horizon of the next century, both ESA and NASA are planning to study 

the Sun with a solar probe or solar plunger which wi l l  f l y  in close v ic in i ty  

(4 solar radi i )  to the solar surface (Figure 7). Tiny modifications in the probe's 

orbit  may be induced by the Sun's gravity f ie ld .  Hence, i t  w i l l  be possible to 

study the possible quadrupolar configuration of this f ie ld and in particular, the 

internal rotation through another technique than seismology. Such a measurement is 

also of fundamental importance as an experimental test of the theory of General 

Relat ivi ty.  

SOLAR POLAR 

STARP OBEI FRO.  

t A /  ~"~" • ~ ~ ' ~ L 1  PLATFORM 
IMAGING ~ - ~  ~ [6R=0.01 AU) 

HELIOSYNCHRONOUS 
25 DAY ORBIT, 

33 R(~ 

Figure 7 : 

This drawing pre- 
sents the missions 
that both ESA and 
the US National Aca- 
demy of Sciences may 
plan in the future 
for solar observa- 
t ion. The existence 
of a solar probe 
(star probe on the 
drawing) travel l ing 
through the Corona 
at a distance of 4 
solar radi i  is 
strongly advertised 
by both the Euro- 
peans and the Ameri- 
cans. 

Investigation of external atmospheres and.winds 

Nearly 25 years of UV and X-rays observations of the Sun have allowed a 

refined study of i ts  chromosphere and Corona. A phenomenological description is 

now available which evidences the prime role of motions and magnetic f ields in 

governing the physics of these layers. However, a basic question remains today to 

be answered and this is the origin of the mechanisms which are at the origin of 

the heating of the Corona and how they depend on parameters, such as the radiation 

f ie ld ,  mass flows, convection and the magnectic f ie ld .  I t  is l ikely that more 
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progress wi l l  come from a comparison of the solar case, in which detailed resolved 

measurements are possible, with the case of stars for which a large variety of 

different conditions, l ike radiation f ie ld ,  rotatin rate, gravity, age etc., 

allows to study the influence of each of them on the heating rate. This interplay 

between solar and stel lar  physics is a key to further progress in this area. 

UV and X-ray observations are only possible from Space. I t  is l ike ly  that 

SOHO wil l  embark a set of UV spectrometers and coronographs (they are included in 

the model payload), with high resolution capabil it ies. However, i t  is the Space 

Station which, due to i ts orbit ,  wi l l  benefit mostly to solar observations (60 mi- 

nutes of continuous observations per orbi t) .  I t  may be equipped with high resolu- 

tion spectrometers mounted at the focus of telescopes in the 40-60 cm telescope. 

An imaging Fourier spectrometer is foreseen on the station which wi l l  allow simul- 

taneous two dimensional imaging in several very narrow spectral bands in the UV, 

visible and IR (Table 3). 

As far as stars are concerned, Table i shows that the UV and X-rays spectrum 

wi l l  be studied by a wealth of instruments and we won't attempt to describe them 

al l  in detai l .  We wi l l  mention only Lyman, Rosat and XMM. 

Lyman 

Lyman is supposed to be a successor of the IUE which is s t i l l  in operation 

after ten years of an uninterrupted and very successful mission and wi l l  probably 

remain operating until i ts on-board systems stop working. The main goal of Ly~an 

wi l l  be the study of s te l lar  chromospheres, winds and mass loss in stars of 

dif ferent galaxies through high spatial resolution (R = 30000) in the 90-120 mm 

spectral range where one finds the higher Lyman lines. The l imit ing magnitude wi l l  

be V = 14. Contrary to the IUE, the orbit  of the Lyman spacecraft won't be 

geostationary, but rather a high excentricity 48 hour 1000 x 120000 km orbi t ,  

which is optimal for the long observing times required to make up for the lower 

wavelength throughput. More details can be found in ESA - SCI. 

Rosat 

Rosat is a Ger~n sate l l i te  (Trumper, 1986) with substantial American 

(launch) and Brit ish contributions. I t  wi l l  carry a large X-ray telescope and a 
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X-UV telescope. The major objective is to perform the f i r s t  all-sky survey in the 

X-ray (0.6-8 mm) and XUV (7 mm) bands by means of imaging telescopes. Other objec- 

tives wi l l  be to make detailed spectra of selected sources and of their var iab i l i -  

ty. Table 4 gives the main characteristics of the instrumentation. 

Figure 8 shows the sensi t iv i ty  of the position sensitive proportional counter for 

the direction of point sources as a function of observing time as compared with 

that of Einstein and AXAF, 

--i 

z 

o 

<( 

i-- 

....... ........ . . . . . . .  7 \ 

10 -2 ~ " , , ~ \  \ 

~ " ~ .  Einstein 
~ i  (12"x12"]. 

10 -4 ~ P S P [  (~O"x/*O") _~ 
AXAF ~ 

10-5 , . . . . . . .  i , , , , , , , ~  , , , , , , , , I  

10 3 10 4 10 s 10 6 

EXPOSURE TIME-SE(: 

Figure 8 : 

The sensi t iv i ty  of 
the ROSAT position 
sensitive propor- 
tional counter for 
the detection of 
point sources as a 
function of obser- 
ving time, as com- 
pared to the 
Einstein and AXAF 
capabil i t ies. 

Rosat is presently foreseen to be launched in 1989 by an american Delta Rocket. 

XN~I 

The X-ray multi-mirror mission is the second cornerstone of ESA's Long Term 

Plan. The main characteristic of the instrumentation are given in Table 5 and 

Figure 9, compares the effective areas of 1 XMM mirror with that of the EXOSAT, 

Einstein and AXAF telescopes. 
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Figure 9 : 

The effective area 
of a single and of 
four XMM mirror mo- 
dules as a function 
of X - r a y  photon 
energy as compared 
with that of the 
EXOSAT, Einstein and 
AXAF telescopes. 

One major part of the XMM observing programme wi l l  be devoted to the obser- 

vation of stel lar  Coronae and in particular to the determination of their struc- 

ture (both in their temperature and density), of their time var iab i l i ty  (from 

minutes to days and years). I t  is hoped that a major breakthrough could be made on 

the problem of heating and how i t  depends upon the characteristic parameters of 

the star : rotation, age and total radiation f ie ld.  For this, a high spectral 

resolution resolution is needed which requires the ghigh throughput of a mission 

l ike XMM. I t  wi l l  therefore be possible to resolve the temperature structure of 

the Corona through the use of pairs of lines which are density sensitive and of 

the dif ferential emission measure analysis. The high throughput of ~M wi l l  allow 

the observation of objects located at distances at least 10 times larger than 

those where EXOSAT stars were observed. 

As shown by EXOSAT, the continuous monitoring made possible by the, use of a 

high excentricity orbi t  offers a considerable advantage. This is why a 60 ° , 1000 x 

100000 km orbit has been selected. In that sense, XMM and AXAF are very complemen- 

tary. 

The launch of XMM is scheduled for 1998 on board an Ariane rocket. Direct in 

situ solar wind measurements wi l l  be made possible on board the SOHO and the NASA 

WIND sate l l i te  while Ulysses wi l l  be operating at high heliocentric latitudes abo- 

ve the ecl ipt ic plane. 
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Vl Solar and stel lar  flares 

Flares are amongst the strongest manifestations of solar act iv i ty and they 

find their origin in the release of magnetic energy stored in the Solar Corona. I t  

is therefore in the X-ray, gamma-ray and radio regime that they can best be 

studied. The Solar Maximum mission and the Hinotori mission with their 

comprehensive set of instruments have indeed been the main source of progress in 

the understanding of this complex mechanism. The next cycle wi l l  be studied by a 

new japanese sate l l i te ,  the "High Energy Solar Physics" mission or HESP (Watanabe, 

1986). The HESP mission wi l l  be designed so as to improve on the SMM and Hinotori 

performance and particular emphasis wi l l  be given to high spatial resolution in 

the X-ray domain. 

The key instruments on HESP wi l l  be the Hard X-ray Telescope (HXT) and the 

Soft X-ray Telescope (SXT) which are to resolve structures less than a few arc 

seconds in the Solar Corona. HXT wi l l  be a Fourier Synthetic Telescope while SXT 

which is bui l t  in the framework of a US-Japan cooperation is a grazing incidence 

mirror telescope, with multibroad band f i l t e rs ,  able to provide images with a 

resolution in the 2-3 arcsecond range. Observations wi l l  be continuous and wi l l  

allow the detection of the start of a Flare with an accuracy in absolute position 

better than the spatial resolution. This instrument should also permit to nearly 

image the whole sun. In addition, HESP wi l l  include a group of spectrometers 

covering f rom Soft X-rays to gamma-rays. Table 6 describes the main 

characteristics of HESP. 

The SOHO mission of ESA wi l l  l ikely embark X-ray monitors, spectrometers and 

imagers which wi l l  observe solar flares. However, SOHO is not a flare dedicated 

mission and may only serve as a complement to a mission like HESP. 

As far as stars are concerned, there are no specially dedicated missions, 

however most X-ray instruments on telescopes can be used for the study of flares 

and transients ; they are l isted in column 5 of Table 1. 

VII Observations of stars at various phases of their evolution 

We are dealing here with a stat ist ical approach involving a large number of 

stars and obviously not one single object. 
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I t  happens that the medium and far infrared (including submillimetric wave- 

lengths) together with the X-UV and, gamma-ray domains carry information on both 

the early and late phases of the evolution of a star. The infrared opens the whole 

range of the in ters te l lar  cloud contraction and pre-main sequence phases, while 

the high energies give insight into the very late and neutron star state. Column 2 

of Table 1 shows that in the infrared, a fa i r l y  large number of missions are envi- 

saged in ESA and NASA. ESA is probably the most ahead with i ts  ISO mission already 

in the development phase. 

ISO, a 60 cm cryogenically cooled telescope (Figure 10) with a set of 

4 focal plane instruments described in Table 7 wi l l  be a successor to the highly 

successful IRAS mission but contrary to the la t ter ,  w i l l  concentrate on observing 

a few preselected objects. ISO wi l l  play a central role in enlarging our under- 

standing of the problems associated with the formation of stars from moleculars 

clouds and dust cocoons. Spectroscopic instruments wi l l  allow the very strong 

winds associated with the young stars to be detected and investigated in de ta i l .  

Sun ShadG 

Cooled Cap (Released after Launch) 

_ _ , V a c u u m  Vessel 
Opt ical Baffle 

ooled Shla~s Figure 10 : 

[ 

Observatory (ISO) 
showing the teles- 

S .... dary M, . . . .  I I}I~ cope (60 c m ) t h e  
Ca,egraln ~mes cryostat and the 
Tripod ! ! ! L  _ _ _ _ _ _ S u p p o r t  St ru~um main e l e m e n t s .  

Primary M irror 

for Tank, Telescope 
end instruments 

.Optical Support 
Structure 

/ i ~Ouadrant Star Sensor 

ISO Payload Module 
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The observation and spectroscopy Of proto-planetary nebulae wi l l  provide a key to 

the s t i l l  poorly known origin of our own planets. ISO w i l l  also permit, through 

molecular l ine spectroscopy to derive the physical properties of the atmospheres 

and circumstellar envelopes of cool stars of temperatures as low as about 2000 K. 

ISO wi l l  also provide means of observing the large circumstellar clouds which are 

formed around giant stars of late spectral types through mass loss since a 

substantial fraction of the total luminosity of these stars is usually converted 

into infrared continuum radiation by dust particles in these circumstellar shells. 

Table 7 

ISO Focal Plane Instrumentation 

Instrument Description Wavelength Principal 
Range (jqm) Investigator 

Camera 2-dimensional arrays for 3 - 17 C. Cesarsky 
(ISOCAM) broad-& narrow-band Saclay, F 

imaging. Also polarimetry 

Short Echelle grating with cross- 3 - 50 Th. de Graauw 
wavelength dispersers and Fabry-P6rots Groningen, NL 
spectrometer for high ~esolution (R from 
(SWS) 3OOO - 10 ) 

P h o t o -  Multi-aperture, multiband 3 - 200 D. Lemke 
polarimeter photo-polarimetry. Also Heidelberg, D 
(ISOPHOT) mapping & 

spectrophotometers at the 
shorter wavelengths 

Long Fabry-P6rot and grating 45 - 180 P. Clegg, 
Wavelength combination, with QMC, GB 
spectrometer resolution modes of ~ 200 
(LWS) and-~ 10 ~ 
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Later in the 1990's, ESA may launch one of the cornerstones of i ts  long term 

plan, the submillimetric heterodyne spectroscopy mission also called FIRST, a 10 m 

telescope operating between 0.05 and a few mmo This instrument wi l l  be a unique 

tool to study protostars and the physics of the very early stage of star formation 

in particular, the l ink between molecular clouds and the already formed proto- 

stars, and the violent mass flows from early type stars at the early stages of 

their evolution. I t  w i l l  also allow to study the advanced stages of star formation 

where processed material is flowing into the in terste l lar  medium. FIRST could be a 

precursor mission to the more ambitious Large Deployable Reflection (LDR) of 25 m 

envisaged later by NASA. 

In the X-rays and gamma-rays, there is also a very large number of missions 

either approved or planned which wi l l  concentrate on neutron star and quasi perio- 

dic objects observations (see Columns 5 and 6 of Table 1). 

In the framework of a cooperation between France and Soviet Union, the SIGMA 

project,  a gamma-ray Telescope operationg between 30 KeV and 2 MeV and which w i l l  

be launched in 1988 by a soviet launcher w i l l  concentrate i t s  observations on the 

study of very compact galact ic objects which represent the residu of massive stars 

at the ul t imate phase of the i r  evolut ion,  SIGMA w i l l  also observe pulsars and 

X-ray binaries. The instrumentation is based on the pr inc ip le of imagery through a 

coded mask technique and a set of 61 photomult ip l iers providing an angular resolu- 

t ion of 1 to 13 arcmin., depending upon the source brightness. The operation modes 

w i l l  also al low spectroscopy over 1024 channels and v a r i a b i l i t y  studies. SIGMA 

wi l l  be placed on a high excentr ic i ty  o rb i t  2000 x 200000 km which corresponds to 

a period of 4 days out of which 3.5 are free of rad iat ion bel t  perturbations. 

We should not of course forget that the main sequence is accessible through 

observation in the visible and the ul t rav io let .  Although i t  is l ike ly  that the 

Hubble Space Telescope wi l l  devote most of i ts  time to extragalactic observations, 

fa int  stars wi l l  be observed. At ESA, Lyman, wi l l  mostly concentrate i ts  observa- 

tions to stars (see also section V). 

VII I  Very high Resolution Imagery 

I t  is well known that on the ground, i t  is not the quality of the optics 

which l im i t  our ab i l i t y  to obtain better astronomical images but rather the 
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Earth's atmosphere which is highly turbulent and makes i t  very d i f f u l t  to achieve 

resolution better than one arcsecond on the average and of a few tenths of an 

arcsecond in the best cases. Special techniques have been developed to overcome 

that stringent l imitat ion such as interferometry and, more recently, speckle 

interferometry. These techniques as ef f ic ient  as they are today, cannot compete 

however, as far as the search for ultra-high resolution in the micro-arcsecond 

range i s  concerned, with the so-called Very Long Baseline Interferometry 

technique. The lat ter  is today limited by the length of the base which, for ground 

based telescopes cannot be larger than the diameter of the Earth. Hence, the 

strong advantage of space techniques which are able to overcome these l imita- 

tions. Orbiting telescopes can operate over unlimited baselines and are unaffected 

by atmospheric turbulence. Their resolution is limited only by the intrinsic qua- 

l i t i es  of their optics and of the pointing systems which are used to maintain any 

astromical object in their f ie ld of view. 

The f i r s t  to take advantage of Space Techniques in VLBI radioastronomy wi l l  

probably be the Soviets with their RADIOASTRON project which they plan to f ly  in 

the 1991-1994 timeframe. This w i l l  be a 10 m antenna orbiting at a maximum dis- 

tance of 77000 km from the Earth which wi l l  "interfere" with ground based radio 

telescopes, providing a resolution in one direction of 30 micro arcseconds. The 

receivers wi l l  operate in the range of 0.33 and 22 GHz. A recent test (using 

telescopes) in the United States, Japan and Australia using the TDRSS (a data 

relay satel l i te)  has proven the val id i ty of the technique : out of 25 sources 

which were observed, 23 have provided interference fringes (Levy et al 1986). ESA 

is presently studying at phase A level a mission named QUASAT to be launched in 

the mid-1990's which is a 10 m offest antenna operating between 0.33 and 22 GHz, 

providing a baseline of 27000 km, yielding a resolution of 65 micro-arcseconds. 

The Japanese are also envisaging a mission called VSOP which consists of a 

5 m dish which wi l l  observe in the 5 and 22 GHz frequency bands from a low orbit 

with an inclination of 31 °. I f  approved, this mission wil l  be launched in the 

1993-1994 timeframe, to complement RADIOASTRON and possibly QUASAT later. 

Extending the technique of radio VLBI to the optical or the near optical 

range and to shorter wavelengths is not easy an extrapolation. Such an attempt 

would be just i f ied only as long as the technique would have reached on the ground, 

i ts own limitations and that i t  has been understood where these limitations come 
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from. I t  is anticipated however that for baselines larger than a few tens of 

metres, the terrestr ial atmosphere again wi l l  prevent maintaining phase coherence 

and that space techniques wil l  be necessary to improve the resolution. 

Two projects are being studied in Europe and in the United States : the TRIO 

(Figure 11) and SAMSI concepts. Both concepts, very similar in essence, are based 

on the use of two interfering telescopes and of a central station. The telescopes 

are 1 m in diameter separated by 10 km, which corresponds to a resolving power of 

10 micro arcseconds, which is two orders of magnitude better than the capabilit ies 

of today's conventional interferometry. With this resolving power, the disk of a 

white dwarf would be resolved at a distance of 130 l ight years, and actual imaging 

of ste l lar  surface is possible : in principle, a star of large angular diameter 

l ike Betelgeuse could be "seen" as the Sun with a seeing of one arcsecond. 

Figure 11 : 

The TRIO concept 
studied at ESA in- 
cluding the two 
telescopes and the 
Central station. The 
three spacecrafts 
woul& be located at 
a lunar-solar 
Lagrangian point, 
where differential 
gravitational forces 
are weak. 

The TRIO and SAMSI concepts di f fer  essentially on the technique of propul- 

sion to adjust the position of the three elements of the interferometer : chemical 

or ion propulsion for SAMSI, and solar radiation pressure for TRIO. The emphasis 

of the US project is on sweeping across as many sources as possible in the minimum 

time while the Europeans have concentrated on obtaining two dimensional images. 

In a recent study undertaken for NASA, the National Academy of Science has 

ident i f ied Space interferometry as a major element of Space astronomy in the 21st 

century and two projects in particular look very promising although at the l im i t  

of today's human ambition : 

- a large space telescope array made of 8 mirrors of 8 m each providing a 

resolution of 25 milliarcseconds at 10 microns and, 
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a long baseline optical interferometre made of two or more 8 m telescopes 

operating on a baseline of 100 km, reaching an angular resolution in the 

micro-arcsecond range. 

As far as the Sun is concerned, i ts  proximity to us, implies that Ultra High 

Resolution Imagery (UHRI) deals with structures of only a few km or even hundreds 

of meters at the solar surface. One may therefore question whether there are any 

such structures in the Sun and whether they can be observed since the photons mean 

free path is much longer than the characteristic dimension of these hypothetical 

structures. In the framework of the already mentionned NAS study, a workshop was 

organized in January 1986 in Tucson, which involved a substantial participation of 

European scientists, with the very precise goal of assessing the scient i f ic value 

of UHRI for the Sun, and of analyzing ways and technical means which could be used 

to that effect. The proceedings of this workshop are available (High Spatial Reso- 

lut ion Observations of the Sun in the 21st century, D. Rabin, J. Leibacher Ed. 

Tucson NOAO, Jan. 1986). The outcome of the study was to confirm def in i te ly the 

scient i f ic interest of UHRI, especially because there may be some structures 

to ta l ly  confined by the magnetic f ie ld into small volumes and whose radiative 

output might be strong enough to be detectable. 

Several techniques have been proposed to obtain the images, such as 

operating at short wavelengths to beat down the dif fract ion problem of telescopes, 

by using : 

very high quality grazing incidence X-ray mirrors, 

or normal incidence optics coated with mult i-ref lect ing layers, operating 

near di f f ract ion l im i t  in the far UV and X-ray domain, 

or phase plane correctors (such as in the DILUVIS concept of bam~, Foing 

et al (1986). 

Speckle Imaging techniques and aperture synthesis have also been considered, 

as well as interferometry using several telescopes or a remake of Michelson's 

experiment using the late SOT or i ts  successor HRSOo A small preparatory experi- 

ment, (Dam~, Foing et al 1986) has even been proposed as a test using 4 x 10 cm 

telescopes over a baseline of 2 to 4 m, the so-called SOABI concept to be 

performed on board one of ESA's Eureca platforms or on the Space Station. 
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IX Conclusion 

As i t  can be easily judged from the previous enumeration of projects and of 

scient i f ic objectives, the future prospects for ste l lar  and solar observations are 

very bright, provided the delays induced by the present cr is is in Space launchers 

wi l l  soon be brought to a stop. From the deep inter ior of stars to the most 

external parts of their atmospheres, Space techniques offer unique means of 

investigation. The major world space agencies have their own plans established in 

this area but i t  can easily be realised that none of them would be able, alone, to 

provide the complete and necessary weaponery which we have br ief ly  described in 

this short art ic le and which would yield to the most advanced progress in our 

understanding of ste l lar  and solar physics. 

However, by joining their efforts through close consultation and 

cooperation, they might altogether contribute to the most impressive endeavour in 

the history of astronomy. This peaceful enterprise can be put at work at any time 

and the plans in each agency are ambitious enough to prevent anyone of them to 

impose any kind of leadership in this area. The recent example of Halley's comet 

space missions which followed exactly that track is a clear indication that 

cooperation in the envisaged space missions would be the most promising approach 

to solve the exciting problems of stel lar and solar physics. 
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