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ABSTRACT. The state of theoretical description of small-scale concentrated magnetic fields in 
the solar photosphere (excluding oscillations and wave propagation) is reviewed with emphasis on 
work done since 1982. The processes which probably lead to the formation of strong fields (flux 
expulsion, convective collapse) are discussed in some detail and the present understanding of the 
subsequent (quasi-)equilibrium state is summarized. We consider in particular the magnetic and 
thermal structure of the basic magnetic flux concentrations (magnetic elements) and stress the 
importance of radiative transfer effects, e.g. the horizontal heat exchange with the surroundings 
and the effect of radiation from the hot bottom and walls on the upper layers. Velocity fields within 
and around magnetic flux concentrations are discussed with emphasis on shift and asymmetry of 
the observed Stokes K-profiles which have recently been understood in terms of a downflow in the 
immediate vicinity outside magnetic structures. Reconnection and instabilities are considered as 
possible destruction processes for magnetic elements. 

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

Most of t he observable magnet ic flux pe rmea t ing t h e solar pho tosphere is organized in a 
hierarchy of s t ruc tures which have a magnet ic pressure comparab le t o t h e gas pressure in 
thei r apparen t ly non-magnet ic env i ronment . Detai led analysis of spat ial ly unresolved spec-
t r a (reviewed by Solanki in these proceedings, see also Stenflo, 1989) indicates t h e existence 
of a basic s t ruc tu re , t he magnetic element, wi th a magne t ic flux of a few t imes 1 0 1 7 mx , a 
flux densi ty of abou t 2000 Gauss and a d iamete r of less t h a n 200 k m (bo th a t con t inuum 
opt ical dep th un i ty wi thin the magnet ic s t ruc tu re ) . Magnet ic e lements comprise most of 
t he flux in t h e magnet ic network outs ide act ive regions and in plage areas . Larger s t ruc-
tu res like sunspots or pores are formed in t he course of t h e e rup t ion of new act ive regions. 
After t h e init ial phases of magnet ic flux emergence they sooner or la te r f ragment in to mag-
net ic e lements . T h e ubiqui ty of magnet ic e lements and t h e remarkab le fact t h a t they all 
basically share t he same proper t ies place these s t ruc tu res in t h e focus of observat ional and 
theoret ica l in teres t , even more so since they are suspected t o play a crucial p a r t in the solu-
t ion of t he long-s tanding problems of chromospher ic /coronal hea t ing and t h e acceleration 
of t h e fast solar wind. A p a r t from the implicat ion for solar and stellar physics , small-scale 
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magne t ic flux concentra t ions in the solar ( sub-)photosphere can be seen as an example for 
t h e format ion of dissipative s t ruc tures in sys tems far from the rma l equi l ibr ium. 

Magnet ic e lements are t oo small t o be individually s tudied in detai l wi th present ly ex-
is t ing spectroscopic i n s t rumen ta t i on . The i r t en ta t ive identification wi th small br ight s t ruc-
tu res in t h e con t inuum and in spectra l lines (Dunn and Zirker, 1973; Mehl t r e t t e r , 1974; 
cf. review by Muller in these proceedings) has been suppor ted by the analysis of spectra l 
lines profiles (Schüssler and Solanki, 1988) and numerical model calculat ions (Spru i t , 1976; 
Gros smann-Doe r th et al. , 1989a). Recently, it has been demons t r a t ed by high-resolution 
magne tog rams and fil tergrams (Ti t le et al . , 1989) t h a t magnet ic s t ruc tu res coincide with 
br ight features in t he ne twork while in plage regions t he relat ion be tween br ightness and 
magne t i c s t ruc tures seems to be more complicated. This is p resumably due t o t he tendency 
of magne t ic e lements t o collect in to clusters in regions of large average magne t ic filling fac-
tor (Knölker and Schüssler, 1988) where they strongly influence t h e g ranu la r mot ions and 
the convective energy t r anspo r t . 

T h e remarkable progress in our unders t and ing of small-scale magnet ic fields in t h e solar 
pho tosphere in spite of t he resolution problem was m a d e possible by t h e ingeneous use of 
indirect spectroscopic m e t h o d s , t he development of sophis t icated i n s t r u m e n t s , mos t no tab ly 
t h e K i t t Peak Fourier t ransform spec t rog raph /po la r ime te r ( F T S ) , t he theoret ical s tudy 
of basic physical processes in flux concentra t ions and magnetoconvect ion using simplified 
models , and t h e advent of comprehensive numerical s imulat ions of M H D and rad ia t ive 
transfer . 

Theore t ica l aspects of small-scale photospher ic magnet ic fields have been reviewed ear-
lier by Meyer (1976), Weiss (1977), Pa rke r (1979), Priest (1982), Sprui t (1983), Sprui t and 
Rober t s (1983), Nordlund (1984,1985b,1986), T h o m a s (1985), Schüssler (1986, 1987a), and 
Sprui t et al . (1989). Th i s review concentra tes on t he deve lopments which took place after 
t h e IAU-Sympos ium No. 102 in Zürich (Stenflo, 1983). A n u m b e r of reviews in these 
proceedings is re lated t o magnet ic e lements , namely those of Müller , Solanki and Ti t le 
(observat ional aspec t s ) , Nordlund ( in teract ion with convect ion) , and Ryu tova (waves and 
oscil lat ions). In order t o l imit over lapping with t he l a t t e r two cont r ibu t ions , magnetocon-
vection and t h e theory of waves in fluxtubes will not be discussed here . We shall focus 
our a t t en t ion on the present s t a t e of theoret ical unde r s t and ing of t h e format ion (Ch . 2) 
and des t ruc t ion (Ch . 4) processes of magnet ic e lements and t o t he proper t ies of the i r quasi-
equi l ibr ium s t a t e (Ch . 3) . 

2. F o r m a t i o n 

Magnet ic flux which is observed in t he solar pho tosphere mos t p robably has i ts origin in 
d y n a m o processes opera t ing near t he b o t t o m of t he convection zone from where it rises t o 
t he surface due t o t he combined effects of buoyancy and convective flows. Since t he average 
field s t reng th in an emerging flux region is r a the r high, a pre-erupt ion field s t reng th of a t 
least a few hundred Gauss in t he uppermos t layers of t he convection zone m u s t be assumed 
(Zwaan , 1978). T h e e rup t ing flux t ransforms in to s t rong flux concent ra t ions in a m a t t e r of 
minu tes since the re is no evidence t h a t t he field s t reng th in newly e rup ted act ive region is 
smaller . After t he init ial flux e rupt ion we expect a dynamica l s t a t e : F lux concentra t ions 
are formed, temporar i ly a t t a in an equil ibrium s t a t e and dissolve again while t h e magnet ic 
flux is cons tan t ly moved a round the changing p a t t e r n of g ranu la t ion and supergranula t ion . 
On the o ther h a n d , a t any ins t an t from the beginning of t h e life of an act ive region t o the 
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dispersal of i ts flux in t he ne twork more t h a n 90% of t he magne t i c flux which is observable 
th rough t h e analysis of circular polar izat ion in spect ra l lines (see Stenflo, 1987, on the 
possible existence of a " tu rbu len t " field with mixed polar i ty on very small scales) is in 
the form of magnet ic e lements wi th large field s t r eng th . Consequent ly , t h e format ion and 
des t ruct ion processes mus t have a much shor ter t imescale t h a n t h e lifetime of magnet ic 
e lements in equi l ibr ium. 

T h e remarkab le result t h a t all magnet ic e lements i r respect ive of being located in ne twork 
or in ac t ive regions have similar t h e r m o d y n a m i c and m a g n e t o h y d r o d y n a m i c proper t ies (e.g. 
Stenflo and Harvey, 1985; Zayer et al . , 1989) which vary only weakly wi th increasing n u m b e r 
densi ty of flux concentra t ions (Solanki and Stenflo, 1984) indicates t h a t they are formed 
by essentially t he same process and reach a (quas i - equ i l i b r ium which is de te rmined by the 
local proper t ies of t he p la sma within and a round t h e m . T h e r e are t w o mechan i sm which 
are held responsible for the concentra t ion of magnet ic flux in to s t ruc tu res wi th large flux 
densi ty: Flux expulsion and convective collapse. Al though bo th processes are related we 
discuss t h e m in somewhat artificial separa t ion in order t o emphas ize t he basic effects. 

Convect ive mot ions in an electrically well-conducting p l a sma concen t ra te magne t ic flux 
in to s t ruc tu res with a local flux densi ty much larger t h a n i ts average value. Th i s flux 
expubion process (Parker , 1963; Weiss, 1966; Galloway and Weiss , 1981; Weiss, 1981a,b; 
Hur lbur t et al . , 1984; Hur lbur t and Toomre , 1988) leads t o a kind of "phase separa t ion" 
between field-free convect ing p lasma and magne t ic , a lmost s t a g n a n t regions. It has been 
suggested by Pa rke r (1984) t h a t in a stellar convection zone such a configuration is ener-
getically favoured since it minimizes t he interference of t he magne t ic field wi th t h e convec-
tive energy t r a n s p o r t . In t he case of t he solar ( sub- )photosphere , flux expulsion leads t o 
a sweeping of magnet ic flux in to t he in te rgranular downflow regions as demons t r a t ed by 
high-resolution observat ions (Ti t le et al . , 1987) and numerica l s imula t ions (Nord lund 1983, 
1986). T h e expulsion process works in essentially t he same way for t h e vert ical component 
of t h e vorticity as can be shown using the well-known formal iden t i ty of t h e equat ions de-
scribing the t ime evolution of vertical vort ici ty and magnet ic field in t h e k inemat ica l l imit . 
This has t h e consequence t h a t bo th magnet ic flux and vert ical vort ici ty are concent ra ted 
in to t h e na r row downflow regions of g ranu la r convection (cf. Nord lund , 1985a,b) such t h a t 
the magne t ic flux concentra t ions become sur rounded by rapidly ro ta t ing , descending whirl 
flows. 

T h e back react ion of the magnet ic field on the flow via t he Lorentz force l imits the 
flux densi ty which can be achieved by flux expulsion t o a value which is roughly given by 
the equipartition of magnet ic and kinetic energy density. Th i s l imit m a y be modified by 
the effects of diffusion and compressibil i ty (cf. P roc to r and Weiss , 1982). For the case 
of t he solar ( sub-)photosphere , however, t he equipar t i t ion l imit ( a few h u n d red Gauss) is 
rendered irrelevant by thermal effects. Since t he hor izontal flows of g ranu la r convection are 
responsible for bo th sweeping the magnet ic field t o t he downflow regions and for carrying 
hea t t o those regions, the re ta rda t ion of t he flows by the growing magne t ic field leads t o a 
cooling of t he magnet ic region since t he t he rad ia t ive losses can no longer be balanced by the 
th ro t t l ed hor izontal flow. This cooling effect causes an increase of t he magne t ic field since 
the gas pressure in the magnet ic region becomes smaller and it accelerates t he downflow 
which gives rise t o t he superadiabatic effect (Pa rke r , 1978): An ad iaba t i c downflow in a 
magne t ic flux t u b e which is thermal ly isolated from its sur roundings leads t o a cooling 
of t h e inter ior with respect t o t he superadiabat ica l ly stratified sur roundings and a par t ia l 
evacuat ion of t he t he upper layers ensues. Pressure equi l ibr ium wi th t h e sur rounding gas 
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is ma in ta ined by a contract ion of t he flux t u b e which increases t h e magne t ic pressure . In 
th is way, t h e magnet ic field can be locally intensified t o values which are only l imited by 
t h e confining pressure of the externa l gas . 

I t has been shown by a n u m b e r of au thors (Webb and Robe r t s , 1978; Sprui t and Zweibel, 
1979; U n n o and Ando , 1979) t h a t t he superad iaba t ic effect in t h e case of a flux t u b e which 
is in magne tos t a t i c and t e m p e r a t u r e equil ibrium with i ts env i ronment drives a convective 
instability in t h e form of a monotonical ly increasing up- or downflow. Consequent ly , the 
ini t ial downflow due to t he rad ia t ive cooling will be enhanced by th is effect leading to an 
even s t ronger amplification of t he magnet ic field, a process which is often referred t o as 
convective collapse. 

While th is convective ins tabi l i ty of a flux t u b e wi th a weak magne t i c field is theoretical ly 
well es tabl ished, t he results for s t rong fields and for t he nonl inear evolut ion of t he convective 
collapse give no unique p ic ture . T h e claim of Sprui t and Zweibel (1979) and Sprui t (1979) 
t h a t flux tubes wi th a s t rong enough magnet ic field become s table wi th respect t o convective 
collapse has been critized by Nordlund (1984) who argued t h a t th is result depends on 
t h e choice of bounda ry condit ions: If t he displacement of m a t t e r (or t h e fluid velocity 
along the t u b e ) is not constra ined to vanish a t two fictitious endpo in t s of t he t u b e , any 
ad iaba t i c downward displacement leads t o a s t a t e of lower energy and there is no s table 
equi l ibr ium, i r respect ive of the field s t r eng th . Th i s a rgumen t is suppor ted by the linear 
results of Webb and Rober t s (1978) who showed t h a t t h e locat ion of t h e lower (closed) 
b o u n d a r y significantly influences t he linear s tabi l i ty in a way t h a t the stabil izing effect of 
t h e magne t ic field decreases more and more as t he locat ion of t he lower b o u n d a r y is shifted 
deeper and deeper . 

Th i s dependence on the bounda ry condit ions explains the discrepancy be tween the results 
of nonl inear s imulat ions by Hasan (1983) and Venkatakr i shnan (1983) and those performed 
la ter by Hasan (1984). In t he first two papers cons tan t in te rna l gas pressure was assumed 
a t t he boundar ies which t hus were effectively "open" . In these cases t he convective insta-
bil i ty evolved in to a s t a t e of pe rmanen t downflow with high velocity, near ly independent of 
t h e s t reng th of t h e init ial field. In his subsequent paper , Hasan (1984) used closed bound-
aries, i.e. vanishing velocity a t t he end po in t s . Now the ins tabi l i ty was suppressed for 
s t rong enough magne t ic field (in agreement with t h e l inear results using the same bound-
ary condi t ions) and the uns tab le configurations evolved in to a s t a t e of s t a t ionary ad iaba t ic 
oscillation. 

W i t h t h e except ion of very special upper bounda ry condit ions (e.g. U n n o and Ando , 
1979), t he crucial point is the choice of t he lower b o u n d a r y condit ion (cf. Webb and 
Robe r t s , 1978; Hasan , 1986). A downflow leads t o a gas pressure enhancement near a closed 
b o u n d a r y and a local expansion of the flux t u b e in order t o ma in t a in equi l ibr ium with the 
ex te rna l gas pressure . For a weak field, th is expansion is significant since only a mode ra t e 
increase of t he in te rna l gas pressure can be balanced by a decrease of t he magne t ic field. 
Consequent ly , t h e vert ical restoring force on the downflow due t o t h e pressure enhancement 
is weak and the expansion of the t u b e provides space for t h e m a t t e r carried by the nearly 
un impeded downflow. W i t h a s t rong magnet ic field, on t h e o the r h a n d , pressure balance 
wi th t he exter ior is readjusted by only a slight expansion and t h e in te rna l gas pressure 
enhancement is fully available as restor ing force in t he vert ical direct ion. However, if the 
flow is not constra ined t o vanish a t t he b o u n d a r y or if t he in te rna l pressure is assumed to 
be cons tan t the re , t he restor ing force is much less effective and a s t rong magne t ic field is 
no t able t o suppress t he instabi l i ty. 
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T h e quest ion arises as t o which bounda ry condit ions should be used in t h e case of so-
lar photospher ic magnet ic flux concentra t ions . Str ict ly speaking, a vanishing of t h e fluid 
displacement can reasonably be assumed only in a convectively s table s trat i f icat ion, i.e. if 
t he b o t t o m of t h e t u b e is placed below t he convection zone. Th i s has effectively been done 
by W e b b and Rober t s (1978, Ch. 6.2) by forcing the velocity pe r t u rba t i on t o vanish a t 
infinity and also by Sprui t and Zweibel (1979) who p u t t h e b o u n d a r y a t t h e b o t t o m of 
the convection zone. Whi le Webb and Rober t s (1978) found for a model wi th a cons tan t 
t e m p e r a t u r e gradient t h a t a s t rong field can only stabilize a small range of superad iaba t ic 
t e m p e r a t u r e g rad ien t s , Sprui t and Zweibel (1979) showed t h a t for thei r b o u n d a r y condi-
t ions and a realistic convection zone a flux t u b e is s table if β = 8πρ/Β2 < 1.51 . Bo th 
calculat ions assume an equl ibr ium s t a t e with t e m p e r a t u r e in t he flux t u b e being equal t o 
t he ex te rna l t e m p e r a t u r e , i.e. a dep th- independent value of β. T h e reason for t he differing 
results lies in t he small superadiaba t ic i ty of t he deeper layers of a realistic convection zone 
while W e b b and Rober t s (1978) assume a cons tan t superad iaba t ic i ty . However, t he appli-
cabil i ty of these l inear results for s t rong fields t o t h e real Sun is ques t ionable for a number 
of reasons: 

- T h e assumpt ion of ad iaba t ic changes is qui te unreal is t ic because of t he s t rong effects of 
rad ia t ion on the energy balance of t he surface layers . 

- Tak ing a dep th- independent β implies unrealist ically large values of t he field s t reng th in 
t he deep layers: 3 · 1 0 8 Gauss a t the b o t t o m of the convection zone for β = 1.5. 

- It is by no means obvious t h a t t he observed magnet ic e lements should ma in t a in their 
iden t i ty as single flux tubes in deeper layers and the assumpt ion of a vert ical t u b e becomes 
i nadequa t e a t m o d e r a t e dep ths of a few 1 0 3 km: Small flux concent ra t ions become passive 
wi th respect t o t he convective flows due t o t he s t rong increase in densi ty and will be 
severely d is tor ted and fragmented (Schüssler, 1984a; 1987b). 

In view of the observat ional results which imply t h a t most of t h e magne t ic flux a t any given 
in s t an t of t ime is in t he form of magnet ic e lements approx imate ly in hydros ta t i c equl ibr ium 
wi thout a significant downflow (Stenflo and Harvey, 1985; Solanki, 1986) all of which have 
similar t h e r m o d y n a m i c and magnet ic proper t ies , we conclude t h a t th is s t a t e cannot be 
de te rmined by condit ions deep within t he convection zone b u t r a t h e r is controlled by the 
local condit ions in or near the observable layers . In summary , a l though the l inear results 
demons t r a t e t he existence of the convective collapse mechan ism they do not seem to be 
par t icular ly relevant for the quest ions whether a s table s t a t e is reached by t h e instabi l i ty 
and , if yes , which are its proper t ies . T h e dynamics of t he nonl inear evolut ion of t he insta-
bil i ty and i ts non-adiaba t ic charac ter due t o rad ia t ive effects have t o be t aken in to account 
in order t o quant i ta t ive ly predict t he result of a convective collapse. 

T h e configuration result ing from the convective collapse mus t not necessarily be globally 
s table in order t o represent a local quasi-equil ibrium in t he surface layers as implied by 
observat ions . T h e radia t ive cooling effect and the large superad iaba t i c i ty are res t r ic ted t o 
t he uppe rmos t layers of the convection zone and the resul t ing uns tab le downflow will be 
localized in this region. T h e deeper layers are only slightly superad iaba t i c and t hus almost 
neut ra l ly s table b u t represent a large iner t ia because of t he dras t ic increase of densi ty 
wi th d e p t h . We should therefore expect t h a t t he collapsing upper layers a re s topped and 
reflected similar t o a body colliding with ano ther body of much larger mass a t rest which 
is set i n to only very slow mot ion . It is presently unclear how s t rong t h e following upflow 
is. Nord lund ' s (1983, 1986) s imulat ions do not show an upflow b u t thei r poor spat ia l 
resolut ion and s t rong numerical diffusion on the scale of t he flux concent ra t ions couple the 
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magnet ic regions artificially t o the dynamics of t he externa l downflow. T h e s imulat ions of 
Hasan (1984, 1985) and Venkatakr i shnan (1983, 1985) exhibi t an upflow and a subsequent 
oscillation b u t they do not incorpora te a precise t r e a t m e n t of t he i m p o r t a n t effects of vertical 
r ad ia t ive energy losses which are largely enhanced by t h e s t rong t e m p e r a t u r e dependence 
of t h e con t inuum opacity. If t he upflow is s t rong enough it could possibly drive a spicule 
t h rough t h e formation of shocks (cf. Suematsu et al . , 1982; Hollweg, 1982; Sterl ing and 
Hollweg, 1988). However, it is well possible t h a t t he m a t t e r has lost so much energy th rough 
rad ia t ive losses t h a t t he upflow is weak or even non-exis tent . Eventual ly , th is issue has t o be 
set t led by observat ion where t he only indicat ion of a convective collapse has been provided 
by Wieh r (1985; see, however, Solanki and Stenflo, 1986). It would be a ma jo r achievement 
if spectroscopic observat ions with high spat ia l resolution could follow the convective collapse 
of a single magnet ic flux concent ra t ion . 

Whichever is t he detai led dynamic evolution of the convective collapse, in t he uppermos t 
layers of t he convection zone it leads t o a s t a t e near hydros ta t i c equl ibr ium. Due t o the 
s t rong rad ia t ive losses dur ing the collapse phase t he gas in t he flux concent ra t ion is now 
significantly cooler t h a n the sur rounding med ium a t equal d e p t h . Th i s t e m p e r a t u r e reduc-
t ion is well capable of stabilizing t he equil ibrium of the upper layers wi th respect t o further 
convective collapse (see Webb and Rober t s , 1978) independent of t h e choice of par t icu lar 
b o u n d a r y condit ions in t he linear s tabi l i ty analysis . T h u s it is t he non-ad iaba t ic i ty of the 
collapse due t o t he rad ia t ive energy losses which m a y well be responsible for t h e establish-
men t of a locally s table configuration while t he increase in magne t ic field s t reng th only is 
of minor impor t ance . 

T h e t h e r m a l isolation wi th respect t o convection is counterac ted by rad ia t ion if t h e mag-
net ic s t ruc tu re is so small t h a t i ts hor izontal opt ical dep th becomes of order uni ty . Con-
sequently, very small s t ruc tures will always be kept a t t he t e m p e r a t u r e of t he sur rounding 
gas and therefore cannot undergo a convective collapse (Schüssler, 1986; Venkatakr i shnan , 
1986). Hasan (1986) has shown for a realistic solar a tmosphere t h a t t h e crit ical value of β 
for t h e onset of monotonie convective instabi l i ty increases rapidly for decreasing d iameter 
of t he flux t u b e if la tera l rad ia t ive energy exchange is t aken in to account . 

It remains an open quest ion whether magnet ic e lements a re suscept ible t o overstabil i ty 
caused by hor izontal rad ia t ive transfer (Rober t s , 1976; Spru i t , 1979; Hasan , 1985, 1986; 
Venka takr i shnan , 1985; Massaglia et al . , 1989) if t h e energy losses by vertical radia t ive 
transfer are consistent ly t aken in to account . A proper t r e a t m e n t of radia t ion far beyond 
the l imits of t he diffusion equat ion or "Newton ' s law of cooling" and an adequa te level of 
spat ia l resolution in numerical s imulat ions is necessary in order t o decide whether over-
s table oscillations are excited in a realistic model of a magnet ic e lement . Even a crude 
inclusion of vert ical rad ia t ive transfer (Venkatakr i shnan , 1985) or t h e s tep from t h e radia-
t ive diffusion/relaxation t ime approach t o the Edd ing ton approx imat ion (Massagl ia et al., 
1989; Hasan , 1989) led t o dras t ic changes especially for t he in teres t ing case of a flux tube 
with a hor izonta l optical dep th a round uni ty. 
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3 . E q u i l i b r i u m 

Observat ional results indicate t h a t photospher ic magnet ic flux concent ra t ions reach an equi-
l ibrium s t a t e whose proper t ies are similar for most small-scale flux concent ra t ions (Zayer et 
al., 1989) and depend only weakly on the filling factor, i.e. t h e fraction of t he a rea covered 
with magne t i c e lements (Stenflo and Harvey, 1985; Solanki and Stenflo, 1984). T h e upper 
limit of 250 m - s " 1 for an average flow within t he magnet ic s t ruc tu res de te rmined from the 
absolute shift of t he Stokes V-profile zero crossings of spect ra l lines in spat ial ly and tem-
porarily unresolved F T S spec t ra (Stenflo and Harvey, 1985; Solanki, 1986) indicates t h a t 
the s t ruc tu res are approximate ly in (magne to- )hydros ta t i c equl ibr ium. Th i s upper limit 
also excludes efficient vert ical convective energy t r a n s p o r t , for ins tance by la rge-ampl i tude 
overstable oscillations, since this would also lead t o a significant average shift due t o a 
correlation between in tens i ty and velocity (e.g. Hasan , 1985). 

These results justify t he theoret ical working hypothes is t h a t , except for t h e formation 
and des t ruc t ion phases , the basic proper t ies of photospher ic magne t ic flux concentra t ions 
may be represented by p ro to type flux tubes or flux slabs in s ta t ic or s t a t iona ry equil ibrium 
embedded in a non-magnet ic env i ronment . T h e theoret ical object ive is t o describe this s t a t e 
self-consistently including force balance and dynamics , energy t r a n s p o r t by radia t ion and 
flows, and in terac t ion with the env i ronment . Ul t imate ly , th is task calls for a comprehen-
sive 3D t ime-dependent numerical s imulat ion. However, th is cannot by achieved with the 
computa t iona l facilities available a t present or in t h e near future . For example , t h e simula-
tions by Nordlund (1983, 1986) have a spat ia l resolution of ab o u t 250 k m in t h e horizontal 
direction while a value of a few km is needed t o resolve t he b o u n d a r y layer be tween a flux 
concentra t ion and its surroundings which is crucial for a correct descript ion of t h e energy 
balance . Consequent ly , the available 3D s imulat ions m a y describe t h e average mot ion of 
an ensemble of magnet ic e lements in a t ime-dependent g ranu la r velocity field b u t they give 
no informat ion on the dynamics and the proper t ies of individual flux concent ra t ions . So it 
is necessary t o consider models restr icted t o one or two spat ia l d imensions which allow a 
much be t t e r spat ia l resolution. 

Some guidance as t o the assumpt ions going in to these models can be t aken from simple 
considerat ions . For example , t he s t rong buoyancy force of a magne t ic e lement keeps it 
essentially vert ical in the (sub-)photospher ic layers (Schüssler, 1986) such t h a t t h e model 
of a vert ical flux t u b e with a s t ra ight axis seems reasonable unless i ts d iamete r is much 
smaller t h a n the scale height . Also t he assumpt ion of a th in b o u n d a r y (current sheet) 
be tween t h e flux concentra t ion and its envi ronment is suppor ted by es t imates of t he widths 
of resistive and viscous bounda ry layers (Schüssler, 1986). T h e cross-field flows due t o finite 
resist ivi ty are less t h a n 10 m - s " 1 for the photospher ic regions while t he drift velocities of 
neu t ra l a toms is a few c m - s " 1 a t m a x i m u m (Hasan and Schüssler, 1985). T h u s t he effects 
of finite resist ivi ty and incomplete ionization are irrelevant and the approx imat ion of ideal 
magne tohydrodynamics is well justified for t he photospher ic layers . 

3.1 MAGNETIC FIELD 

In order t o describe the s t ruc tu re of t he magnet ic field in a photospher ic flux concentra t ion 
a n u m b e r of approaches has been used. Static models based on t h e approx imat ion of slender 
fluxtubes have been presented by Ferrari et al. (1985) and Hasan (1988). Higher orders in the 
radial expansion procedure which t o zeroth order gives t h e slender fluxtube approximat ion 
(cf. Rober t s and W e b b , 1978; Ferriz-Mas and Schüssler, 1989) and allow t o include twisted 
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fields have been considered by Wilson (1977), Browning and Priest (1983) and P n e u m a n 
et al . (1986). T h e similari ty approach was used by Osherovich et al. (1983) and Solov'ev 
(1984). 2D models of po ten t ia l fields have been presented by Sprui t (1976, 1977), Simon 
et al. (1983) and by Schmidt and W e g m a n n (1983, see also J a h n , these proceedings) who 
solved t h e free b o u n d a r y problem consistently . Full 2D magne tos t a t i c models wi th in terna l 
cur ren t s and current sheets have been published by Pizzo (1986), Steiner et al. (1986) and 
recently by Steiner and Pizzo (1989). 

Time dependence is included in a n u m b e r of approaches which aim ei ther a t describing 
dynamica l processes (flows, waves, oscil lations, shocks) or t ry t o model t he evolut ion of 
t h e flux concent ra t ion t o a s ta t ionary s t a t e self-consistently. In th is connect ion slender flux 
tubes have been assumed, among o thers , by Unno and Ribes (1979), Holl weg (1982), Hasan 
(1984 ,1985) , Venkatakr i shnan (1983 ,1984) , Herbold et al. (1985), Ribes et al. (1985), Hasan 
and Schüssler (1985), Ferriz-Mas and Moreno-Insert is (1987), Ferr iz-Mas (1988), T h o m a s 
(1988), Montesinos and T h o m a s (1989), and Degenhard t (1989). Higher orders of t h e radial 
expansion have been considered by Ferriz-Mas et al. (1989) and An ton (1989). Simulat ions 
in 2D slab geometry have been performed by Deinzer et al. (1984a,b) , Knölker et al. (1988), 
Knölker and Schüssler (1988) and Grossmann-Doer th et al. (1989a) . T h e p a t h followed by 
slender flux tubes in prescribed cellular velocity fields m e a n t t o represent supergranu la r and 
g ranu la r flows has been invest igated in a t ime-dependent calculat ion by Meyer et al. (1979) 
and Schmidt et al. (1985). 

T h e he ight -dependence and the horizontal constancy of t he magne t ic field given by the 
slender flux t u b e approx imat ion are in good agreement wi th results derived from F T S 
spec t ra in t h e visible and in the infrared (Zayer et al . , 1989), a result which is further 
suppor ted by comparison wi th 2D models (Knölker et al . , 1988). Steiner and Pizzo (1989) 
have shown t h a t an unrealist ically large a m o u n t of hea t ing or cooling in t h e photospher ic 
layers of a flux t u b e would be necessary in order t o significantly influence i ts shape . The 
effect of a twis ted field on the equil ibrium and shape of a flux t u b e has been invest igated 
by Steiner et al. (1986) who found t h a t magne tos ta t i c equi l ibr ium cannot be achieved if 
t h e az imutha l field component exceeds a critical value of ab o u t a th i rd of t he axial field 
s t reng th a t t he base of t he model . For s tat ical ly allowed values of t he twist t he shape of 
t h e flux t u b e and the height where it merges wi th t he ne ighbour ing flux tubes for a given 
filling factor is not s t rongly affected by twis t ing t he field (see also P n e u m a n et al . , 1986). 

3.2 THERMAL STRUCTURE 

A variety of effects influences t he energetics and the t e m p e r a t u r e s t ruc tu re of a photospheric 
flux concent ra t ion: 

- Advect ion of hea t by flow fields in the env i ronment , 

- la tera l exchange of energy with t he sur roundings by rad ia t ive t r a n s p o r t , 

- r educ t ion / suppress ion of convective energy t r an spo r t by a s t rong magne t ic field, 

- vert ical rad ia t ive loss, anisotropic radia t ion field. 

A proper t r e a t m e n t of the radia t ive energy t r an spo r t is crucial for quan t i t a t i ve modelling 
of t he t he rmodynamics of magnet ic e lements since radia t ion largely de termines t h e energy 
budge t . Besides models which deal with specific aspects of t he rad ia t ive energy t ranspor t 
(e.g. t h e la tera l energy exchange by a re laxat ion t ime appoach ) the re is a n u m b e r of 
invest igat ions which a t t e m p t t o include radia t ion more comprehensively. T h e comparat ively 
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simplest approach is t o t ake a slender flux t u b e which is assumed t o be optically th in , i.e. has 
a d iamete r smaller t h a n the pho ton mean free p a t h . In th is case t h e mean in tens i ty is mainly 
de te rmined by t h e externa l med ium and the t e m p e r a t u r e is near ly cons tan t in horizontal 
p lanes (Ferrar i et al . , 1985; Kalkofen et al. , 1986). I t t u rns ou t t h a t t h e t e m p e r a t u r e as 
function of optical dep th for such models is 1000-2000 Κ higher t h a n t h a t given by semi-
empirical models derived from Stokes V-profiles (Solanki , 1986; Keller, these proceedings) . 
Consequent ly , optically th in flux tubes are not adequa te t o describe solar magne t ic e lements . 

O the r simplified approaches are t he Edd ing ton approx imat ion for t h e case of a slender 
flux t u b e which has been used by Hasan (1988) and the 2D diffusion approx imat ion (Sprui t , 
1976, 1977; Deinzer et al . , 1984a,b). However, t he an iso t ropy of t he rad ia t ion field and the 
necessity t o describe optically thick and optically th in regions equally well d eman d s a full 
t r e a t m e n t of t he rad ia t ive transfer by in tegra t ion of t he t r a n s p o r t equa t ion along m a n y 
rays and angles. For t he slab geometry and a grey a tmosphere th is has been incorpora ted 
in t he t ime-dependent s imulat ions of Grossmann-Doer th et al. (1989a) while Steiner ( these 
proceedings) has included a non-grey radia t ive t r a n s p o r t in magne tos t a t i c models of cylin-
drical flux tubes . In a prescribed slab geometry resembling a flux concent ra t ion , Kalkofen 
et al. (1989) have de termined a grey radia t ive equi l ibr ium a tmosphere which has qual i ta-
tively similar proper t ies as the self-consistently de te rmined models of Grossmann-Doer th 
et al. and Steiner. 

T h e model calculat ions which incorpora te a full rad ia t ive transfer revealed an i m p o r t a n t 
effect, i.e. t he hea t ing of the upper layers within t he flux concent ra t ion by radiative illu-
mination: T h e mater ia l in t he region above optical dep th un i ty of a par t ia l ly evacuated 
magne t i c element is ba thed in the radia t ion from the hot b o t t o m (with a t e m p e r a t u r e of 
more t h a n 7000 Κ a t rc = 1). It therefore reaches an equi l ibr ium t e m p e r a t u r e which is 
larger t h a n t h a t of the gas a t t he same height in t he quiet a tmosphe re which "sees" radi-
a t ion from a layer of optical dep th un i ty a t a t e m p e r a t u r e of ab o u t 6400 K. T h e result is 
t he formation of a hot region with a t e m p e r a t u r e which is a few h u n d red degrees larger 
t h a n t h a t of t he envi ronment a t equal geometrical d ep th . As an example , Fig. 1 shows the 
t e m p e r a t u r e dis t r ibut ion for the 2D slab model of Gros smann-Doer th et al. (1989a) . 

In t he layers below r c = 1 the suppression of convective energy t r a n s p o r t leads t o a 
t e m p e r a t u r e deficit in the flux concentra t ion (with respect t o t h e nonmagne t i c gas a t the 
same dep th far away from the flux concent ra t ion) which reaches a m a x i m u m of nearly 3000 
K. T h e resul t ing horizontal t e m p e r a t u r e gradient dra ins energy from t h e ex terna l med ium 
via a la tera l rad ia t ive heat flux directed in to the magne t ic e lement . Th i s inflow of heat 
balances t he vertical rad ia t ive losses and limits t he t e m p e r a t u r e deficit t o a level which still 
leads t o a t e m p e r a t u r e excess compared to t he quiet Sun a t equal optical d ep th for vertical 
incidence of t he line of s ight . These results are in qual i ta t ive agreement wi th semiempirical 
models de te rmined from Stokes ^-profi les (Solanki, 1986; Keller, these proceedings, see his 
Fig. 2) wi thou t the necessity t o incorpora te any mechanical hea t ing . Still, potent ia l ly im-
p o r t a n t effects have t o be included in t he comprehensive model calculat ions , namely a more 
detai led t r e a t m e n t of spectra l l ines, par t icular ly those of C O which m a y have an influence 
on t h e t e m p e r a t u r e profiles in t he layers above rc « 1 0 " 4 (see Ayres , these proceedings; 
Hasan and Kneer , 1986; Massaglia et al . , 1988). 

T h e la tera l influx of heat by radia t ion , together with t he par t i a l evacuat ion of t he flux 
concent ra t ion and the s t rong t e m p e r a t u r e dependence of t he opac i ty has t h e consequence 
t h a t t h e magnet ic e lements become br ighter t h a n the quiet a tmosphere when observed in 
t h e con t inuum with high spat ial resolution. At a wavelength of 5000 Â , t h e slab model of 
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Grossmann-Doer th et al. (1989a) gives a value of abou t 1.6 of t he in tens i ty of t he quiet Sun. 
Most of th is excess intensi ty, however, is due t o a redistribution of t he hea t flux: Energy 
has flown lateral ly in to t he flux concentra t ion leading t o a cooling of t he exter ior and the 
appea rance of a darker region a round the magnet ic e lement . Only a small pa r t of the 
hea t flux d i s tu rbance propaga tes in to t he deeper layers where it is spread rapidly over the 
whole convection zone. In this way, t he magnet ic e lements can act as a "hea t leak" (Sprui t , 
1977, 1982). T h e a m o u n t of the net excess hea t flux is difficult t o predict precisely with 
present ly available model calculat ions since it depends on the t r e a t m e n t of t h e convective 
energy t r a n s p o r t and also on bounda ry condi t ions. However, bo th observat ion (Foukal and 
Fowler, 1984; H i r ayama et al. , 1985) and s imulat ions (Deinzer et al . , 1984b; Knölker et 
al . , 1988) indicate t h a t t he net excess flux is likely t o be small such t h a t mos t of the large 
flux excess wi thin t he magnet ic e lements is compensa ted by a deficit in t h e sur rounding 
non-magne t ic a tmosphe re . Even though the excess flux is small for an individual magnet ic 
s t r uc tu r e , magnet ic e lements clustered in plage and network regions m a y well con t r ibu te 
significantly t o t he observed solar i r radiance variat ions (cf. Foukal and Lean, 1987). 

x ( k m ) 

F ig . 1: Temperature distribution in the 2D slab model of Grossmann-Doerth et al. (1989a). The 
labels at the contour lines are given in units of 1000 K. Only half of the symmetric structure is 
displayed and the boundary of the flux slab is indicated by the thick line. In the deeper layers the 
magnetic structure is cooler than the environment at the same height due to the suppression of 
convective energy transport while in the upper layers it is hotter than the surroundings because of 
radiative illumination from the hot bottom. 

T h e center- to- l imb variat ion of t he in tens i ty cont ras t has been discussed in some detai l in 
an earlier review (Schüssler, 1987a; for a different poin t of view see Scha t t en et al . , 1986). 
T h r e e effects con t r ibu te t o t he variat ion of t he in tens i ty cont ras t for finite inclination of 
t h e line of s ight : 

- T h e hot b o t t o m of t he magnet ic e lement is obscured for r a the r small incl inat ions leading 
t o t h e d i sappearance of br ight po in ts (see Müller and Roudier , 1984; Müller et al . , 1989); 
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- t h e bright wall of t he flux concentra t ion becomes visible a t large incl inat ion angles and 
leads t o a posi t ive intensi ty cont ras t depending on t h e r a t io be tween size and dep th 
(Wilson depression) of t he magnet ic s t ruc tu re (Spru i t , 1976); 

- t h e hot upper regions of the magnet ic e lements overlap near t h e l imb and lead t o a sharp 
cont ras t increase (Steiner , these proceedings; see also Rogerson, 1961). 

These effects a re sufficient in order t o unde r s t and the various observat ional results if spat ia l 
resolut ion, selection effects and the precise way of measuremen t a re t aken in to account . High 
resolution observat ions near disc centre are mainly de te rmined by the hot b o t t o m of t he 
magne t ic e lements , while t he selection of individual br ight "facular g ranu les" (e.g. Muller, 
1975) reveals t h e effect of the br ight wall . T h e br ightness evolut ion of individual faculae near 
the l imb (Akimov et al. , 1987), t he observat ions of elevated faculae dur ing eclipses (Akimov 
et al . , 1982) and the measuremen t s a t t he ex t reme l imb ( C h a p m a n and K l ab u n d e , 1982; 
Lawrence and C h a p m a n , 1988) can be unders tood by the effect of over lapping hot regions. 

3.3 DYNAMICS 

T h e upper l imit of 250 m - s " 1 for the average velocities wi thin magne t ic e lements de termined 
from t h e observed V-profile zero-crossing shifts excludes s t rong sys temat ic flows and large-
ampl i tude overstable oscillations with intensi ty-velocity correlat ion. On the o ther h a n d , the 
large width of t h e V-profiles indicates t he existence of " tu rbu lence" wi th velocities of a few 
k m - s - 1 wi thin magnet ic e lements . T h e n a t u r e of this velocity field is present ly unknown 
b u t i t is t e m p t i n g t o specula te t h a t the various wave modes of a flux t u b e are excited by the 
in te rac t ion wi th convective flows and p -mode oscillations (Bogdan and Knolker , 1989; see 
also Robe r t s and Solanki, these proceedings) F lux t u b e oscillations and waves are discussed 
in more deat i l by M. Ryu tova elsewhere in these proceedings. 

Ano the r i m p o r t a n t indicator for dynamics associated wi th magne t i c e lements is the area 
and ampl i tude asymmetry of t he observed Stokes V-profiles (Stenflo et al . , 1984). A p a r t 
from a tomic or ienta t ion (Kemp et al. , 1984; Landi Degl ' Innocent i , 1985) which seems in-
consis tent wi th t he observed sign reversal of t he a s y m m e t r y near t h e solar l imb (Stenflo 
et al . , 1987; Pantel l ini et al. , 1988), a combinat ion of magne t ic field and velocity gradients 
along t h e line of sight appears t o be t he only reasonable explana t ion (Illing et al . , 1975; 
Auer and Heasley, 1978; Sanchez-Almeida et al . , 1988). However, flows within t he mag-
net ic s t ruc tu re in a physically realistic configuration (e.g. magne t i c field decreasing with 
he ight ) which reproduce the observed asymmetr ies lead t o large shifts of t h e V-profile zero 
crossings which contradic t the observat ions (Solanki and Pah lke , 1988). 

Van Ballegooijen (1985) has suggested t h a t an a rea and ampl i tude a s y m m e t r y of t he V-
profile m a y also be caused by a downflow outside b u t in t he immed ia t e vicinity of a s ta t ic 
magne t ic flux concentra t ion: Since the magnet ic field flares out wi th he ight , lines of sight a t 
t he per iphery t raverse s ta t ic magnet ic (upper pa r t of t he a tmosphe re ) and downflowing non-
magne t ic (lower pa r t of the a tmosphere ) regions. It has been shown by Grossmann-Doer th 
et al. (1988 ,1989b) t h a t qui te generally such a configuration leads t o a symmet r i c V-profiles 
wi th unshifted zero crossings. Solanki (1989) was able t o d e m o n s t r a t e t h a t t h e observed 
V-profile a rea asymmetr ies of m a n y spectra l lines can be quan t i t a t ive ly reproduced in this 
way. Fu r the rmore , since t he downflows are feeded by hor izonta l flows directed towards 
t h e flux concentra t ion this model a t t he same t ime accounts in a na tu r a l way for t he sign 
reversal of t he a symmet ry shown by observat ions near t h e solar l imb (Grossmann-Doer th 
et al . , in p repa ra t ion ) . Fig. 2 i l lustrates the geometry of t h e magne t i c e lement and the 
sur rounding flow field which leads t o t he formation of a symmet r i c V-profiles. 
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Fig . 2: Velocity and magnetic field structure of the slab model of Grossmann-Doerth et al. (1989a). 
Only half of the symmetric structure is displayed. While the interior of the magnetic element is al-
most static, a thermal circulation cell with a strong downflow (maximum velocity about 1.5 k m s - 1 ) 
and large horizontal velocities (up to 2 k m s " 1 ) has evolved in the non-magnetic environment. Two 
representative lines of sight are indicated whicn traverse static, magnetic regions and non-magnetic 
moving gas leading to asymmetric Stokes V-profiles. The vertical line "sees" a flow away from the 
observer while the inclined ray cuts a flow towards the observer such that the resulting asymmetries 
have different signs. 

It seems as if t h e long-s tanding "V-profile d i l emma" has found i ts resolution in t he physi-
cally appeal ing concept of a magnet ic element sur rounded by a s t rong downflow in a cool 
env i ronment . Photospher ic magnet ic flux is observed to be s i tua ted p redominan t ly in the 
in te rg ranu la r downflow regions (Ti t le et al. , 1987) which are also t he site of t he ne twork 
br igh t po in t s (Müller , 1983). T h e cooling effect of t he magne t ic e lements on t he surround-
ing gas suppor t s and accelerates such a downflow (Deinzer et al . , 1984b). T h e formerly 
en igmat ic asymmetr ies t hus cons t i tu te an i m p o r t a n t diagnost ic tool for t he s t ruc tu re of the 
flow field in t h e vicinity of magnet ic e lements . Addit ional ly, t he ampl i tude asymmetr ies 
m a y yield information abou t in terna l oscillations and waves (Solanki , 1989; Rober t s and 
Solanki, these proceedings) . 

4 . Destruction 

T h e lifetime of individual magnet ic e lements is difficult t o de te rmine observationally. T h e 
s imulat ions carried out by Nordlund (1983, 1986) show a cont inuous r ea r rangement of 
magne t ic flux in the in tegranular lanes with a lifetime of t he s imula ted magne t ic s t ruc tures 
(clusters of magnet ic e lements ?) de termined by the t imescale of t he g ranu la r velocity 
field. However, due the low spat ia l resolution of his grid, t he in te rna l s t ruc tu re of t he flux 
concentra t ions is unresolved and they are artificially coupled t o t he g ranu la r velocity field. 
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T h e resolut ion of t he 3D simulat ions has t o be increased by a t least an order of magn i tude 
before they can con t r ibu te t o t he solution of th is p roblem. 

Muller (1983) found a mean lifetime of ne twork br ight po in t s near disk center of abou t 
20 m i n u t e s , b u t it is not clear whether th is represents also t h e life span of t h e under lying 
magne t i c s t ruc tu re . However, if t he observed br ight poin t represents t h e hot b o t t o m layers 
of magne t i c e lements as indicated by the results discussed in Ch . 3 its fading signals a major 
change in its s t ruc tu re , possibly i ts dissolution. 

A crude e s t ima te of a m i n i m u m lifetime of a magnet ic e lement in strong-field form can 
be derived from the lower limit of 90% for t he fraction of magne t i c flux (excluding the 
" t u r b u l e n t " flux) in strong-field form (Howard and Stenflo, 1972) and the t imescale of the 
convective collapse of 2 t o 5 minu tes (Hasan , 1985; Nord lund , 1986). Allowing for a quick 
des t ruc t ion of t he magnet ic element by an ins tabi l i ty (see below) within one m i n u t e we find 
a m i n i m u m lifetime between 30 and 60 min for t he quasi-equil ibr ium s t a t e . 

Which processes can possibly des t ruct magnet ic e lements ? In regions of mixed polar i ty , 
reconnection is i m p o r t a n t (Sprui t et al. , 1987). T h e result of reconnect ion of two opposi te 
polar i ty magne t ic e lements depends on the locat ion of t he reconnect ion po in t : If it is below 
t he surface an (J-shaped 1°°P forms which floats upwards due t o magne t ic buoyancy. It 
arr ives the re wi th a low field s t rength since t he s t rong decrease of densi ty wi th height 
and mass conservation leads t o a significant expansion of t he rising flux t u b e . Such a 
process possibly is a source of intrinsically weak magnet ic field and migh t be related t o 
t h e " in t rane twork fields" (Mar t in et al. , 1985; Livi et al . , 1985). If reconnect ion takes 
place above t he surface it forms a loop which can be d rawn below t h e surface due t o the 
act ion of magne t ic tension forces if t he footpoint separa t ion is less t h a n a few scale heights 
(Pa rke r , 1979, Ch . 8) . Bo th possibilities lead t o qui te different observat ional s ignatures 
(see discussion in Sprui t et al. , 1989). 

An individual flux concentra t ion can be des t ruc ted by dynamica l processes, most effi-
ciently by an instabil i ty. Besides t he destabil izing influence of ex te rna l flows related to 
t h e Kelvin-Helmholtz instabi l i ty (e.g. Schüssler, 1979; Ts inganos , 1979), t h e in terchange 
or fluting ins tabi l i ty is most i m p o r t a n t (Parker , 1975). Whi le pores and sunspots can be 
stabil ized by gravi ty (Meyer et al. , 1977), small flux concent ra t ions are s table wi th respect 
t o fluting if they are sur rounded by a s t rong whirl flow (Schüssler, 1984b). In te rmedia te 
size s t ruc tu res cannot be stabilized by ei ther effect which gives an upper l imit for t he size 
of magne t i c e lements depending on the m a x i m u m az imutha l velocity in an in te rgranula r 
vor tex . Such a s t ruc tu re is likely t o form by advect ion of angular m o m e n t u m towards 
t h e localized downflows by the familiar " b a t h t u b effect". In fact, s imulat ions of g ranu la r 
convection clearly show the formation of in tense vortices (Nord lund , 1985a). On the ob-
servat ionally easier accesible mesogranular scale an example of such a vort ical downflow 
has recently been observed (Brand t et al . , 1988). Since t h e flux concent ra t ion cools i ts 
sur roundings and t hus enhances t he converging downflows, magne t i c s t ruc tu re and flow 
p a t t e r n can mutua l ly stabilize each o ther : T h e s t rong t h e r m a l effects shape and stabilize 
t h e convective flow s t ruc tu re while this p a t t e r n , by means of advect ion of vorticity, s tabi-
lizes t he magnet ic element if i ts size is smaller t h a n some critical value (Schüssler, 1984b). 
T h e observed deformation of granules a round br ight po in t s (Muller et al . , 1989) and the 
prolonged lifetime of the granular pa t t e rn in plage regions (Ti t le et al . , 1987) suppor t this 
conjecture. 

If for some reason, e.g. because of a major reorganisat ion of t h e p a t t e r n of convection, 
t he supply of angular m o m e n t u m becomes insufficient and t h e whirl decelerates , fluting 
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ins tabi l i ty sets in and the flux concentra t ion is d is rupted typical ly wi thin t he Alfvén t rans i t 
t ime of less t h a n a minu t e (Schüssler, 1986). T h e following evolut ion depends on the size 
of t h e f ragments : If they are small enough (of t h e order of a few k m ) , magne t ic diffusion 
becomes relevant and the f ragments t end t o disperse in to weak fields which m a y go th rough 
ano the r flux expuls ion/convect ive collapse cycle. Larger f ragments m a y survive long enough 
t o be reassembled by the g ranu la r flows and fuse i n to new flux concent ra t ions wi thout the 
necessity of ano the r convective collapse. 

In th is way, a dynamica l view of small-scale photospher ic magne t ic fields emerges. At 
any given t ime , most of t he flux is in magnet ic e lements , b u t t h e individual e lements 
sooner or la ter split i n to f ragments . Small f ragments diffuse and , toge ther wi th rising (J-
loops , con t r ibu te t o a weak-field component which par t ia l ly becomes reconcent ra ted by 
flux expulsion and convective collapse. Larger f ragments (wi th a d iamete r > 10 k m , say) 
will rapidly hea t up by radia t ion from the side leading t o a decrease of t he magnet ic field 
s t r eng th . T h e y are passive with respect t o flows and m a y become severly d is tor ted and 
inclined from t h e vert ical direction before being assembled in in tegranu la r downdraf ts to 
form new magne t ic e lements . All processes of spl i t t ing, diffusion, expulsion, collapse and 
accumula t ion of f ragments opera te in a t imescale of minu tes such t h a t t h e major i ty of 
t h e flux a t any given in s t an t of t ime resides in t he quasi-equil ibrium strong-field form of 
magne t i c e lements . 

5. Conclusions 

T h e progress of our under s t and ing of concent ra ted magnet ic fields in t he solar a tmosphere 
achieved since t he IAU-Sympos ium No. 102 in Zürich is considerable. T h e act iv i ty of re-
search in this field has increased rapidly and a close in te rac t ion between theoret ical and 
observat ional work has evolved. Comprehensive model calculat ions have been presented 
which reproduce t he principal features of magnet ic e lements derived from observat ion with-
ou t fine t un ing of a large n u m b e r of free pa rame te r s . These models begin t o serve as tools 
for t he diagnostics of solar magnet ic s t ruc tures by providing synthe t ic profiles of t he full 
Stokes vector ( J , V , Q , U) of spectra l lines which can be directly compared with observat ions 
(e.g. Gros smann-Doer th et al. , 1989a). T h e concept of small-scale fields consist ing mainly 
of ensembles of similar s t ruc tures (magnetic elements) which m a y be described by basic 
flux t u b e or flux slab models embedded in a non-magnet ic env i ronment has t u rned out to 
be remarkab ly successful. A consistent p ic ture of magnet ic e lements begins t o emerge from 
sophis t ica ted analysis of t he spatial ly unresolved F T S d a t a which have unsurpassed spect ra l 
qual i ty (in t e rms of resolut ion, noise and wavelength range) and the basic physical effects 
which have been revealed by comprehensive model calculat ions and analyt ica l s tudies of 
idealized problems . Let us t ry t o summar ize th is p ic ture : 

Expuls ion of magnet ic flux by s t rong hor izontal g ranu la r flows leads t o magne t ic flux 
concent ra t ions in t he in te rgranular lanes . Rad ia t ive cooling and t h e large superad iaba t ic i ty 
of t he uppe rmos t layers of the convection zone cause a s t rong local intensification of the 
magne t i c field by way of a par t ia l evacuat ion (convective collapse). A quasi-equl ibr ium 
evolves which is character ized by the absence of sys temat ic in te rna l flows and the balance 
of t he magne t ic pressure by an in te rna l gas pressure deficit. T h e magne t ic flux densi ty 
decreases wi th height in a way well described by the slender flux t u b e approx ima t ion . 

Th i s equi l ibr ium is stabilized against further collapse by a t e m p e r a t u r e deficit of the lay-
ers below opt ical dep th un i ty in t he magnet ic s t ruc tu re due t o t he suppression of convective 

https://doi.org/10.1017/S0074180900044119 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900044119


175 

energy t r a n s p o r t . Heat ing by la tera l influx of rad ia t ion , reduced densi ty and the s t rong 
t e m p e r a t u r e dependence of the con t inuum opaci ty cause t h e magne t ic e lement t o be much 
ho t t e r t h a n t h e quiet a tmosphere a t equal optical dep th and t o reach a t e m p e r a t u r e above 
7000 Κ a t rc = 1. Therefore, if observed wi th high spat ia l resolution near t he center of 
the disc, t h e magne t ic s t ruc tu re appears br ight wi th a con t inuum in tens i ty of abou t 1.5 
t imes t h e value of t he average Sun a t 5000 Â. T h e "hot b o t t o m and wal l" of magnet ic 
e lements i l luminate t h e upper layers of i ts a tmosphere which becomes ho t t e r t h a n t h e en-
v i ronment even a t equal geometr ical dep th . Th i s cont r ibutes t o t he observed weakening of 
photospher ic spectra l l ines. 

T h e excess emission of magnet ic e lements is near ly compensa ted by an energy flux deficit 
in i ts env i ronment such t h a t only a small net excess flux is left. Th i s cooling of t he envi-
ronmen t caused by la tera l rad ia t ive energy flux in to t he magne t ic e lement drives a t he rma l 
flow which suppor t s , accelerates and stabilizes t he g ranu la r downflows next t o t he magnet ic 
s t ruc tu re . T h e externa l flows are responsible for t h e a s y m m e t r y of t h e observed Stokes V-
profiles. Conservat ion of angular m o m e n t u m leads t o rapid ro ta t ion of these downflows 
which stabilizes t he magnet ic element with respect t o t h e in te rchange/ f lu t ing instabil i ty. 

T h e quasi-equil ibrium s ta te seems to be well represented by the F T S spec t ra . However, 
spectroscopic observat ions of individual magnet ic s t ruc tures wi th large spat ia l resolution 
are highly desirable in order t o have an independent check of t he m e t h o d s which have been 
used to in te rpre t t he spatial ly unresolved F T S spec t ra . T h e challenging d e m a n d for high 
spat ia l and t empora l resolution is compulsive for observat ional s tudy of t he formation and 
des t ruc t ion processes, the dynamica l in terac t ion of t he magne t ic e lements wi th convective 
flows, vortices and p-mode oscillations, t h e exci ta t ion and propaga t ion of oscillations and 
waves wi thin magnet ic s t ruc tu res , and the in terac t ion wi th o the r magne t i c e lements . 

As far as theory is concerned, in cont ras t t o some fashionable folklore exist ing and forth-
coming numerica l s imulat ions do not make o ther approaches obsolete. T h e dynamics of 
mot ions and magnet ic fields in the solar convection zone and a tmosphere ex tends over huge 
ranges of t empora l and spat ia l scales which in bo th case comprise more t h a n ten decades. 
Since only a small pa r t of these can be covered by a s imula t ion , artificial boundar ies have 
t o be in t roduced , certain scales are ignored and o thers are includes only in a paramet r ized 
form. Such paramet r iza t ions can only be m a d e in a sensible way if they are based on a 
sound under s t and ing of processes which de te rmine t he proper t ies of flows and fields on the 
scales which they a t t e m p t t o describe. 

T h e failure of 3D simulat ions t o reproduce t he differential ro ta t ion of t he convection zone 
and the character is t ics of the solar act ivi ty cycle has t a u g h t an i m p o r t a n t lesson: Unless 
we gain a be t t e r unders t and ing of the effect of t he small scales which then m a y lead to 
a reliable pa ramet r i za t ion , comprehensive 3D s imulat ions with low spat ia l resolution are 
potent ia l ly misleading. They are very helpful in drawing t h e a t t en t i on t o t he relevant pro-
cesses b u t these then have t o be s tudied in detail in order t o assess their general proper t ies 
and consequences. This can be done by t h e analyt ical t r e a t m e n t of idealized problems 
and by s imulat ions which gain spat ia l resolution a t t he expense of simplification, e.g. in 
dimensional i ty , of course keeping in mind t h a t these approaches , due t o thei r restr ict ions, 
migh t be misleading as well. So even in the case of solar g ranu la t ion , a 3D t ime-dependent 
phenomenon par excellence, a 2D model (Steffen, these proceedings; Steffen et al. , 1989) 
has apparen t ly cap tured t he basic physical s i tuat ion ( s t rong , localized, cool downflows and 
b road upflows, coupled by horizontal flows, advect ion and rad ia t ive t ransfer) and excel-
lent ly reproduces t he observed spectra l and con t inuum features . Since such a model allows 
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a much higher spat ia l grid resolut ion, it is well sui ted t o s tudy t h e effect of small scales 
and sha rp grad ien ts which m a y severly compromise 3D s imula t ions . To qualify th is work 
as "wrong" only because it is 2D (as i t has been explicitely done in a s u m m a r y talk a t 
th is conference) reveals a s tr iking ignorance. In reality, comprehensive 3D s imulat ions and 
idealized/simplified approaches are compl imentary : T h e s imulat ions help t o identify the 
relevant processes and allow us a glimpse a t phenomena which observat ional ly are h idden 
behind a cur ta in of unsufficient spat ia l resolution or optically thick mater ia l . They can 
guide us in picking the relevant pieces of physics t o s tudy in detai l wi thou t falling in to 
t h e t r a p of oversimplified or prejudiced concepts . An unde r s t and ing of t he physics govern-
ing these processes, of their general proper t ies and the validity of the i r descript ion in the 
s imula t ion can only come from a detailed s tudy in t he spirit of theoret ical physics. 
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