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Abstract

Sp ectrop olarimetric observ ations of an irregular sunsp ot are analysed in this

thesis. Tw o areas co v ering um bral cores, whic h are divided b y ligh t bridges

and surrounded b y a p en um bra, w ere scanned in magnetically sensitiv e iron

lines b y the La P alma Stok es P olarimeter attac hed to the 0.5 m Sw edish

V acuum Solar T elescop e, con�guration of instrumen ts pro ducing one of the

b est sp ectrop olarimetric data a v ailable.

Strati�cations of the temp erature, magnetic �eld v ector, and line-of-sigh t

v elo cit y are retriev ed in the observ ed areas using the Stok es In v ersion based

on Resp onse functions (SIR) tec hnique, the in v ersion co de dev elop ed at the

Instituto de Astrof � �sica de Canarias.

The resulting v alues of these plasma parameters are in a go o d agreemen t

with previous studies of photospheric la y ers of sunsp ots. The irregular um-

bras b eha v e the same w a y as exp ected from the regular o ccurrences of these

phenomena.

Although only parts of the p en um bra w ere observ ed, the b eha viour of

the plasma quan tities strati�cations is found there in agreemen t with previ-

ous studies. Ev en b etter spatial resolution than in previous analyses is not

su�cien t to directly resolv e the exp ected �lamen tary structure of the p en um-

bra. Nonetheless, strong evidences for suc h con�guration of the p en um bra

are presen ted supp orting the theoretical sim ulations of the rising 
ux tub es

b y Sc hlic henmaier et al. (1998).

The ligh t bridges are studied with adv anced in v ersion tec hnique (pro-

viding the strati�cations of plasma quan tities) for the �rst time. Kno wn

facts, lik e the decrease in magnetic �eld strength and the increase in incli-

nation with resp ect to the surrounding um brae, are con�rmed along with a

temp erature increase in these structures. Moreo v er, the b eha viour of these

parameters with heigh t indicate the presence of a canop y structure ab o v e

the ligh t bridges.
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1 In tro duction

Sunsp ots are the �rst kno wn phenomena observ ed on the solar disc. If w e

do not consider the ancien t observ ations, the sunsp ots w ere redisco v ered b y

Galilei and others around the b eginning of 17

th

cen tury . F rom that time

on, the sunsp ots w ere closely studied. The �rst imp ortan t disco v ery ab out

the nature of the sunsp ots w as made b y Wilson in 1769 who found that the

visible radiation from the um bra and the p en um bra emerges from a deep er

la y ers than that from the quiet photosphere. A t that times, it led to wrong

conclusion that the cen tral parts of the sun are dark and therefore co ol. The

fundamen tal disco v ery w as made b y Hale who measured a magnetic �eld in

sunsp ots (Hale 1908). Since then, the magnetic �eld is considered to b e the

main cause of sunsp ot formation. Presen t kno wledge ab out the sunsp ots is

summarised in Sect. 2.

The instrumen tal equipmen t has b een dev eloping together with the un-

derstanding of sunsp ots phenomena. Starting with the nak ed-ey e obser-

v ations and ended no w ada ys with v arious satellite missions and ground

telescop es observing in broad range of w a v elengths. This thesis is based

on data observ ed with the La P alma Stok es P olarimeter (LPSP) attac hed

to the 0.5 m Sw edish V acuum Solar T elescop e (SVST). This con�guration

of instrumen ts pro duced one of the b est sp ectrop olarimetric data a v ailable

no w ada ys, although similar data with higher spatial resolution should b e

a v ailable in near future through the Solar-B mission. This satellite will b e

launc hed in summer 2006 and will carry the 0.5 m optical telescop e with the

F o cal Plane P ac k age (FPP). One of the instrumen ts included in the FPP

will b e the sp ectrop olarimeter whic h will pro duce similar data sets as are

analysed in this thesis. The observ ation and data reduction are describ ed

in Sect. 3.

All the information ab out the sunsp ot magnetic �eld, v elo cit y , and tem-

p erature are retriev ed from the radiation w e receiv e from the sun. Ov er

the time, v arious tec hniques ha v e b een used to estimate the magnitude of

v arious plasma parameters. F rom the simplest estimation of line-of-sigh t

v elo cit y from the shift of the Stik es I pro�le, to one of the most adv anced

in v ersion co des: Stok es In v ersion based on Resp onse functions (SIR). The

description of this in v ersion co de is summarised in Sect. 4. The reliabilit y

of the in v ersion is also discussed in that section along with the examples of

the resp onse functions to v arious plasma parameters.

The results of the in v ersion are describ ed in Sect. 5. The results are

compared with previous studies of sunsp ots and some new conclusions are

made.
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2 Sunsp ots

The presence of in tense magnetic �eld is the fundamen tal condition required

for the formation of the um bra and the p en um bra, t w o main comp onen ts

creating the sunsp ot. The con v ectiv e motions, whic h heat the photospheric

la y ers, are greatly reduced in the presence of the magnetic �eld and therefore

the co ol and dark area emerges on the solar surface.

The disco v ery of magnetic �eld in sunsp ots also explained the origin of

the Wilson depression, or b etter to sa y , the depression of the unit con tin uum

optical depth ( � = 1) in sunsp ots. The depth, from whic h is the radiation

coming, dep ends on the opacit y of the photospheric la y ers. The main con-

tribution to the opacit y in the visible ligh t is the H

�

b ound-free opacit y ,

whic h is prop ortional to the plasma temp erature and gas pressure. The

temp erature is lo w er in the sunsp ots and accordingly is the opacit y . As will

b e sho wn b elo w, the gas pressure is smaller in the sunsp ots and the opacit y

of the plasma is th us further decreased.

The smaller v alue of the gas pressure in sunsp ots can b e deriv ed from

the radial comp onen t of the magnetostatic force balance equation written

in cylindrical co ordinates (Solanki 2003)

@ P

@ r

=

B

z

4 �

�

@ B

r

@ z

�

@ B

z
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�
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r
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the corresp onding comp onen ts of the magnetic �eld strength.
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where F

c

sym b olises the radially in tegrated curv ature forces. In the absence

of these forces, it implies lo w er gas pressure in the sunsp ots due to the

presence of magnetic pressure there.

The amplitude of the Wilson depression could b e deduced using this

force balance equation as w as �rstly prop osed b y Mart � �nez Pillet & V azquez

(1993). Ho w ev er, they found out that the unkno wn curv ature forces pla y

as a big role as the gas pressure itself. This metho d could b e used tenably

only at restricted conditions whic h certainly do not hold in the irregular

sunsp ot whic h is studied in this thesis. A full deriv ation of the pixel to

pixel 
uctuations of the lo cal Wilson depression (an e�ect not considered in

this thesis) m ust w ait un til a mo del with an assumed MHD con�guration

is constructed and the correct corresp ondence b et w een optical depths and

heigh ts is made.

In next sections, the presen t kno wledge of the magnetic �eld and of

the v elo cit y structure of sunsp ots is describ ed. The nomenclature of the
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Figure 1: The basic nomenclature of the sunsp ot �ne structure.

sunsp ot �ne structure, whic h is commonly used is shortly describ ed here (for

detailed description see e.g. Sob otk a 1997). In Fig. 1 the irregular sunsp ot

analysed in this thesis is sho wn with the description of the �ne structure.

The p en um bra is created from t w o comp onen ts, dark and brigh t �lamen ts.

The �ne structure can b e usually found also in the um bra. The um bral

dots are brigh t p oin ts visible there and the ligh t bridges (LBs) are brigh t

structures p enetrating deep in to the sunsp ot um bra or separating the um bra

in to the um bral cores.

In the follo wing summary of the presen t kno wledge of the sunsp ots, the

thermal prop erties are not depicted. Ho w ev er, the thermal structure of

the sunsp ot �ne structure can b e estimated from the con tin uum in tensit y ,

since the brigh t structures m ust ha v e higher temp erature at unit con tin uum

optical depth. The review written b y Solanki (2003) rep orts not only ab out

the thermal structure of sunsp ots, but also describ es in more details the

presen t kno wledge of sunsp ots.

2.1 Magnetic �eld of sunsp ots

The magnetic �eld of sunsp ots can b e deduced from the Zeeman splitting

of v arious lines. The �eld strength is largest near the geometrical cen tre of

12



the um bra reac hing v alues up to 3700 G. This statemen t is true only in case

of the regular sunsp ots, where the um bral cen tre corresp onds also with the

dark est part of the sunsp ot. Example of the magnetic �eld in an almost

round sunsp ot is sho wn in Fig. 2. In Fig. 3, the a v erage v alues of magnetic

�eld strength and inclinations (from Fig. 2) are plotted as functions of the

radial distance from the sunsp ot cen tre.

The magnetic �eld strength (Fig. 2 a, Fig. 3 left) is decreasing out w ard

with no detectable jump on the um bral-p en um bral b oundary . The shap e

of the radial dep endence of B has b een studied b y man y authors, among

others, Bec k ers & Sc hr• oter (1969) and W estendorp Plaza et al. (2001a). The

shap e is dep enden t on the sunsp ots size and regularit y and also on the heigh t

in the atmosphere as is sho wn in Fig. 3 (left). The magnetic �eld inclination

sho ws similar b eha viour as the �eld strength, just in opp osite sense, the �eld

is v ertical in the cen tral parts of the um bra and almost horizon tal on the

outer b oundary of the sunsp ot (Fig. 3 righ t).

F rom Figs. 2 and 3 is clear that the magnetic �eld con tin ues b ey ond

the white-ligh t b oundary of the sunsp ot. It forms a horizon tal canop y and

o v erlies the �eld-free plasma. The formation of the magnetic canop y is a

result of the expansion with heigh t of the magnetic 
ux tub e whic h could

b e used as a simple mo del of regular round sunsp ots (see Sect. 2.3).

2.1.1 P en um bral �ne structure

A simple mo del of the magnetic 
ux tub e cannot b e used to explain the

�ne structure of the magnetic �eld in the p en um bra. The a v eraging pro cess

whic h w as used to create Fig. 3 smo othed the inhomogeneities of the mag-

netic �eld strength and mainly of the inclination. The radial structures in

the inclination map could b e seen in Fig. 2 (b). Bec k ers & Sc hr• oter (1969)

found di�erences b et w een the inclination in brigh t and dark �lamen ts. With

increasing spatial resolution came other observ ations that supp ort the rapid

c hanges of inclination b y 10{40

�

on arcsec and sub-arcsec scales (Lites et al.

1993; Title et al. 1993; Rimmele 1995a; Wiehr 2000; W estendorp Plaza et al.

2001a). The 
uctuations of the magnetic �eld inclination is apparen t, ho w-

ev er, men tioned studies found v arious correlations b et w een the inclination

and brigh tness. Higher v alues of inclination in dark structures (more hor-

izon tal �eld there) ha v e b een found b y Rimmele (1995a); Wiehr (2000);

W estendorp Plaza et al. (2001a); Bellot Rubio et al. (2004) and Langhans

et al. (2005). S� anc hez Cub eres et al. (2005) also found similar dep endence of

inclination on the line-core in tensit y (i.e. steep er �eld in brigh t structures),

but not on the con tin uum in tensit y . The p ositiv e correlation b et w een the

brigh tness and the inclination ha v e b een found b y Title et al. (1993) and

Stanc h�eld et al. (1997), although the dep endence is v ery w eak and the

correlation co e�cien t do es not exceed 0.2. Lites et al. (1993) determined

higher inclination in brigh t �lamen ts in the inner p en um bra and w eak corre-

13



Figure 2: The magnetic prop erties of regular sunsp ot, the magnetic �eld

strength (a), inclination (b), and azim uth (c). The arro ws indicate the course

of magnetic �eld v ector and the length is prop ortional to its amplitude. Solid

lines represen t the um bra-p en um bra and p en um bra-quiet sun b oundaries.

Figures are tak en from W estendorp Plaza et al. (2001a) b y p ermission.

lation in the sense that inclination is higher in dark structures in the outer

p en um bra.

The situation b ecomes ev en more confusing if the dep endence of the mag-

netic �eld strength on the con tin uum in tensit y or on the inclination is in v es-

tigated. Some authors found no strong 
uctuations in B either b ecause of

14



Figure 3: The azim uthal a v erages of magnetic �eld strength (left) and incli-

nation (righ t) at three optical depths in the atmosphere at giv en distances

from the sunsp ot cen tre. The v ertical lines represen t the um bral and p en um-

bral b oundaries. Shaded areas sho w the rms v ariations of the parameters at

the upp er and lo w er la y ers. Kindly pro vided b y W estendorp Plaza (W est-

endorp Plaza et al. 2001a).

emplo y ed tec hnique or b ecause of insu�cien t spatial resolution (Lites et al.

1990; Sc hmidt et al. 1992; Rimmele 1995a). Title et al. (1993) observ ed

the 
uctuations in magnetic �eld strength, but in terpreted them as 
uctua-

tions in inclination. Other authors found the 
uctuations of magnetic �eld

strength. Bec k ers & Sc hr• oter (1969) and Wiehr (2000) pro vide evidences

for higher v alues of B in dark �lamen ts. W estendorp Plaza et al. (2001a),

ho w ev er, argue for the opp osite dep endence, i.e. stronger �eld is asso ciated

with w armer gas. S� anc hez Cub eres et al. (2005) found stronger magnetic

�eld in brigh t structures in the line-core in tensit y but not in the con tin uum

in tensit y .

Regarding to the connection b et w een the inclination and the magnetic

�eld strength, Lites et al. (1993) and Stanc h�eld et al. (1997) found that

the less inclined �eld (with resp ect to the lo cal v ertical) is sligh tly stronger

(b y 100{200 G). The p ossible complexit y of the problem is sho wn in Fig. 4,

where the dep endence of the correlation co e�cien t b et w een the magnetic

�eld strength and inclination on the depth in the atmosphere and on the

p osition in the p en um bra is plotted.

Langhans et al. (2005) describ ed p en um bra as consisting of t w o comp o-

nen ts. They found more v ertical and stronger magnetic �eld in brigh t �la-

men ts, where the di�erence in strength of the magnetogram signal app ears to

p eak in middle p en um bra and decrease to w ard the outer p en um bral b ound-

ary . The most adv anced t w o magnetic comp onen ts in v ersion of p en um bral

pro�les has b een made b y Bellot Rubio et al. (2004). They separate the

p en um bra in to t w o comp onen ts, the bac kground �eld in terlaced with the

system of more inclined 
ux tub es. They found that the magnetic �eld of

15



Figure 4: V ariation of the correlation co e�cien t b et w een the magnetic �eld

strength and inclination with the depth in the atmosphere and for di�eren t

azim uthal paths. Kindly pro vided b y W estendorp Plaza (W estendorp Plaza

et al. 2001a).

the bac kground comp onen t remains relativ ely v ertical all the w a y from the

inner to outer p en um bra with maxim um inclination ab out 60

�

. The incli-

nation of the magnetic �eld in the 
ux tub es c hanges from 70

�

near the

um bra to 100

�

on the outer p en um bral b oundary , i.e. the tub es go up w ard

in the inner p en um bra, b ecome horizon tal and �nally div e. Borrero et al.

(2004) found similar results ev en from the one-comp onen t in v ersion. See this

w ork for comparison b et w een the one- and t w o-comp onen t in v ersion of the

p en um bral photosphere. This con�guration of the p en um bra magnetic �eld

is called uncom b ed structure. See Sect. 2.3 for prop osed ph ysical mo dels

pro ducing this magnetic �eld con�guration and empirical argumen tation in

fa v our of this uncom b ed structure.

2.1.2 Um bral �ne structure

The observ ations of um bral dots suggest that the magnetic �eld strength is

w eak er there. The lo w est magnetic �eld w as found b y Bec k ers & Sc hr• oter

(1968) reac hing 10% of B in the surrounding um bra and ha ving opp osite

p olarit y . Ho w ev er, Wittmann (1971) argued that Bec k ers & Sc hr• oter (1968)

misin terpreted magneto optical e�ects as the um bral dot con tribution. V ar-

ious v alues of the magnetic �eld decrease ha v e b een found b y other authors

dep ending on the used lines and p osition of the dot in the um bra, ranging

from 50% of the um bral �eld strength up to no reduction of B (Kneer 1973;

Buurman 1973; P ahlk e & Wiehr 1990; Sc hmidt & Balthasar 1994; T ritsc hler

& Sc hmidt 1997; So cas-Na v arro et al. 2004). Sc hmidt & Balthasar (1994)
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p oin t out that the small reduction of the magnetic �eld strength can b e just

an apparen t decrease, b ecause magnetic �eld strength is decreasing with

heigh t and brigh t (and therefore hot) um bral dots emitted the radiation

from higher la y ers than the surrounding um bra (due to the temp erature de-

p endence of the opacit y). See the review b y Sob otk a (2003) and references

therein for the problem of magnetic \in visibilit y" of um bral dots. The strat-

i�cation of the magnetic �eld strength found b y So cas-Na v arro et al. (2004)

suggests the canop y structure ab o v e the �eld free material whic h ma y b e the

cause of the um bral dots. See Sect. 2.3 for more details ab out the p ossible

origin of um bral dots.

Previous pap ers rep ort ab out w eak er magnetic �eld in ligh t bridges and

also ab out higher v alues of inclination there. The decrease of the magnetic

�eld strength and the c hange of inclination is dep enden t on the width of a

ligh t bridge, i.e. Bec k ers & Sc hr• oter (1969) found the decrease of 300 G in

the w eak ligh t bridge and an increase in inclination around 5

�

. R • uedi et al.

(1995) found a di�erence of B b et w een the ligh t bridge and the surrounding

um bra around 1000 G and maxim um di�erence of inclination around 70

�

in

the LB cen tre. Lek a (1997) found a range of decreases in the magnetic �eld

strength from 300 G to o v er 1200 G and increased inclination b y at least

10

�

in 11 di�eren t ligh t bridges studied in her pap er.

2.2 V elo cit y �eld of sunsp ots

The v elo cit y structure of sunsp ots is someho w similar to the magnetic �eld

structure. The um bra is v ery easy to describ e on the con trary to p en um bra

whic h is m uc h more complicated.

The um bra exhibits steady and strong magnetic �eld in whic h the plasma

is frozen. Therefore no signi�can t motions are observ ed in the unp erturb ed

um bra. The um bra is usually used as a zero reference p oin t (see Rimmele

1995b, and references therein) if no quiet region of solar photosphere or no

distinct terrestrial atmospheric lines could b e used for this purp ose.

The dominan t signature of the dynamical b eha viour of the p en um bra is

the Ev ershed e�ect named after its disco v erer (Ev ershed 1909). The Ev er-

shed e�ect consists of a blueshift of the photospheric sp ectral lines in the

discw ard part of the p en um bra and a corresp onding redshift in the lim b w ard

part of the p en um bra (Dere et al. 1990; Rimmele 1994, 1995b; Sc hmidt &

Sc hlic henmaier 2000; W estendorp Plaza et al. 2001b; Bello Gonz� alez et al.

2005). Suc h orien tation of the 
o w is v alid at the photospheric la y ers, the


o w of an opp osite orien tation with larger v elo cities is observ ed in the c hro-

mosphere. The magnitude of the v elo cit y increases from the inner parts of

the p en um bra to its outer edge, where it stops abruptly according to e.g.

Wiehr et al. (1986) and Title et al. (1993). On the other hand, B• orner &

Kneer (1992); Rimmele (1994) and Rimmele (1995b) found evidences for Ev-

ershed v elo cities extending b ey ond the white-ligh t b oundary of the sunsp ot.
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Figure 5: Time-a v eraged Doppler v elo cit y image of a regular sunsp ot (from

Georgakilas & Christop oulou (2003)). The um bral and p en um bral b ound-

aries are mark ed b y the white lines and the arro w p oin ts to the disc cen tre.

An example of the Ev ershed 
o w in the regular sunsp ot is sho wn in Fig. 5,

where almost no v elo cities are recognisable in directions p erp endicular to

the cen tre-lim b direction. This suggests that the 
o w is nearly horizon tal

in the photosphere with inclination (de�ned with resp ect to the lo cal v erti-

cal) larger than 80

�

(Dere et al. 1990; B• orner & Kneer 1992; Sc hlic henmaier

& Sc hmidt 2000). This is unexp ected since the plasma 
o w should follo w

the orien tation of the magnetic �eld v ector whic h is more v ertical in the

p en um bra (see Sect. 2.1). This discrepancy can b e explained b y the un-

com b ed structure of the magnetic �eld, whic h is describ ed in Sect. 2.1 and

is theoretically depicted in Sect. 2.3.

2.2.1 P en um bral �ne structure

Rimmele (1995b); Sc hlic henmaier & Sc hmidt (2000); Sc hmidt & Sc hlic hen-

maier (2000) and T ritsc hler et al. (2004) found up
o ws 300{600 m s

� 1

in

the inner p en um bra and do wn
o ws of ab out 200{400 m s

� 1

in the outer

p en um bra. On the con trary , Shine et al. (1994) deduced small up
o ws (200{

400 m s

� 1

) near the outer p en um bral b oundary . Suc h small v alues of the

v ertical v elo cities could b e hea vily in
uenced b y the error in the zero-lev el

v elo cit y , whic h is t ypically uncertain b y 200 m s

� 1

or ev en more.

As is said ab o v e the plasma 
o w should follo w the orien tation of the mag-

netic �eld v ector, therefore the observ ations of Rimmele (1995b); Sc hlic hen-

maier & Sc hmidt (2000); Sc hmidt & Sc hlic henmaier (2000) and Hirzb erger

et al. (2005) con�rm the shap e of the magnetic 
ux tub es deriv ed b y Bellot
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Rubio et al. (2004) from the t w o-comp onen t in v ersion of the p en um bral pro-

�les. Bellot Rubio et al. (2004); Borrero et al. (2004) and Langhans et al.

(2005) also found that the Ev ershed 
o w is connected with the horizon tal


ux tub es with lo w er magnetic �eld strength.

If the Ev ershed e�ect is really restricted to horizon tal 
ux tub es, than

rapid c hange of v elo cit y m ust b e seen on small scales. Observ ations whic h

con�rm this exp ectation w ere studied b y man y authors (Bec k ers & Sc hr• oter

1969; Wiehr et al. 1984; Title et al. 1993; Shine et al. 1994; Rimmele 1995a;

W estendorp Plaza et al. 2001b; Langhans et al. 2005). They found a cor-

relation b et w een the v elo cit y of the Ev ershed 
o w and the dark �lamen ts.

Ho w ev er, there are some studies that ha v e not found an y signi�can t corre-

lation b et w een the brigh tness and the 
o w v elo cit y (e.g. Lites et al. 1990).

On the other hand, Hirzb erger et al. (2005) found the correlation b et w een

the 
o w c hannels and the brigh t p en um bral �lamen ts. The results are not

dep enden t only on the tec hnique whic h is used for the deriv ation of the

line-of-sigh t v elo cities, but mainly on the absorption lines whic h are used.

F or example, the v elo cit y measured in the line cores (highest la y ers of the

atmosphere) correlate with the in tensit y 
uctuations measured in the line

core, but not with the con tin uum in tensit y .

2.2.2 Um bral �ne structure

The measuremen ts of v elo cit y �elds in the um bral dots is problematic, since

these structures are on the resolution limit of the curren t sp ectrographs. The

um bral dots are either at rest or exhibit small up
o ws up to 400 m s

� 1

with

resp ect to the surrounding um bra (Lites et al. 1991; Rimmele 1997; T ritsc hler

et al. 2004). F aster up
o ws w ere rep orted b y Rimmele (2004) (1 km s

� 1

),

although So cas-Na v arro et al. (2004) in�rm this result. Recen t study b y

So cas-Na v arro et al. (2004) found v ery small up
o ws in sev eral um bral dots

from 0 to 200 m s

� 1

with t ypical uncertain ties around 100 m s

� 1

.

Concerning the ligh t bridges, there are no systematic �ndings. Bec k ers

& Sc hr• oter (1969) found blueshifts with resp ect to the um bral v elo cities,

R • uedi et al. (1995) found redshifts, and Lek a (1997) found either blueshifts

or redshifts in the ligh t bridges studied in her pap er. Con v ectiv e elemen ts

similar to the gran ulation with up
o ws in brigh t gran ules and do wn
o ws in

dark lanes are observ ed in gran ular ligh t bridges (Rimmele 1997). In com-

parison with photospheric gran ulation, cell sizes and v elo cities of ligh t bridge

gran ulation are smaller and lifetimes longer, whic h ma y b e a consequence

of remaining w eak magnetic �eld. Observ ations of ev olution and horizon-

tal motions of brigh t gran ules in ligh t bridges also indicate the existence of

con v ectiv e motions (Hirzb erger et al. 2002).
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2.3 Mo dels

This w ork is based on the analysis of observ ations and no computation of

sunsp ot mo dels are made here. The short description of v arious mo dels

presen ted here serv es only as a comparison for observ ational results. See

Solanki (2003) and references therein for detailed description of theoretical

sunsp ot mo dels.

2.3.1 Global sunsp ot mo dels

As w as already said, sunsp ots are though t to b e v ertical 
ux tub es in ter-

secting the solar surface. Suc h mo dels, aim of whic h is to repro duce the

global prop erties of sunsp ots, are computed in the magnetoh ydrostatic ap-

pro ximation. Suc h assumption is satisfactory for the o v erall structure of the

magnetic �eld since the c hanges in mature sunsp ots are slo w (see Jahn 1997,

for further argumen ts in fa v our of the static description).

The global mo dels of sunsp ots di�er in one basic assumption, if the

sunsp ot is monolithic b elo w the solar surface (Co wling 1957) or if it breaks

up in to man y small 
ux tub es (cluster or so-called spaghetti mo del, P ark er

1975). The solar la y ers b elo w the unit con tin uum optical depth cannot

b e directly observ ed, but the in v estigations using the tec hnique of lo cal

helioseismology fa v our a cluster mo del (Chen et al. 1997; Zhao et al. 2001).

The complex �ne structure of the p en um bra also suggest that the magnetic

�eld is concen trated in to man y small 
ux tub es. Argumen ts for the cluster

mo del are presen ted b y Choudh uri (1992) and argumen ts in fa v our of the

monolithic mo del come from Spruit (1981).

The �rst quan titativ e mo del of sunsp ot magnetic �eld w as in tro duced

b y Sc hl • uter & T emesv� ary (1958) who prescrib ed the radial dep endence of

the magnetic �eld v ector at giv en geometrical heigh t and assumed it to b e

the same at all heigh ts, except for a scaling to describ e the expansion of

the �eld lines with heigh t (therefore it is also called self-similar mo del).

This allo ws to separate the v ertical and radial comp onen ts of the magnetic

�eld strength and only an ordinary di�eren tial equation for B

0

( z ) needs to

b e solv ed. The results are dep enden t on the particular c hoice of so-called

shap e function f ( r =R ( z )), whic h is usually considered to b e a Gaussian

shap e function. This mo del w as v ery successful in repro ducing the observ ed

distribution of the magnetic �eld strength and therefore studied b y man y

authors. Disadv an tage of this kind of mo dels is the problem with repro-

ducing the con tin uum in tensit y . These mo dels usually create a brigh t ring

on the um bra-p en um bra b oundary , whic h in tensit y ma y b e in
uenced b y

the c hoice of the shap e function (see Murph y 1990). Other limitations of

self-similar mo dels are discussed b y Steiner et al. (1986).

Oshero vic h (1982) included to the self-similar mo dels the �eld lines that

return to the solar surface just outside the visible sunsp ot. Ho w ev er, this
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mo del is not supp orted b y the observ ations, the return 
ux in the close

surrounding of sunsp ots is small (Solanki et al. 1992; Lites et al. 1993) and

recen t studies suggest not negligible amoun t of return 
ux in the p en um bra

itself (W estendorp Plaza et al. 2001a; Bellot Rubio et al. 2004; Borrero

et al. 2004). The con tin uum in tensit y predicted b y the return 
ux mo dels

is not m uc h b etter than that predicted b y the standard self-similar mo dels.

Only b y reducing the Wilson depression to improbable lo w v alue of 250 km,

Murph y (1990) deriv ed the con tin uum in tensit y qualitativ ely comparable

with the observ ations at the disc cen tre, near the lim b the unrealistic brigh t

rings app eared nev ertheless.

Other group of mo dels is based on the simpli�cation of the force balance

equation. If the terms describing the in
uence of the gas and gra vit y are

neglected, the force balance equation reduces to

r � B = � B : (3)

A p oten tial �eld is obtained if the force-free parameter � is set to zero.

The problem is that the purely p oten tial �eld predict no natural b oundary

of the sunsp ots and m ust b e arti�cially b ounded b y the magnetopause. The

pressure di�erence 4 p and its deriv ativ e m ust b e matc hed to the external

atmosphere at the magnetopause. Suc h mo del w as computed b y Simon &

W eiss (1970) for the �rst time. Their results could giv e a suitable description

of magnetic �eld in p ores, but are not able to sim ulate the magnetic �eld of

the sunsp ots.

The �rst force-free mo del w as computed b y Sc hatzmann (1965) who used

constan t � . The solution appro ximately describ ed the radial dep endence of

magnetic �eld strength, indicating that the constan t v alue of � is su�cien t

for the mo delling of the visible la y ers of simple sunsp ots (Martens et al.

1996). This mo del w as used b y Martens et al. (1996) who added terms de-

scribing the 
utedness (the small-scale structure of the p en um bra). Similar

approac h has b een applied b y Neukirc h & Martens (1998). The results ob-

tained with these mo dels repro duce the observ ations of Bec k ers & Sc hr• oter

(1969) and Title et al. (1993), but need to b e compared with observ ations of

broad-band circular p olarisation, b ecause suc h observ ations con tain infor-

mation on the v ertical structure of 
utted �elds (Sanc hez Almeida & Lites

1992; Solanki & Mon ta v on 1993; Mart � �nez Pillet 2000).

Pizzo (1986) computed set of t w o-dimensional mo dels, where the h y-

drostatic equilibrium is hold along eac h �eld line. Suc h mo dels are more

adv anced than the self-similar or return-
ux mo dels and the results come

closer to the observ ations. F or example, the con tin uum in tensit y distribu-

tion is w ell describ ed b y this mo del. Ho w ev er, the presence of magnetic

b oundary suggested b y the observ ations (Bec k ers & Sc hr• oter 1969; Solanki

& Sc hmidt 1993) is not con�rmed b y this mo del.

Simon & W eiss (1970) used for the �rst time the mo del b ounded b y the

curren t sheet at the magnetopause. The shap e of the magnetopause they
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used w as just an appro ximate solution of the free b oundary problem whic h

w as generally solv ed b y W egmann (1981). This solution w as applied b y

Sc hmidt & W egmann (1983) to the sunsp ots, in this case the curren t sheet

b ounded a p oten tial �eld. This mo del do es not describ e the presence of the

p en um bra. Jahn (1989) includes the b o dy curren ts to the area corresp onding

to the p en um bra. Com bined curren t sheet and b o dy curren t mo dels giv e

results similar to the distribution of magnetic �eld observ ed in sunsp ots.

The inclination angles predicted b y this mo del are in a go o d agreemen t

with the measuremen ts analysed b y Bellot Rubio et al. (2004). Ho w ev er,

the thermal structure has no distinct di�erence b et w een the um bra and the

p en um bra. Therefore, Jahn & Sc hmidt (1994) simpli�ed the previous mo del

and replaced the b o dy curren ts b y the second curren t sheet on the um bra-

p en um bra b oundary . The resulting thermal structure is more realistic, but

the disadv an tage is the emergence of the jump in the magnetic �eld strength

at the um bra-p en um bra b oundary . Suc h jump is in discrepancy with the

observ ations.

2.3.2 P en um bral mo dels

The complex �ne structure observ ed in the p en um bra b y man y authors (e.g.

Bec k ers & Sc hr• oter 1969; Lites et al. 1993; Title et al. 1993; Rimmele 1995a;

Wiehr 2000; W estendorp Plaza et al. 2001a; Bellot Rubio et al. 2004; Borrero

et al. 2004; Langhans et al. 2005) requires more detailed mo dels than those

presen ted in the previous section.

A t �rst, the empirical mo del in tro duced b y Solanki & Mon ta v on (1993)

and dev elop ed b y Mart � �nez Pillet (2000) is describ ed. They constructed un-

com b ed structure in the p en um bra from the horizon tal 
ux tub es em b edded

in a more v ertical bac kground �eld. Suc h con�guration of the p en um bral

magnetic �eld w as suggested to explain the observ ed net circular p olarisa-

tion. The Ev ershed 
o w is carried mainly b y the horizon tal 
ux tub es in

this empirical mo del, but some 
o w m ust b e also carried b y the bac kground

�eld. Otherwise the cen tre- and lim b-side net circular p olarisation curv es

w ould b e the same but with di�eren t signs, what is in discrepancy with the

observ ations (Mart � �nez Pillet 2000). Recen t analysis of observ ations found

evidences for suc h con�guration of the magnetic �eld (Bellot Rubio et al.

2004; Borrero et al. 2004; Langhans et al. 2005).

Jahn (1992) prop osed that the complex magnetic �ne structure of the

p en um bra is caused b y the con v ectiv e exc hange of the 
ux tub es. There exist

t w o ph ysical scenarios whic h suggest the p ossible origin of the con v ectiv e

motions in the p en um bra.

First, a 
ux tub e is initially p ositioned at the p en um bra{quiet sun

b oundary . It is heated b y the �eld-free con v ection and rises dev eloping

a 
o w along the tub e that p oin ts up w ard b eneath the photosphere and out-

w ard ab o v e the photosphere. The part of the 
ux tub e emerging ab o v e
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the surface is �lled with hot gas and therefore app ears brigh t. The in ter-

section of the 
ux tub e and the photosphere is mo ving to w ards the um bra

and could b e in terpreted as the p en um bral grain whic h could also mo v e in

this direction (Sob otk a et al. 1999). The part of the 
ux tub e ab o v e the

surface co ols do wn b y radiativ e losses and b ecomes more horizon tal and the

out w ard 
o w resem bles the observ ed Ev ershed e�ect. Up to this p oin t, the

scenario has b een con�rmed b y the t w o-dimensional sim ulations made b y

Sc hlic henmaier et al. (1998). The loss of buo y ancy and the exp ected div e of

the 
ux tub e has not b een pro duced b y the sim ulations. In this scenario,

the 
ux tub e is em b edded in the bac kground �eld tak en from the mo del

b y Jahn & Sc hmidt (1994). This bac kground �eld is in rest and accord-

ing to Mart � �nez Pillet (2000) suc h con�guration could not prop erly explain

the discrepancy b et w een the shap e of the cen tre- and lim b-side net circular

p olarisation curv es.

Second scenario has b een suggested b y W en tzel (1992). He starts with

the homogeneous inclined �eld. By pro ducing a densit y in v ersion he causes

the 
ux tub e to fall and b ecome horizon tal o v er most of the p en um bra.

Higher densit y in the fallen 
ux tub e causes a horizon tal out
o w that re-

sem bles the Ev ershed e�ect. Ho w ev er, this scenario has not y et b een studied

in detailed n umerical sim ulation.

The �rst mec hanism whic h w as suggested to explain the p en um bral v e-

lo cit y �eld is called the siphon 
o w mo del b y Mey er & Sc hmidt (1968). The

authors considered an existence of a 
ux tub e whic h fo otp oin ts ha v e di�er-

en t �eld strength. If the �rst fo otp oin t is lo cated in the p en um bra and the

second in area with stronger magnetic �eld strength (e.g. um bra of another

sp ot), than due to horizon tal pressure balance the 
o w is started and k ept b y

the im balance in the gas pressure. Suc h mo del could also explain the in v erse

Ev ershed e�ect at higher la y ers of the atmosphere. Ho w ev er, the length of

the lo ops pro duced b y the siphon 
o w mo del is to o short compared to the

size of the p en um bra. The longest tub es could not exceed roughly 3000 km

(Degenhardt 1991) whic h is still less then the width of a large p en um bra.

The recen t observ ations sho w do wn
o ws in the outer part of the p en um-

bra (Bellot Rubio et al. 2004; Borrero et al. 2004; Langhans et al. 2005),

it w ould mean that b oth fo otp oin ts supp orting the siphon 
o w are lo cated

in the p en um bra. Since the �eld strength is decreasing out w ards, the 
o w

should b e directed to w ards the um bra as implies the pressure balance ar-

gumen t. If the Ev ershed 
o w is really driv en b y the siphon 
o w then it is

probable that the pressure di�erence b et w een the fo otp oin ts is not caused b y

the di�erence in the magnetic �eld strength, but through the temp erature

and densit y di�erence, as in the mo del b y Sc hlic henmaier et al. (1998).
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2.3.3 Um bral dots mo dels

The explanation of the existence of um bral dots dep ends on the considered

global mo del of the 
ux tub e, i.e. if the monolithic or cluster mo del is

considered. The mo del b y W en tzel (1992), whic h w as suggested to explain

the formation of the uncom b ed structure of the p en um bra, could also explain

the presence of the um bral dots and is not dep enden t on the subsurface

structure of the sunsp ot.

W eiss et al. (1990) sim ulated the um bral dots as tops of the magneto-

con v ectiv e structures inside the monolithic magnetic 
ux tub es. The um bral

dots suggested b y this mo del ha v e w eak er magnetic �eld and sho w up
o w

motions. Suc h b eha viour is really observ ed in um bral dots, but is also pre-

dicted b y mo dels based on the cluster con�guration.

In the spaghetti mo del, the um bral dots are considered to b e in trusions

of �eld-free gas rising and pushing n umerous thin 
ux tub es aside (P ark er

1979; Choudh uri 1986). With amoun t of rose materials rises also the pres-

sure from ab o v e whic h should close the protrusion of hot gas. Choudh uri

(1986) deriv ed that at the con tin uum la y er the �eld-free area should b e de-

tectable, but 200 km ab o v e that lev el the �eld is practically homogeneous

again (Degenhardt & Lites 1993a,b). The spatial resolution of the sp ec-

trop olarimetric measuremen ts is not su�cien t to found the �eld-free area,

but see So cas-Na v arro et al. (2004) for observ ational argumen ts in fa v our of

this con�guration.

The only kno wn semi-empirical mo dels of the ligh t bridges w ere prop osed

b y Sob otk a (1989), who deriv ed lo w er temp erature in the ligh t bridges com-

pared to the mean p en um bral mo del b y Kjeldseth-Mo e & Maltb y (1969).

In the article b y Spruit & Sc harmer (2006), the authors prop osed the ex-

planation of the �ne structure of the p en um bra as the �eld-free gaps and

in terpreted ligh t bridges as wider represen tation of the same e�ect. They

also refer to the 3D radiativ e magnetoh ydro dynamic sim ulation of the ligh t

bridge computed b y Nordlund & Stein (2005), whic h are not y et published.
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3 Observ ations and data reduction

On Ma y 13, 2000 t w o areas in an irregular sunsp ot in an activ e region NO AA

8990 w ere observ ed with the La P alma Stok es P olarimeter (LPSP , Mart � �nez

Pillet et al. 1999) attac hed to the sp ectrograph of the 0.5 m Sw edish V acuum

Solar T elescop e (SVST) (Sc harmer et al. 1985). The SVST w as op erated

on the island of La P alma b y the Institute for Solar Ph ysics of the Ro y al

Sw edish Academ y of Sciences in the Spanish Observ atorio del Ro que de

los Muc hac hos of the Instituto de Astrof � �sica de Canarias. The di�raction

resolution limit of the telescop e w as 0.32

00

at � = 630 nm and 0.25

00

at

� = 500 nm. The data analysed in this thesis w ere obtained b y V alen tin

Mart � �nez Pillet and Mic hal Sob otk a.

The optical sc heme of LPSP attac hed to SVST is sho wn in Fig. 6. The

linear p olariser (TCsC) and the instrumen tal p olarisation unit (ICsC) are

comp onen ts serving for the instrumen tal calibration. The imp ortan t parts of

the Analyser sub-System (AsS) are t w o ferro electric liquid crystals (FLCs).

The orien tation of the optical axis in FLC has t w o p ossibilities and c hanges

in resp onse to the v oltage ramps. Tw o FLCs with t w o p ossible orien tations

of optical axes pro duced four mo dulation states (eac h with di�eren t linear

com binations of the Stok es parameters) with p olarisation e�ciencies (see

Mart � �nez Pillet et al. 2001) of �

Q

= 0 : 38, �

U

= 0 : 41, and �

V

= 0 : 57. F or

eac h slit p osition, 20 accum ulations with 33.3 ms exp osure time for eac h of

Figure 6: The optical la y out of the La P alma Stok es P olarimeter attac hed to

the Sw edish V acuum Solar T elescop e. Kindly pro vided b y Mart � �nez Pillet.
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Figure 7: White-ligh t image of the leading sunsp ot in NO AA 8990 with

mark ed areas under study . The arro w p oin ts to the north direction.

the four mo dulation states w ere tak en to increase the signal-to-noise ratio.

This setting giv es 3 s exp osure time for one p osition of the sp ectrograph

slit with S= N ratio of the reduced data equal to 600 for the linear p olari-

sation pro�les ( Q; U ) and 800 for the circular p olarisation pro�le ( V ). The

telescop e instrumen tal p olarisation is fully accoun ted for, as explained b y

Mart � �nez Pillet et al. (2001).

As men tioned ab o v e, the ob ject of the observ ations w as an irregular

leading sunsp ot in activ e region NOO A 8990. The sp ot w as lo cated near

the disc cen tre, at helio cen tric p osition 14

�

N and 17

�

W (helio cen tric angle

� = 0 : 907). One of the white-ligh t images recorded sim ultaneously with

the sp ectral scans is sho wn in Fig. 7. Tw o areas mark ed in the �gure w ere

scanned in the magnetically sensitiv e lines F e I 630.15 nm (Land � e factor

g = 1 : 67) and F e I 630.25 nm ( g = 2 : 5). The scans w ere tak en at 9:03 and

9:13 UT for the �rst and second area resp ectiv ely .

The pixel size of the white-ligh t imaging camera w orking at � = 525 nm

w as 0.083

00

, the resulting resolution including the seeing w as around 0.3

00

,

and the exp osure time w as 11 ms. The pixel size of the sp ectrop olarimetric

camera w as 0.078

00

. The width of the sp ectrograph slit w as equiv alen t to

0.32

00

and the scanning step w as 0.24

00

. The resulting spatial resolution,
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including the e�ect of the seeing, is ab out 0.7

00

for the sp ectrop olarimetric

observ ations.

The resulting �eld of view (one area appro ximately of 13

00

� 19

00

) w as

comp osed of 80 slit p ositions in steps of 0.24

00

. The steps w ere made b y

the tip{tilt mirror that w as alw a ys in closed lo op with the sunsp ot-trac k er

camera during these t w o scans.

Flat-�elds w ere created separately for eac h p olarisation mo dulation state

b ecause they displa y di�eren t in terference patterns. The 
at-�eld data are

used to deriv e the line curv ature pro duced b y the sp ectrograph and passed

to the real data for its correction. After the dark-�eld subtraction, the 
at-

�eld division, and the line curv ature correction, the data are demo dulated

with a matrix inferred from the p olarisation calibration optics used b y the

p olarimeter. Finally , the Mueller matrix is corrected with the con v en tion

of p ositiv e Q orien tated parallel to the solar rotation axis. Data reduction

ends with an ad-ho c correction for crosstalk with in tensit y that forces the

con tin uum p ortions of Stok es Q , U and V to zero. The data prepro cessing

w as made b y V alen tin Mart � �nez Pillet.

Regarding the white-ligh t image in Fig. 7, the nomenclature of v arious

parts of studied areas, whic h is used in next sections, is clari�ed here. The

area 1 and area 2 are also called �rst and second area resp ectiv ely . Um bra

in the �rst area can b e called �rst um bra, similarly the second um bra is the

um bra in the area 2 and accordingly are called the p en um bras. The ligh t

bridges in the areas are called �rst and second ligh t bridge, abbreviations

are LB1 and LB2 resp ectiv ely .
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4 In v ersion co de

The in v ersion co de SIR (Stok es In v ersion based on Resp onse functions) is

used to analyse the observ ed data. The SIR co de w as dev elop ed at the In-

stituto de Astrof � �sica de Canarias (Ruiz Cob o & del T oro Iniesta 1992). It

is a one-dimensional in v ersion co de w orking under the assumption of lo cal

thermo dynamic equilibrium (L TE) and h ydrostatic equilibrium. Other lim-

itations and assumptions are describ ed in the article b y Bellot Rubio (1999)

whic h w as written as a user guide to this in v ersion co de. See also the surv ey

studies b y Ruiz Cob o (1998) and W estendorp Plaza et al. (2001a,b).

The in v ersion co de returns the strati�cation of temp erature ( T ), mag-

netic �eld strength ( B ), inclination ( 


LOS

), azim uth (  

LOS

), and line-of-sigh t

v elo cit y ( v

LOS

). More ab out the input and output parameters is written in

Sect. 4.4.

4.1 Theoretical bac kground

SIR is using the radiativ e transfer equation (R TE) for p olarised ligh t in the

line-forming region (see del T oro Iniesta 2003)

d I

d�

= K ( I � S ) ; (4)

where I samples the Stok es pro�les I ; Q; U , and V , K is the propagation

matrix (including the absorption and disp ersion comp onen ts), and S is the

source function v ector. In our simpli�ed case (L TE assumed), the source

function is not equal to zero only for the Stok es I pro�le and is dep enden t

only on the temp erature T , th us S = ( B

�

( T ) ; 0 ; 0 ; 0), where B

�

( T ) is the

Planc k's function. The formal solution of R TE can b e written as

I (0) =

1

Z

0

O (0 ; � ) K ( � ) S ( � ) d� ; (5)

where I (0) is the in tensit y at the surface of the atmosphere and O (0 ; � ) is

the ev olution op erator (Landi Degl'Inno cen ti & Landi Degl'Inno cen ti 1985;

del T oro Iniesta 2003).

4.1.1 Resp onse functions

The emerging in tensit y and shap e of the Stok es pro�les I (0) dep end on the

initial mo del of the atmosphere ~ x . A small c hange of the initial plasma

parameters � ~ x ( � ) (e.g. temp erature, v elo cit y , magnetic �eld strength or

orien tation) at the optical depth � causes the c hange of the propagation

matrix and the source function. A t �rst appro ximation, these c hanges can

b e written as

� K ( � ) =

m

X

i =1

@ K

@ x

i

� x

i

( � ) and � S ( � ) =

m

X

i =1

@ S

@ x

i

� x

i

( � ) ; (6)
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where m is the total n um b er of the parameters. The asso ciated c hanges in

in tensities follo w the transfer equation formally iden tical to R TE (4)

d� I

� �

= K ( � I � � S ) + � K ( I � S ) ; (7)

where the second order terms are neglected. F ollo wing the analogy , the

emergen t c hange of in tensit y is

� I (0) =

1

Z

0

O (0 ; � ) [ K ( � ) � S ( � ) � � K ( � )( I � S )] d� : (8)

T aking in to accoun t the equations (6), the resp onse function (RF) of the

parameter i is de�ned as

R

i

( � ) = O (0 ; � )

�

K ( � )

@ S ( � )

@ x

i

�

@ K ( � )

@ x

i

[ I ( � ) � S ( � )]

�

(9)

and the equation (8) can b e rewritten as

� I (0) =

m

X

i =1

1

Z

0

R

i

( � ) � x

i

( � ) d� : (10)

See Ruiz Cob o & del T oro Iniesta (1992, 1994) or del T oro Iniesta (2003)

for detailed deriv ation. The in v ersion co de is named after these functions,

b ecause their role is crucial as is sho wn in the next section.

4.1.2 The in v ersion pro cess

The sc heme of the in v ersion pro cess in case of a one-comp onen t mo del atmo-

sphere is sho wn in Fig. 8. In the follo wing paragraphs, the in v ersion pro cess

is describ ed according to this sc heme.

The emergen t Stok es sp ectrum is deriv ed from the equation (5) using

the initial mo del of atmosphere, the atomic parameters, and the abundances

giv en in the input �les. The syn thetic pro�le I is then con v olv ed with the

gaussian pro�le, whic h sim ulates the e�ect of the macroturbulence (Bellot

Rubio 1999), and with the instrumen tal pro�le, if this one is kno wn (MA C

and IPS in Fig. 8). Obtained syn thetic sp ectrum ( I

�

) is then mixed with

the stra y-ligh t pro�le ( I

str

) giv en b y the user. The p ortion of the stra y ligh t

is giv en b y the parameter s (stra y-ligh t factor), whic h v alue is �tted during

the in v ersion. Resulting syn thetic sp ectrum I

sy n

is then compared with the

observ ed sp ectrum ( I

obs

) and the merit function ( �

2

) is computed.

�

2

( ~ x ) /

4

X

k =1

n

X

j =1

[ I

obs

k

( �

j

) � I

sy n

k

( �

j

; ~ x )]

2

; (11)
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Figure 8: The sc heme of the in v ersion pro cess. Adapted from Koza (2003).

where k samples the 4-comp onen t v ector of Stok es pro�les and n is the total

n um b er of w a v elength p oin ts ( �

j

).

The goal of the in v ersion co de is to minimise the merit function, there-

fore w e need to c hange the initial mo del of the atmosphere ~ x b y � ~ x to mo v e

in the space of the free atmospheric parameters closer to the global mini-

m um. Close to the minim um, the merit function of the new mo del can b e

appro ximated b y the T a ylor series of the old merit function, so that

�

2

( ~ x + � ~ x ) ' �

2

( ~ x ) + � ~ x ( r �

2

+ H � ~ x ) ; (12)

where r �

2

represen ts the partial deriv ativ e of the merit function and H is a

so-called curv ature matrix. It is one half of the Hessian matrix con taining the

second partial deriv ativ es of the merit function ( H

ij

= 1 = 2 @

2

�

2

=@ x

i

@ x

j

).

The comp onen ts of the curv ature matrix and r �

2

are expressed as the
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functions of RFs (Ruiz Cob o & del T oro Iniesta 1992), th us the role of RFs

in this in v ersion co de is emphasised. SIR uses a Marquardt algorithm whic h

implies that if w e are close to the minim um then w e can mo v e to it b y simply

equating the term in brac k ets in equation (12) to zero and th us

� ~ x = � H

� 1

r �

2

; (13)

where H

� 1

is the in v erse of the curv ature matrix. The situation is more

complicated if w e are far from the minim um. In this case, a parameter �

m ust b e in tro duced to con trol the sp eed of con v ergence. The magnitude of

this parameter dep ends on the distance from the minim um and can b e up-

and do wn-scaled according to the c hange b et w een �

2

( ~ x ) and �

2

( ~ x + � ~ x ) (see

the sc heme in Fig. 8 and del T oro Iniesta (2003) for the detailed theoretical

description of this metho d).

The computation of the equation (13) is not trivial esp ecially b ecause

of the large dimension of the curv ature matrix. The in v ersion of large ma-

trixes is a di�cult n umerical task and is also computationally demanding.

T o decrease the size of the curv ature matrix, w e do not compute the p er-

turbation � ~ x at all optical depths of the mo del, but only at few grid p oin ts

called no des. The p erturbation at remaining depths is appro ximated b y the

cubic-spline in terp olation b et w een the equidistan tly distributed no des.

The n um b er of no des is giv en b y the user for eac h atmospheric parameter

and could b e increased when the new cycle of the in v ersion is started. The

n um b er of cycles is also de�ned b y the user and the in v ersion co de pro ceed

to the next cycle if no signi�can t v ariation of �

2

o ccurs in few last iterations.

This option also stops the in v ersion pro cess and returns the resulting mo del

of the atmosphere if there is no additional cycle to pro ceed.

4.1.3 Error estimation

Bellot Rubio (1999) has sho wn that the error of the plasma parameter x

i

at

the optical depth � is

�

2

i ( � )

/

�

2

P

n

j =1

R

2

i

( �

j

; � )

; (14)

where �

2

is the merit function and R

i

is the resp onse function of the plasma

parameter x

i

. Only the appro ximate relation is presen ted here to sho w

that the uncertain ties are prop ortional to the merit function and to the

in v erse of the resp onse function, therefore p o or �ts ha v e larger errors and

parameters that ha v e little in
uence on the emergen t in tensit y sho w the

largest uncertain ties.

The precise form of the equation (14) is sho wn b y e.g. del T oro Iniesta

(2003) who also describ ed the assumptions and limitations required for the

deriv ation of this equation. F or example, this equation is v alid only if all
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mo del parameters are indep enden t, so c hanges of one parameter do not in-


uence the remaining plasma quan tities. The reliabilit y of the equation (14)

w as tested using the Mon te Carlo sim ulations and it w as found out that the

uncertain ties are w ell estimated (W estendorp Plaza et al. 2001a).

4.2 Ranges of line sensitivit y

The resp onse functions can b e also deriv ed in a more simple w a y whic h tak es

on the other hand a long time. The syn thetic Stok es pro�les are deriv ed from

the input mo del of atmosphere, one of the parameters is c hanged in a small

range of optical depths and a new Stok es sp ectrum is computed. Then the

ratios b et w een the di�erences of the new and old syn thetic sp ectra and the

p erturbation of the parameter are computed. These ratios are in fact the

resp onse function of that parameter at the optical depth where the param-

eter w as c hanged. This pro cess has to b e rep eated for all optical depths to

retriev e the absolute RF to that plasma parameter. It is clear then, that

RFs b eha v e the same w a y as partial deriv ativ es of the sp ectrum with resp ect

to the ph ysical quan tities. Therefore, within the linear appro ximation, RFs

giv e the sensitivities of the emerging Stok es pro�les to p erturbations of the

plasma parameters of the atmosphere. If the v alue R

i

( � ; � ) is close to zero,

then the c hange of the plasma parameter � x

i

at the optical depth � do es

not in
uence the emerging in tensit y at the w a v elength � . The uncertain t y

of the parameter x

i

at the optical depth � will b e large, if R

i

( � ) is close to

zero at all w a v elength p oin ts of all Stok es pro�les of all in v erted lines. This

statemen t is just the description of the equation (14).

Regarding the imp ortance of the resp onse functions in the in v ersion co de

SIR, the examples of RFs to temp erature, magnetic �eld strength, and v e-

lo cit y are sho wn. Because the propagation matrix and the source function

is dep enden t on the plasma parameters, RFs are dep enden t on the atmo-

spheric mo del (i.e. they are di�eren t at eac h pixel of the in v erted area). T o

presen t some t ypical RFs, the a v erage mo dels of di�eren t areas w ere made.

In Fig. 9 the a v erage strati�cations of temp erature, magnetic �eld strength,

and v elo cit y of the lim b w ard p en um bras (blue lines), um bras (violet lines),

narro w ligh t bridges (orange lines), and broad ligh t bridge (red lines) are

sho wn together with the areas from whic h these a v erage strati�cations w ere

obtained.

In Figs. 10, 11, and 12, the resp onse functions to temp erature, magnetic

�eld strength, and v elo cit y are sho wn. Eac h of these �gures con tains four

panels: RFs of the I pro�le to the appropriate plasma parameter (upp er

left), RFs of Q (upp er righ t), RFs of U (lo w er left), and RFs of V (lo w er

righ t). Eac h panel con tains eigh t shaded �gures, the left columns corresp ond

to the RFs of F e I 603.15 nm and the righ t to F e I 603.25 nm, the �rst ro ws

are RFs of the a v erage um bral mo del (violet lines in Fig. 9), the second

ro ws corresp ond to the p en um bral mo del (blue lines in Fig. 9), and the third
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Figure 9: The a v erage strati�cations of temp erature, magnetic �eld strength,

and v elo cit y from the lim b w ard p en um bras (blue), um bras (violet), narro w

LBs (orange), and broad LB1 (red).

and fourth ro ws are RFs of the narro w and broad ligh t bridge resp ectiv ely

(orange and red lines in Fig. 9). On the x axis is the w a v elength, where

the white tic k marks corresp ond to the line cen tres. On the y axis is the

logarithm of the optical depth in the range from 1 to � 3 : 8 and the dotted

line corresp onds to the unit optical depth (log � = 0).

The units of the resp onse functions are the direct in v erse of their corre-

sp onding quan tities, b ecause they are normalised to the con tin uum in tensit y
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Figure 10: The absolute resp onse functions to temp erature. The four pan-

els corresp ond to the di�eren t Stok es pro�les ( I upp er left, Q upp er righ t,

U lo w er left, and V lo w er righ t). Eac h panel con tains resp onse functions of

F e I 630.15 (left column) and 630.25 nm (righ t column) and of four di�er-

en t mo dels of atmosphere (�rst ro w { the um bral mo del, second ro w { the

p en um bral mo del, third and fourth ro w { the mo dels of narro w and broad

ligh t bridges resp ectiv ely). See detailed description in the text.

of the Harv ard Smithsonian Reference A tmosphere (HSRA, Gingeric h et al.

1971) at the disk cen tre at the cen tral w a v elength of eac h sp ectral line (sim-

ilarly to the observ ed Stok es pro�les en tering the in v ersion co de SIR and to

the resulting syn thetic pro�les).
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Figure 11: Same as Fig. 10 but for magnetic �eld strength.

If the magnitudes of RFs to the di�eren t plasma parameters need to b e

compared, the relativ e resp onse functions are easily de�ned as

R

�

i

( � ) = R

i

( � ) x

i

( � ) : (15)

It means, that the (absolute) RF computed from the equation (9) is m ul-

tiplied b y the appropriate v alue of the plasma parameter x

i

at the optical

depth � resulting in to dimensionless (relativ e) RF.

The examples of relativ e resp onse functions are sho wn in Figs 13 and 14.

These �gures are practically RFs to temp erature of the a v erage um bral

mo del (Fig 10 top ro ws) visualised in 3D plots. In realit y , relativ e RFs to
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Figure 12: Same as Fig. 10 but for v elo cit y .

temp erature, magnetic �eld strength, and v elo cit y are compared and the

highest absolute v alue of RF at eac h co ordinate of w a v elength and optical

depth is plotted. On the xy plane of these 3D �gures is mark ed whic h RF is

the biggest at these co ordinates; ligh t gra y corresp onds to the temp erature,

and dark gra y to the magnetic �eld strength. The absolute v alues of rela-

tiv e RFs to v elo cit y are ev erywhere smaller than the RFs to temp erature

or magnetic �eld strength. The con tours in the xy plane serv e for b etter

orien tation in the plot.

It is clear, that the temp erature is the most imp ortan t plasma parameter

for the emerging shap e and in tensit y of the Stok es pro�les. This statemen t is
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Figure 13: The relativ e resp onse functions of Stok es I and Q . See the text

for details.

true not only for the a v erage um bral mo del visualised in Figs 13 and 14, but

also for the other three a v erage mo dels in Figs. 10, 11, and 12. The reason

is that the absolute RFs to temp erature are one order higher than RFs to

the other t w o parameters and that the magnitude of magnetic �eld strength
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Figure 14: Same as Fig. 13 but for Stok es U and V .

(ev aluated in G) or v elo cit y (m s

� 1

) is not higher than the magnitude of

temp erature (ev aluated in K) in the sunsp ot photosphere. Therefore, the

relativ e RF obtained b y the m ultiplication of these v alues m ust b e biggest for

temp erature at almost all depths and w a v elengths for all sho wn atmospheric

mo dels.
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The di�erence b et w een RFs to temp erature and RFs to other parameters

is caused mainly b y the L TE assumption. In this case, the source function S

dep ends only on the temp erature, th us the �rst term in brac k ets on the righ t

side of the equation (9) is zero for all other parameters (Ruiz Cob o & del

T oro Iniesta 1994). The factor ( I � S ) in the second term can b e considered

as a w eigh ting factor dep enden t on the optical depth. If the thermo dynamic

equilibrium prev ails b eneath the photosphere, then the di�erence b et w een

the Stok es sp ectrum and source functions diminishes at lo w er la y ers. There-

fore, the resp onse functions to temp erature ha v e the slo w est trend to zero

at large depths and the temp erature is practically the only parameter that

can b e determined at the sub-con tin uum la y ers. RFs to other parameters

are signi�can t b elo w the unit con tin uum optical depth only in the presence

of the v elo cit y gradien t (see Figs. 11 and 12).

The resp onse functions to temp erature and to magnetic �eld strength

ha v e the same w a v elength symmetry as the appropriate Stok es pro�les, i.e.

RFs of I , Q , and U are ev en functions and RFs of V are o dd functions.

The RFs to v elo cit y ha v e the opp osite w a v elength symmetry . This b ecomes

clear, if w e imagine the role of the temp erature and v elo cit y on the shap e of

the Stok es I pro�le. The increase in temp erature means also the increase in

the emerging in tensit y , whic h w ould b e the same in b oth line wings. On the

other hand, the presence of v elo cit y shifts the line core and breaks do wn the

symmetry of the line, it means that one of the line wings b ecomes dark er

and the other brigh ter.

Moreo v er, the presence of the v elo cit y gradien ts infracts not only the

symmetry of the line pro�les, but also the symmetry of the resp onse func-

tions. Therefore, the 3D represen tation in Figs. 13 and 14 corresp onds to the

a v erage um bral mo del, b ecause these RFs are the most symmetric. Ho w-

ev er, RFs of the um bral mo del are more complicated than RFs of other

atmospheric mo dels b ecause of higher magnetic �eld strength in the um-

bra. This can b e seen e.g. in the upp er left panel of Fig. 10, where RFs of

the um bral mo del in the highest ro w are broader and more complex than

RFs of the broad ligh t bridge mo del in the lo w est ro w (if the asymmetry is

neglected).

Man y others conclusions, similar to that already p oin ted out, could b e

made just b y studying RFs sho wn in Figs. 10, 11 and 12 and comparing

them m utually to ac kno wledge not only the e�ects caused b y the c hange of

v arious plasma quan tities, but also the role of the atmospheric mo del on the

shap e of the resp onse function.

4.3 Reliabilit y of the in v ersion

In the article b y Ruiz Cob o & del T oro Iniesta (1992), whic h in tro duced the

in v ersion co de SIR, the authors pro v ed that the results are con�den t. Man y

other studies con�rmed the reliabilit y of the in v ersion co de SIR (Ruiz Cob o
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Figure 15: Tw o pro�les di�ering in noise (thin lines in the left part) w ere

�tted resulting in to similar atmospheric mo dels (thic k lines in the righ t part).

See the text for detailed description.

1998; W estendorp Plaza et al. 2001a,b).

Tw o di�eren t simple tests are presen ted here to sho w that the resulting

mo del of atmosphere is almost indep enden t on the initial mo del and that

the noise do es not in
uence the retriev ed mo del of atmosphere signi�can tly .

In the left part of Fig. 15, the observ ed Stok es pro�les from the broad

part of the �rst ligh t bridge (thin red lines) w ere in v erted, resulting in to the
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Figure 16: Tw o di�eren t starting mo dels of atmosphere (red and blue lines

in the left part) w ere used together with the same set of observ ed Stok es

pro�les resulting in to similar atmospheric mo dels (thic k lines in the righ t

part). See the text for details.

atmospheric mo del from whic h the strati�cations of temp erature, magnetic

�eld strength, v elo cit y , and inclination are sho wn in the righ t part of Fig. 15.

The thic k red lines represen t the in v erted v alues and the thin red lines sho w

the error limits of these parameters. The syn thetic Stok es sp ectrum of this

atmospheric mo del is represen ted b y the thic k red lines in the left part of
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Fig. 15. If the SIR co de is applied to this syn thetic sp ectrum, the resulting

strati�cations of plasma parameters will b e exactly the same. Therefore, a

random noise w as added to this syn thetic sp ectrum and these noisy Stok es

pro�les are represen ted b y the thin blue lines. The resulting strati�cations

of the plasma parameters in v erted from these noisy Stok es pro�les are repre-

sen ted b y the blue lines in the righ t part of Fig. 15 and the syn thetic pro�les

are represen ted b y the thic k blue lines in the left part of Fig. 15 where the

thin blue lines sho w the corresp onding error limits.

The syn thetic pro�les are almost the same. The di�erence is biggest in

the Stok es U pro�le, whic h is also the most noisy one. The resulting strati�-

cations of the plasma parameters are v ery similar, what pro v es the reliabilit y

of the in v ersion and the small in
uence of the noise. The di�erences b et w een

the strati�cations are in the ranges of errors almost ev erywhere except the

higher la y ers of the atmosphere, where RFs to the plasma parameters are

diminishing. The sensitivit y of the Stok es pro�les to appropriate plasma

parameters can b e estimated from the ranges of errors, i.e. the temp erature

is the most accurately predicted parameter, the magnetic �eld strength and

v elo cit y ha v e similar ranges of reliabilit y and therefore similar magnitudes

of in
uence on the emerging Stok es pro�les, and the inclination is the most

uncertain parameter from the sho wn plasma quan tities and has the smallest

impact on the observ ed in tensit y and shap e of the Stok es pro�les.

In the left part of Fig. 16, t w o di�eren t initial mo dels of atmosphere are

sho wn. The red line corresp onds to the a v erage p en um bral mo del, whic h

w as �nally used as the initial mo del of atmosphere for all pixels in the �eld

of view; the details ab out this mo del are presen ted in the next section. The

second initial mo del (blue lines) is based on HSRA, where the magnetic

�eld strength w as set to constan t v alue of 100 G, the v elo cit y strati�cation

corresp onds to the negativ e v alues of the v elo cit y strati�cation of the �rst

mo del, and the inclination is 1 degree at all atmospheric depths.

These initial mo dels of atmosphere w ere used to in v ert the same set of

Stok es pro�les, whic h w ere observ ed in the narro w part of the second ligh t

bridge. Neither the observ ed pro�les nor the syn thetic Stok es pro�les are

sho wn here, b ecause they �t the observ ations v ery accurately and the �ts

do not di�er m uc h b et w een eac h other.

The resulting mo dels of atmosphere are compared in the righ t part of

Fig. 16. The strati�cations of temp erature, magnetic �eld strength, and

v elo cit y ha v e v ery similar shap es. The di�erences b et w een the strati�cations

are smaller than the ranges of errors up to the higher la y ers of atmosphere

giving con�dence in to the reliabilit y of the in v ersion co de SIR. Ho w ev er,

the shap es of the strati�cations of inclination are di�eren t and b ecause of

that, there is a discrepancy of inclination v alues ab out 10

�

in otherwise

trust w orth y range of heigh ts from log � = � 1 to log � = � 1 : 8. As w as

already p oin ted out, the radiation is not v ery sensitiv e to the c hanges of

inclination and therefore, suc h discrepancy is p ossible.
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4.4 P arameters of the in v ersion co de SIR

4.4.1 Input parameters

The �rst step in the in v ersion pro cess is the computation of the syn thetic

Stok es pro�les. T o do that, the input �les, whic h w ere the same for all

in v erted p oin ts, are needed.

The abundances of v arious c hemical sp ecies w ere quoted b y Thev enin

(1989). The abundance y of a c hemical sp ecie x is giv en relativ ely to the

n um b er of h ydrogen atoms H as y = 12 + log ( x=H ). In this scale, the

abundance of the h ydrogen is eviden tly 12 and e.g. the abundance of the

iron is 7.46. T otally , the abundances of 92 c hemical sp ecies are included in

the SIR co de.

The atomic parameters of the neutral iron lines used for the in v ersion are

listed in T ab. 1. The v alues of cen tral w a v elength w ere tak en from the w ork

b y Na v e et al. (1994), the excitation p oten tial and log ( g f ) from the w ork b y

Thev enin (1990), and the last t w o parameters describing the broadening of

these lines b y neutral h ydrogen w ere computed using the metho d and co de

describ ed in the article b y Barklem et al. (1998).

As w as said in the previous section, the initial mo del of atmosphere is the

same for all in v erted p oin ts. This mo del is tak en from the w ork b y Mart � �nez

Pillet (2000) where it w as used as the bac kground mo del of the p en um bral

atmosphere in whic h the horizon tal 
ux tub es w ere em b edded. The strat-

i�cations of temp erature, magnetic �eld strength, v elo cit y , and inclination

are sho wn in the left part of Fig. 16 (red lines). Moreo v er, there are other

parameters in the input �le. The micro- and macro-turbulence are set to 1

km s

� 1

at all depths. The macro-turbulence is not a free parameter of the

in v ersion and remains constan t. The azim uth is 238 degrees ev erywhere and

the v alues c hange during the in v ersion pro cess. The last strati�cation in the

input �le corresp onds to the electron pressure (Fig. 17), but this parameter

is not �tted, b ecause after eac h iteration step the electron pressure of the

already p erturb ed atmosphere is put in to the h ydrostatic equilibrium b y us-

�

lab

EP

lo w

log ( g f ) atomic �

V

�

[nm] [eV] transition [cm

2

]

6301.5012 3.65 -0.59

5

P

2

�

5

D

2

0.2428 2 : 344 � 10

� 14

6302.4936 3.69 -1.16

5

P

1

�

5

D

0

0.2406 2 : 973 � 10

� 14

T able 1: The atomic parameters of the neutral iron lines: �

lab

is the cen tral

w a v elength in the air, EP

lo w

the excitation p oten tial of the lo w er lev el,

log ( g f ) the logarithm of the m ultiplication of the degeneracy of the lev el

and the oscillatory strength, �

V

the v elo cit y parameter, and � the line

broadening cross section.
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Figure 17: The initial strati�cation

of the electron pressure.

Figure 18: The Stok es I pro�le of

the stra y ligh t.

ing the equation of state of an ideal gas with v ariable mean molecular w eigh t

to tak e in to accoun t the partial ionisation of the v arious atomic elemen ts.

The syn thetic Stok es pro�les can b e mixed with the stra y ligh t to increase

the accuracy of the in v ersion. The stra y-ligh t pro�le is the same for all

in v erted p oin ts, although the p ortion of the stra y ligh t is a free parameter

of the in v ersion and di�ers at eac h pixel. The pro�le of the stra y ligh t w as

tak en from the quiet sun. Therefore, only the I pro�le, whic h is sho wn in

Fig. 18, is not equal to zero. Ho w ev er, the exact stra y-ligh t pro�le dep ends

on the lo cation in the sunsp ot and is generally unkno wn. F or example,

close to the um bra, there m ust b e also some stra y ligh t of Stok es Q , U ,

and V pro�les. The dep endence of the resulting strati�cations of plasma

parameters on the stra y ligh t pro�le is discussed in Sect. 5.3.2.

4.4.2 The n um b er of no des

The in v ersion pro cess is directed b y the con trol �le. In this �le is describ ed

e.g. the p ossible source �le with the stra y-ligh t pro�le, the initial mo del of

atmosphere, the source �les for the abundances and atomic parameters, and

if the in v ersion will consider one- or t w o-comp onen t mo del of atmosphere.

As w as already men tioned in the description of the in v ersion pro cess, the

n um b er of cycles and the n um b ers of no des for eac h ph ysical parameter is

sp eci�ed b y the user and these n um b ers are giv en in this �le. The v ersion

of the SIR co de, whic h w as used in this thesis, do es not tak e the n um b er of

no des as an obligatory v alue, but as the maximal p ossible v alue. A practical

example of this can b e seen in Fig. 16, where b oth in v ersions w ere directed

b y the same con trol �le, but the resulting strati�cation of inclination has in

one case t w o no des (red line) and four no des in the second case (blue line),

whic h causes the discrepancy of the inclination v alues.
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The n um b er of no des for:

Cycle T B v

LOS




LOS

 

LOS

1 2 1 1 1 1

2 3 2 2 1 1

3 9 4 4 2 2

4 9 5 5 4 3

5 9 7 5 5 4

T able 2: The n um b ers of no des for temp erature, magnetic �eld strength,

v elo cit y , inclination, and azim uth for all cycles.

The n um b er of no des cannot b e arbitrary , b ecause the no des m ust b e

distributed equidistan tly in the atmosphere. Therefore, the n um b er of no des

is a function of the total n um b er of depth p oin ts. The used initial mo del of

atmosphere, whic h determines the n um b er of depth p oin ts, w as de�ned at

49 optical depths starting at log � = 1 and going up in the atmosphere with

steps of 0 : 1 till log � = � 3 : 8. Therefore, the n um b er of no des can b e: 0 (the

parameter is not in v erted), 1 (the parameter is heigh t-indep enden t), 2, 3, 4,

5, 7, 9, 13, 17, 25, and 49. If another n um b er of no des is sp eci�ed, the SIR

co de decreases this n um b er to the �rst p ossible v alue listed ab o v e.

Higher n um b er of no des usually means smaller merit function, although

the precise form of equation (11) con tains the n um b er of degrees of freedom,

whic h ma y b e used as a \w arning k ey" to remem b er that the n um b er of

no des cannot b e unreasonably large.

The c hosen n um b er of no des corresp onds to the exp ected complexit y of

the strati�cation of the appropriate parameter. The aim of this thesis lies

mainly in the analysis of the ligh t bridges and p en um bra, where the complex

strati�cations are exp ected. On the other hand, no breakthrough could b e

exp ected in the analysis of the um bra, whic h photospheric la y ers are quite

simple. Therefore, high n um b ers of no des w ere c hosen to co v er the p ossible

complexit y in the strati�cation of plasma parameters. The n um b ers of no des

for the imp ortan t plasma parameters are listed in T ab. 2, these n um b ers w ere

used for all in v erted p oin ts. F rom this table is also eviden t that 5 cycles of

the in v ersion pro cess w ere computed.

In the left part of Figs. 19, 20, 21, and 22 the a v erage Stok es pro�les (red

lines) are plotted. These a v erage pro�les w ere tak en from the areas mark ed

in the lo w er righ t part of Fig. 9. The a v erage pro�les are in v erted and the

syn thetic Stok es pro�les (left part) and strati�cations of the temp erature,

magnetic �eld strength, v elo cit y , and inclination (righ t part) are plotted

with the blue lines in Figs. 19{22 . The strati�cations coming from the

in v ersion are compared with the a v erage of individual strati�cations in eac h
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Figure 19: The a v erage um bral pro�les (red lines) are in v erted and resulting

strati�cations of the plasma parameters (blue lines) are compared with the

a v erage um bral strati�cations (red lines).

pixel of the selected areas. F rom this comparison, the suitable n um b ers of

no des can b e estimated.

It cannot b e exp ected that the a v erage strati�cations will b e repro duced

b y the �tted ones, b ecause the in v ersion pro cess is not linear. Ho w ev er, the

strati�cations coming from the in v ersion should not b e m uc h more complex
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Figure 20: Same as Fig 19, but for a v erage p en um bral pro�les.

than the a v erage ones, b ecause that w ould mean that the n um b er of no des is

to o high. On the other hand, the a v erage strati�cation could smo oth some

in teresting c haracteristics of the atmosphere whic h o ccur only in some small

part of the area, from whic h the a v erage is made.

In Fig. 19 the pro�les and strati�cations from the um bra are plotted.

As w as exp ected, the resulting strati�cations (blue lines) are m uc h more

complex than the a v erage one, b ecause the um bral photospheric la y ers are
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Figure 21: Same as Fig 19, but for a v erage pro�les from the narro w ligh t

bridge.

almost homogeneous and the c hosen n um b er of no des is inappropriate for

the plasma parameter strati�cations in this region.

In Fig. 20 the p en um bral pro�les and strati�cations are sho wn. Although

the a v erages are made only from the lim b w ard part of the p en um bra to a v oid

the di�eren t line-of-sigh t v elo cities, the pro�les from the brigh t and dark �l-

amen ts are mixed and some �ne di�erences in plasma strati�cations b et w een
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Figure 22: Same as Fig 19, but for a v erage pro�les from the broad ligh t

bridge.

these t w o comp onen ts of the p en um bra can b e smo othed out. Although the

n um b er of no des seems to b e to o large for the plasma parameters, except of

the v elo cit y , the p en um bral strati�cations needs a detailed discussion, whic h

is giv en in Sect. 5.2.

In Figs. 21 and 22 is sho wn the reason for the high n um b er of no des for

the temp erature strati�cation. It can b e seen, that ev en the a v erage pro�les
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from the ligh t-bridge areas carry some information ab out the complex tem-

p erature strati�cation there and the �ts repro duce correctly the heigh t of

temp erature enhancemen ts, whic h origin is discussed in Sect. 5.3. Ho w ev er,

the a v erage strati�cations of the other plasma parameters seems to b e more

simple than the in v erted ones, i.e. the n um b ers of no des are inappropriately

high in case of magnetic �eld strength, v elo cit y , and inclination.

According to the comparison b et w een the a v erage strati�cations and

the �tted ones, the c hosen n um b er of no des for temp erature is needed for

the description of the ligh t bridge atmosphere and the n um b er of no des for

v elo cit y is needed in the p en um bral atmosphere. It seems, that the n um b ers

of no des for the magnetic �eld strength and inclination are higher than it is

necessary . Ho w ev er, the conclusions are not based on the individual mo dels

of atmosphere, but on the maps of plasma parameters and on the a v erage

mo dels of atmosphere from small regions, where the e�ect of to o man y no des

is imp erceptible and reduced resp ectiv ely .

4.4.3 Output parameters

There are three output �les. The �rst one con tains the syn thetic Stok es

pro�les. The second �le corresp onds to the resulting mo del of atmosphere,

whic h corresp onds to the altered initial mo del where three more columns

with plasma quan tities are added. The last �le has the same structure as

the �le with the atmospheric mo del, but con tains the errors of the plasma

parameters.

As the resulting mo del of atmosphere is the most imp ortan t, the detailed

structure of the �le follo ws. The �rst line con tains three n um b ers, the macro-

turbulen t v elo cit y , whic h is not the parameter of iteration and remains equal

to 1 km s

� 1

, the �lling factor, whic h in case of one-comp onen t mo del of

atmosphere is equal to 1, and the fraction of the stra y ligh t giv en in p ercen ts.

Then 11 columns follo w. The �rst one de�nes the optical depths in whic h

the magnitudes of the plasma quan tities are computed and this column is

the same as in the input mo del of atmosphere. The strati�cations of the

temp erature ( T ), the electron pressure ( P

e

), micro-turbulen t v elo cit y ( v

mic

),

the magnetic �eld strength ( B ), the line-of-sigh t v elo cit y ( v

LOS

), inclination

( 


LOS

), and azim uth (  

LOS

) are ev aluated in columns 2 � 8. These columns

corresp ond to the altered initial v alues of these parameters giv en in the

starting mo del of atmosphere.

The nin th column con tains the geometrical heigh t h in the atmosphere

ab o v e the unit con tin uum optical depth. The SIR co de tak es in to accoun t

the in
uence of the plasma parameters on the opacit y , th us e.g. the op-

tical depth log � = � 1 corresp onds to the di�eren t geometrical heigh t in

the um bra and in the p en um bra. This parameter do es not solv e the pixel

to pixel 
uctuations of the lo cal Wilson depression, b ecause the SIR co de

exp ects that log � = 0 is equiv alen t to 0 km ev erywhere, whic h is not true
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according to the observ ations. The ten th column con tains the gas pressure

P

g

, whic h is computed from the temp eratures and electron pressures under

the assumption of L TE. The last column con tains the densit y � .

Some output parameters cannot b e directly used and need to b e mo di-

�ed. The transv erse-�eld comp onen t direction is unsigned, so that there is a

180

�

am biguit y in the azim uth v alues. In eac h of the analysed areas, the sum

of di�erences b et w een the azim uths w as minimised, and th us the am biguit y

problem w as solv ed. The corrected v alues of azim uth along with inclination

of the magnetic �eld v ector coming from the SIR co de are ev aluated with

resp ect to the line of sigh t. The transformation of these v ariables to the

lo cal reference frame w as made; hereafter, the inclination 
 is the angle b e-

t w een the magnetic �eld v ector and the lo cal normal line, and the azim uth

 is rec k oned from the north and increases coun terclo c kwise. Hereafter,

the strati�cations of the plasma parameters will b e plotted with regard to

the geometrical heigh t, b ecause this enables to compare the la y ers in the

atmosphere whic h are in realit y closer than la y ers with the same optical

depth.

It w as not y et men tioned that one of the input parameters is the helio-

cen tric angle � . The problem is, that the SIR co de is w orking prop erly only

with this parameter equal to 1, but the correct v alue for the observ ations

analysed here is around � = 0 : 91 (dep ending on the p osition in the sunsp ot).

Therefore, the retriev ed v alues of plasma parameters are not ev aluated at

heigh ts listed in the �les with the resulting mo del of atmosphere, but these

heigh ts m ust b e shifted b y log � , whic h is around 0.04 for our observ ations.

As this v alue corresp onds roughly to 7 km at the photospheric la y ers and

the shift is almost the same ev erywhere, this correction of heigh ts is not re-

alised. In the in v ersion pro cess, only the equation of h ydrostatic equilibrium

is in
uenced b y the incorrect v alue of the helio cen tric angle. According to

Basilio Ruiz Cob o (priv ate comm unication), this e�ect is nearly negligible

for � = 0 : 91.
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5 Results

The resulting v alues of v arious plasma parameters w ere obtained at all p oin ts

in the areas mark ed on the white-ligh t image sho wn in Fig. 7. As is describ ed

in the previous sections, the retriev ed v alues of plasma quan tities are trust-

w orth y at a restricted range of heigh ts. Therefore, the results at six di�eren t

geometrical heigh ts are sho wn in Figs. 38, 39, 40, and 41 for the �rst area

and in Figs. 42, 43, 44, and 45 for the second area. All of these �gures are

sho wn in the app endix Colour plates. The white con tours in these �gures

corresp ond to the um bral, the p en um bral, and the ligh t bridge b oundaries.

The geometrical heigh ts 0, 50, 100, 150, 200 and 250 km corresp ond to

the a v erage optical depths log � = 0, � 0 : 34 ; � 0 : 68 ; � 1 : 02 ; � 1 : 38 ; and

-1.74 resp ectiv ely . The SIR co de sets the geometrical heigh t z = 0 km to

the optical depth log � = 0, i.e. the e�ect of di�eren t temp eratures and

gas pressures on the opacit y is not tak en in to accoun t at this la y er. The

geometrical heigh ts of other la y ers are computed at eac h of the analysed

pixels separately with regard to the lo cal strati�cation of temp erature and

gas pressure. Therefore, the same geometrical heigh t corresp onds to di�eren t

v alues of the optical depth at eac h pixel and the a v erage v alues of optical

depth m ust b e listed.

The range of uncertain ties can b e roughly estimated from previous �g-

ures, if w e kno w the appro ximate v alues of the optical depths corresp onding

to the sho wn geometrical heigh ts. The v alidit y of the results can b e also

estimated from the smo othness of the resulting maps of v arious plasma pa-

rameters, as the v alues of the plasma quan tities at eac h pixel w ere computed

with no regards to the surrounding pixels (SIR is a one-dimensional co de).

The results are discussed in separate sections with regard to the lo ca-

tion in the sunsp ots, i.e. the um bra, the p en um bra, and the ligh t bridge.

This separation is based on the con tin uum in tensit y ( I

um bra

� 0 : 4 � I

max

,

I

p en um ; lb

� 0 : 55 � I

max

) and is mark ed in Fig. 37 (Colour plates). The

a v erage v alues of the plasma parameters in these areas are summarised in

T ab. 3 at heigh ts, whic h are sho wn in Figs. 38{45. The �rst ligh t bridge is

separated in to the narro w and broad parts according to the con tours in the

lo w er left part of Fig. 9.

5.1 Um bra

As w as sho wn b y previous studies (see e.g. W estendorp Plaza et al. 2001a

and references therein) and as is predicted b y all sunsp ot mo dels, the um bra

is the co olest area in the sunsp ot with the most in tense magnetic �eld. These

general c haracteristics are con�rmed b y the results also in the case of a highly

irregular sunsp ot, where the um bral cores are separated b y the ligh t bridges.

The temp erature is decreasing with heigh t in the um bra, as ev erywhere

in the photosphere. This trend is fastest at the lo w la y ers as can b e seen in
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P arameter z [km] Um bra P en um bra LB (narro w) LB (broad)

0 4850 5837 5593 5829

50 4565 5398 5239 5386

T 100 4330 5218 5142 5193

[K] 150 4210 5085 5014 5114

200 4132 4902 4811 5013

250 4012 4731 4674 4874

0 2268 1284 1220 918

50 2198 1085 1371 1070

B 100 2163 1019 1520 1199

[G] 150 2163 1071 1632 1274

200 2162 1188 1704 1312

250 2133 1299 1740 1352

0 29 78 38 45

50 24 72 31 41


 100 21 67 26 37

[deg] 150 20 63 24 35

200 19 59 22 32

250 19 56 21 30

0 135 3235 1090 1770

50 -35 1630 240 455

v

LO S

100 -70 745 -165 -185

[m s

� 1

] 150 -40 300 -280 -415

200 -20 160 -245 -400

250 -30 140 -225 -325

T able 3: Summary of the a v erage v alues of temp erature, magnetic �eld

strength, inclination, and v elo cit y in di�eren t regions of the studied areas.

Figs. 38 and 42 and in T ab. 3. F rom these �gures is also eviden t that the

co olest areas corresp ond to the dark est parts of the um bra at all heigh ts.

This dep endence of temp erature on the heigh t in the atmosphere and on the

con tin uum in tensit y is also sho wn in the upp er left part of Fig. 23.
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Figure 23: The dep endence of temp erature (upp er left), magnetic �eld

strength (upp er righ t), v elo cit y (lo w er left), and inclination (lo w er righ t)

on the heigh t in the atmosphere ( x axis) and on the con tin uum in tensit y ( y

axis) in the second um bra.

In the upp er righ t graph of Fig. 23, the same diagram is plotted for the

magnetic �eld strength. The visual impression is similar to the temp erature

b eha viour, but note that the in tensit y axis has the opp osite orien tation, th us

the dark est parts of the um bra ha v e the strongest magnetic �eld strength,

as can b e seen also in Figs. 39 and 43. The a v erage v alues sho wn in T ab. 3

decrease with heigh t in the atmosphere, although this trend is negligible if

the uncertain ties are accoun ted for at the middle and upp er la y ers. Similar

conclusion can b e estimated also from Fig. 23, where the decrease in the

magnetic �eld strength is hardly distinguishable. Same results w ere obtained

b y W estendorp Plaza et al. (2001a), although he found steep er decrease of

magnetic �eld strength in lo w la y ers (1.5{2 G km

� 1

) compared to the a v erage

gradien t computed from the v alues in T ab. 3 whic h is around 1 G km

� 1

b et w een 0{100 km (p ositiv e gradien ts with heigh t mean the decrease of the

v alues with increasing heigh t).
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In places of the brigh test um bral dots, whic h can b e seen in the �rst

area in Fig. 37, the temp erature is higher (Fig. 38) and the magnetic �eld

strength is smaller (Fig. 39) than in the surrounding um bra at geometrical

heigh ts 0 km and 50 km. A t high la y ers these small structures disapp ear

as is predicted b y all um bral dot mo dels (P ark er 1979; W eiss et al. 1990;

W en tzel 1992; Degenhardt & Lites 1993a,b) summarised in Sect. 2.3.3. The

prop erties of the um bral dots in the �rst area w ere already studied in the

article b y So cas-Na v arro et al. (2004). Therefore, the strati�cations of the

plasma parameters in these um bral dots are not analysed in this thesis.

The magnetic �eld is almost v ertical in the dark est parts of the �rst and

second um bra (Figs. 40 and 44). The inclination increases with brigh tness

as is sho wn in the lo w er righ t diagram of Fig. 23. This is consisten t with the

increase in inclination when mo ving from the dark est cen tral parts to the

edges of the um bra. The magnetic �eld is expanding with the heigh t in the

atmosphere, it means that the inclination is increasing along the magnetic

�eld lines. Ho w ev er, the resulting v alues of the inclination are computed

ab o v e some �xed p osition and with the heigh t in the atmosphere di�eren t

magnetic �eld lines are sampled b y the line of sigh t and the a v eraged incli-

nation of these �eld lines is decreasing as suggest the v alues in T ab. 3. This

decrease in the inclination is restricted only to lo w la y ers of the photosphere

and the gradien t at these lo w la y ers is on a v erage 9 � 10

� 2

deg km

� 1

, whic h

is m uc h larger than the v alue found b y W estendorp Plaza et al. (2001a)

at the outer parts of the um bra. Ho w ev er, the v alues of inclination are

rather uncertain at log � = 0, whic h mak es it di�cult to rely on them. The

nice example for the unlik ely b eha viour of the inclination can b e seen in

Fig. 23 for the dark est parts of the um bra as these a v erage strati�cations

w ere computed from only t w o p oin ts.

The v elo cities are close to the zero at all heigh ts in the um bras as can

b e seen in Figs. 41 and 45 and in T ab. 3. The dep endence of v elo cit y on the

heigh t in the atmosphere and on the con tin uum in tensit y sho wn in the lo w er

left panel of Fig. 23 suggests that brigh ter areas exhibit do wn
o ws around

200 m s

� 1

and the dark est regions up
o ws around 200 m s

� 1

in the lo w est

la y ers and that the v elo cit y is around 0 at the highest la y ers. Ho w ev er,

small absolute v alues of v elo cit y reac hed in the um bras ha v e relativ ely large

uncertain ties and the resulting dep endence of v elo cit y sho wn in Fig. 23 ha v e

not as smo oth b eha viour as the other quan tities sho wn there. Therefore,

the retriev ed b eha viour of line-of-sigh t v elo cities is not trust w orth y and the

um bra can b e still considered to b e at rest.

The description of the um bral structure giv en ab o v e con�rms the ex-

p ected b eha viour of plasma quan tities there. No surprising or unkno wn

facts are disco v ered. Therefore, the v alues of the plasma parameters in the

um bra listed in T ab. 3 are hereafter used as the reference magnitudes for

the ligh t bridges enclosed b y these um bras.
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5.2 P en um bra

The a v erage v alues of plasma quan tities from the lim b w ard parts of the

p en um bras are listed in T ab. 3. These v alues giv e us the roughest informa-

tion ab out the p en um bral structure as they are computed from the whole

areas. More detailed information can b e seen in Figs. 38{45, where the b e-

ha viour of the plasma quan tities with regard to the p osition in the p en um-

bra at six heigh ts is sho wn, and in Fig. 24, where the con tin uum in tensit y

is considered. Note that in spite of the um bra, the con tin uum in tensit y is

not dep enden t on the p osition in the p en um bra and th us Fig. 24 cannot b e

in terpreted as easily as Fig. 23.

Regarding the irregularit y of the sunsp ot studied in this thesis, the az-

im uthal a v erages, whic h w ere usually used for the description of the p en um-

bra in previous studies (e.g. Fig 3 tak en from W estendorp Plaza et al.

2001a) cannot b e created. Moreo v er, only the parts of the p en um bras are

observ ed without the p en um bra{quiet sun b oundary , and th us the absolute

v alues of plasma parameters, whic h are highly dep enden t on the p osition

in the p en um bra (that cannot b e sp eci�ed precisely), cannot b e compared

with previous results. Therefore, the comparison is mainly based on the

b eha viour of the plasma parameters with the heigh t in the atmosphere and

with the distance from the um bra.

5.2.1 General prop erties

The obtained results are in general in a go o d agreemen t with previous studies

of the p en um bral structure (e.g. W estendorp Plaza et al. 2001a,b; Bellot

Rubio et al. 2004; Borrero et al. 2004; Langhans et al. 2005). As can b e seen

in Figs. 39, 40, 43, and 44 the magnetic �eld strength is decreasing with the

distance from the um bra and b ecomes more horizon tal or ev en div es bac k

to the sun at some regions far from the um bra. The line-of-sigh t v elo cit y

increases with increasing inclination, i.e. to w ards the p en um bra{quiet sun

b oundary (Figs. 41 and 45).

F rom the high-resolution observ ations is clear, that the structure of the

p en um bra is �lamen tary . The widths of the �lamen ts w ere estimated to b e

around 160 km (Sc harmer et al. 2002) close to their p oin t of origin at the

unit con tin uum optical depth. Also the empirical mo dels (Solanki & Mon-

ta v on 1993; Mart � �nez Pillet 2000), the theoretical sim ulations (Sc hlic hen-

maier et al. 1998), and the results from the adv anced in v ersion tec hniques

based on the t w o-comp onen t mo del of atmosphere (Bellot Rubio et al. 2004;

Borrero et al. 2004) predict the �lamen tary structure of the p en um bra using

the uncom b ed mo del. The horizon tal 
ux tub es are em b edded in the bac k-

ground �eld and their diameters are around 100 km (ev en smaller than the

estimates coming from the observ ations) and therefore w ell under the reso-

lution limits of the curren t sp ectrop olarimetric observ ations (around 500 km
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Figure 24: Same as Fig. 23, but for the lim b w ard part of the p en um bra in

the �rst area.

for measuremen ts analysed in this thesis). Ho w ev er, w e see that the result-

ing maps of the plasma parameters exhibit more or less distinct �lamen tary

structure at all heigh ts with sizes around 1

00

(Figs. 38{45). This fact is con-

sisten t with previous observ ations at lo w er spatial resolution (W estendorp

Plaza et al. 2001a,b; S� anc hez Cub eres et al. 2005) and indicates a p ossible

large-scale spatial mo dulation of the plasma parameters in the p en um bra.

The theoretical and empirical mo dels predict, that the 
ux tub es are

p ositioned in the lo w la y ers of the p en um bral photosphere and the high la y ers

con tain only the bac kground comp onen t. With the �ne heigh t resolution

(that the in v ersion co de p ossesses), one can exp ect, that the �lamen tary

structure of the resulting plasma parameters will b e restricted only to the

lo w la y ers. As is said ab o v e, this is in the con tradict with the results. The

b est examples of the �lamen tary structure of the p en um bra are the resulting

maps of the temp erature (Figs. 38 and 42) and the inclination in the second

area (Fig. 44). It is clearly sho wn, that the �lamen ts are narro w est at the

lo w est la y ers of the atmosphere and they are di�using in the case of the
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inclination and diminishing in the case of the temp erature.

There are t w o explanations for these �lamen ts at high la y ers. Either they

are real or they are artifacts of the in v ersion co de. There are some prop erties

of the in v ersion co de SIR whic h in�rm the v erit y of suc h structures. As w as

sho wn b y Borrero et al. (2004), ev en the one-comp onen t in v ersion can b e

used for the analysis of the unresolv ed structures. It can b e exp ected, that

the ratio b et w een the bac kground and the 
ux tub e comp onen t is c hanging

from one resolution elemen ts to another in the p en um bra and th us in
u-

encing the resulting v alues of plasma parameters. This argumen tation can

explain the �lamen tary structure at lo w la y ers.

On the other hand, the heigh t resolution of the in v ersion co de SIR seems

to b e �ne enough to rev eal the exp ected sizes of the 
ux tub e, as the at-

mospheric parameters are ev aluated with step of log � = 0 : 1 (corresp onds

roughly to 15 km at lo w photosphere). But the exact heigh t resolution is

dep enden t on the n um b er of no des. Therefore, only the temp erature has

enough no des in the analysed region of heigh ts to resolv e the la y ers of the

atmosphere whic h are in truded with the 
ux tub es and whic h are not. On

the other hand, the inclination has only one no de and the magnetic �eld

strength has t w o no des in the analysed region of heigh ts (0{250 km) and

the v alues of these plasma parameters are computed b y cubic splines at all

other heigh ts. It means, that the plasma quan tit y can b e ev aluated at the

heigh t of the �rst no de, where the 
ux tub e comp onen t can prev ail at some

resolution elemen ts and th us the �lamen tary structure is retriev ed. The sec-

ond no de ab o v e this one is already at heigh t, where only the bac kground

comp onen t is presen t, and the maps of the plasma parameters are theoreti-

cally smo oth. As the v alues of the plasma parameters are computed b y cubic

splines b et w een these t w o no des and the upp er v alues are p ossibly the same

ev erywhere, then the di�erences b et w een the �lamen ts should b e decreasing.

Exactly this b eha viour can b e seen in Figs. 28 and 29 in Sect. 5.2.3. The

mec hanism describ ed ab o v e also explains wh y the �lamen ts at high la y ers of

the atmosphere are m uc h more distinctiv e in the inclination and magnetic

�eld strength maps than in the temp erature maps.

Another in teresting feature are the di�erences of the absolute v alues of

plasma parameters b et w een the lim b w ard and discw ard parts of the p en um-

bra, as can b e seen in Figs. 43{45. As the observ ed areas are highly irregular,

these discrepancies can b e just apparen t. Ho w ev er, W estendorp Plaza et al.

(2001a) obtained similar results, i.e. higher v alues of inclination and line-

of-sigh t v elo cit y in the lim b w ard parts of the p en um bra in the case of a

regular sunsp ot. He in terpreted these di�erences as the consequence of the

\di�eren tial opacit y e�ect", i.e. di�eren t geometrical heigh ts are prob ed on

eac h side of the p en um bra at a giv en optical depth. Mart � �nez Pillet (2000)

has sho wn that the di�erence in geometrical heigh t w ould b e only a few km

and prop osed another explanation based on the geometrical con�guration

of the uncom b ed �eld. It is di�cult to estimate the in
uence of this e�ect
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in case of an unconnected and irregular parts of the lim b w ard and discw ard

parts of the p en um bra, but the p ossibilit y of this e�ect m ust b e tak en in to

accoun t to a v oid wrong conclusions.

The most eviden t is the discrepancy in the case of the line-of-sigh t v e-

lo cit y (Fig. 45), whic h has a simple explanation since this parameter is not

ev aluated with resp ect to the lo cal v ertical. If the Ev ershed 
o w is symmet-

ric, as can b e supp osed, then the absolute v alues of the line-of-sigh t v elo cities

w ould b e the same only if the 
o w is exactly horizon tal. All other v alues of

inclination w ould mean di�eren t pro jection angles from the lim b w ard and

discw ard parts of the p en um bra to the line of sigh t and th us result in to

the asymmetry of the v elo cit y v alues. Using the v alues of inclination, the

comp onen t of v elo cit y along the magnetic �eld lines can b e computed, but

suc h pro cess emphasises the v alues of inclination whic h are more uncertain

than the line-of-sigh t v elo cities themselv es and is not implemen ted. Nev er-

theless, this pro cess is used in Sect. 5.2.3 to explain some c haracteristics of

the line-of-sigh t v elo cit y �ne structure.

Although the plots in Fig. 24 are based on the v alues from the lim b-

w ard part of the �rst p en um bra only , they are quan titativ ely the same as

analogous plots from the second p en um bra. The most eviden t b eha viour

of the plasma parameters with heigh t is the restriction of the line-of-sigh t

v elo cities to the lo w la y ers of the photosphere, as is sho wn in the lo w er

left part of Fig. 24. This w as predicted b y the theoretical (Sc hlic henmaier

et al. 1998) and empirical mo dels (Solanki & Mon ta v on 1993; Mart � �nez Pil-

let 2000), since the Ev ershed 
o w is almost horizon tal (see e.g. T ritsc hler

et al. 2004, and references therein) and m ust follo w the magnetic �eld lines.

The magnetic �eld is exp ected to b e horizon tal only in the 
ux tub es, whic h

are also restricted to lo w la y ers. Ho w ev er, the b eha viour of the line-of-sigh t

v elo cit y corresp onds to the mo del of the em b edded 
ux tub e only in the

case of general p oin t of view. In Sect. 5.2.3, the results in fa v our of the

mo del of the rising 
ux tub e are discussed along with the results whic h are

not supp orting this mo del.

T o estimate the reliabilit y of the resulting v alues of v elo cit y , the line-of-

sigh t v elo cities w ere computed from the shifts of the Stok es I pro�le of b oth

lines (Jur � c� ak et al. 2003). In Fig. 46 (Colour plates) are sho wn the results

for the �rst and second area (left and righ t columns resp ectiv ely), whereas

the �rst ro w corresp onds to the line-of-sigh t v elo cit y deriv ed from the F e I

line at 630.15 nm and the second ro w to 630.25 nm. Before the p en um bral

v elo cities are studied, it m ust b e noted, that the um bral v elo cities obtained

b y this metho d are close to zero as exp ected.

The results con�rm the exp ected redshift on the lim b w ard part of the

p en um bra and blueshift on the discw ard part. The asymmetry b et w een the

lim b w ard and discw ard part of the second p en um bra is also presen t, i.e.

higher absolute v alues of v elo cit y in the lim b w ard part. The p osition of the

maximal and minimal v alues of the v elo cit y is comparable with the v elo cit y
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Figure 25: The correlation co e�cien ts b et w een the line-of-sigh t v elo cities

deriv ed from the shifts of Stok es I pro�les and v elo cities obtained b y the

in v ersion co de SIR (lines) are plotted along with the sum of di�erences

b et w een the absolute v alues of these v elo cities (sym b ols). The blue and red

lines (sym b ols) corresp ond to the �rst and second area resp ectiv ely . Solid

lines and plus signs corresp ond to the F e I 630.15 nm, dashed lines and

asterisks to 630.25 nm.

maps sho wn in Figs. 41 and 45, although the absolute v alues of v elo cit y

obtained b y this metho d are m uc h smaller than those from the SIR co de.

These v elo cities are computed almost from the whole line wings, and

therefore it is imp ossible to sp ecify the a v erage heigh t whic h is mainly re-

sp onsible for the obtained v alue of the line-of-sigh t v elo cit y . Therefore, the

correlation co e�cien t b et w een these maps of v elo cities and those retriev ed

b y the SIR co de at studied heigh ts w ere computed along with the sum of

di�erences b et w een the v alues. The results are sho wn in Fig. 25, where the

blue and red lines (and sym b ols) corresp ond to the �rst and second area

resp ectiv ely . The solid and dashed lines corresp ond to the correlation co e�-

cien ts computed using F e I 630.15 nm and 630.25 nm resp ectiv ely . The plus

sign corresp onds to F e I 630.15 nm and the asterisk to F e I 630.25 nm. The

maximal correlation co e�cien ts are reac hed at heigh ts b et w een 20{40 km,

but the sum of di�erences is elev ated at these heigh ts. Coming out from

this �gure, the v alues of the line-of-sigh t v elo cities retriev ed from the SIR

co de are probably o v erestimated at lo w la y ers of the atmosphere and b ecome
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reliable at heigh ts around 50 km.

In the upp er left part of Fig. 24, the b eha viour of the temp erature with

regard to the con tin uum in tensit y and the heigh t in the atmosphere is sho wn.

The dep endence of temp erature on the con tin uum in tensit y is thoroughly

discussed in the next section. The temp erature decreases on a v erage faster

with heigh t in the p en um bra than in the um bra, as suggests the temp era-

ture gradien t computed from the v alues in T ab. 3, whic h is higher in the

p en um bra (4.42 K km

� 1

) than in the um bra (3.35 K km

� 1

). This can b e

also explained with the presence of the hot 
ux tub es, whic h increase the

temp erature more at the lo w er la y ers than in the upp er parts of the analysed

region.

The b eha viour of the magnetic �eld strength with heigh t is hea vily in-


uenced b y the presence of the unresolv ed �ne structure. The correlation

with con tin uum in tensit y is discussed in next section, but regardless the in-

tensit y w e see (upp er righ t part of Fig. 24), that the magnetic �eld strength

is decreasing with heigh t ev erywhere and from some geometrical heigh t in-

creasing again. It seems, that the turning p oin t is dep enden t on the con-

tin uum in tensit y , it is around z = 100 km at the dark est parts and roughly

150 km in the brigh test parts. T o explain this b eha viour, the mo del b y

Sc hlic henmaier et al. (1998) is assumed. The rising 
ux tub es ha v e smaller

magnetic �eld than the bac kground comp onen t. In brigh t areas, these tub es

are rising and reac hing there higher la y ers of the photosphere and then they

b ecome dark and horizon tal, and according to Sc hlic henmaier et al. (1998)

they remain roughly 100 km ab o v e the unit con tin uum optical depth. This

is in a go o d agreemen t with the b eha viour of the magnetic �eld strength.

On the other hand, it w ould mean that the inclination should b e smaller in

the brigh t areas than in the dark ones, b ecause the a v erage inclination of

the rising 
ux tub e mixed with the bac kground �eld should b e smaller than

the inclination of the lying horizon tal 
ux tub e mixed with the bac kground

�eld. In the lo w er left part of Fig. 24 is sho wn, that some dark parts of

the p en um bra ha v e higher inclination than the brigh test areas at the lo w est

la y ers, but the di�erence is v ery small. Moreo v er, the large uncertain ties

in�rm the v alues of inclination mainly at lo w est la y ers whic h are compared

here. This problem is again discussed lo cally in Sect. 5.2.3

The presence of the 
ux tub es, whic h are probably restricted only to the

lo w la y ers, mak es it di�cult to estimate the c haracteristics of the bac kground

comp onen t. Therefore it is hard to sa y , if the magnetic �eld strength of the

bac kground comp onen t is increasing with heigh t or not. Note, that the

retriev ed increase in the magnetic �eld strength con tin ues also at higher

la y ers than are those sho wn in Fig. 24, and th us agrees with W estendorp

Plaza et al. (2001a), who found a decrease in the magnetic �eld strength

in the inner p en um bra and an increase in the outer p en um bra (left part of

Fig. 3) and in terpreted it as a sign of a canop y structure. The absolute

v alues of the inclination of the magnetic �eld in the bac kground comp onen t
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are also unkno wn, since the presence of the 
ux tub es at lo w la y ers a�ects

the obtained v alues of inclination at high la y ers more than it in
uences the

magnitudes of the other plasma parameters (according to the lo w est n um b er

of no des for inclination). F ollo wing the argumen tation ab out the inclination

in the um bra giv en in Sect. 5.1, the inclination should b e decreasing with

heigh t as is sho wn in the lo w er left part of Fig. 24 ev en if the resulting

strati�cations are not in
uenced b y the 
ux tub e comp onen t.

The azim uth of the magnetic �eld is sho wn only in maps of the magnetic

�eld strength (Figs. 39 and 43). The errors of this parameter are ev en larger

than the errors of the inclination. Moreo v er, the 180

�

am biguit y of the az-

im uth v alues further in�rm the reliabilit y of this parameter. The orien tation

of the magnetic �eld corresp onds to the orien tation of the p en um bral �la-

men ts. The azim uths in the discw ard part of the second p en um bra seem

to b e quite unorganised mainly at the lo w la y ers, where the uncertain ties

are largest. The opp osite orien tation of some of the arro ws w ould b e more

suitable in this region. This can b e ascrib ed to the metho d used for the

solution of the am biguit y problem, but ev en if opp osite orien tation of the

magnetic �eld is considered, the resulting v alues are not aligned in this re-

gion. As only one discw ard part of the p en um bra is analysed, it cannot b e

said wh y are the resulting v alues of the magnetic �eld azim uth so disp ersed

only there and what could b e the cause for this.

5.2.2 Correlation co e�cien ts

In Fig. 26, the correlation co e�cien ts b et w een the con tin uum in tensit y and

v arious plasma parameters in di�eren t p en um bral regions are sho wn with

regard to the heigh t in the atmosphere. Note, that the main cause for the

discrepancy b et w een the v alues of the correlation co e�cien ts in di�eren t

areas is the di�eren t range of distances of the p oin ts in the p en um bra from

the um bra. The dep endence of the correlation co e�cien ts on the p osition in

the p en um bra w as already p oin ted out b y W estendorp Plaza et al. (2001a)

as is sho wn in Fig. 4 on the correlation co e�cien t b et w een the magnetic �eld

strength and the inclination.

It is clear that only the temp erature has a clear relation to the con tin-

uum in tensit y . Wh y the other plasma quan tities ha v e only a w eak relation

to the con tin uum in tensit y? There are some reasons for the small correla-

tion b et w een the in tensit y and the plasma parameters. The �rst argumen t

regards only the temp erature. This parameter w as computed with the high-

est n um b er of no des, so there are some enhancemen ts in the temp erature

strati�cations, whic h can b e seen at some in tensities in the upp er left part

of Fig. 24. These enhancemen ts cause the decrease of the correlation co ef-

�cien t at the heigh ts in the atmosphere where they are presen t. Therefore,

only the correlation co e�cien ts of temp erature in Fig. 26 sho w oscillatory

b eha viour with heigh t. Suc h temp erature enhancemen ts can ha v e the same
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Figure 26: The correlation co e�cien ts b et w een the con tin uum in tensit y and

temp erature, magnetic �eld strength, inclination, and line-of-sigh t v elo cit y

resp ectiv ely . The colours of the lines corresp ond to di�eren t plasma quan-

tities and the st yles of the lines to the di�eren t parts of the p en um bra as is

explained in the righ t part of the �gure.

reason as the one sho wn in Fig. 20, i.e. to o high n um b er of no des for this

plasma parameter. Ho w ev er, the spatial and heigh t arrangemen t of these

enhancemen ts seems to b e organised and they are discussed in the next

section.

Other argumen t regards the correlation co e�cien ts of all studied plasma

parameters. It w as suggested b y Sc hlic henmaier et al. (1998) that the dark

parts of the p en um bra consist of t w o comp onen ts. Ev en if the mo del pro-

p osed in their w ork is not correct, the white-ligh t observ ations of the p en um-

bra sho w the app earance of spatially unresolv ed clusters of p en um bral grains

with the tail whic h gradually dark ens with the distance from the um bra un til

it is not recognisable from the surroundings. It can b e easily supp osed, that

the ph ysical conditions in this dark ened tail di�er from the dark parts of the

p en um bra where no tails are presen ted and th us di�eren t v alues of plasma

quan tities corresp ond to similar con tin uum in tensities. Also the brigh t ar-

eas can ha v e di�eren t plasma conditions, since the areas o ccupied b y sligh tly

dark ened bunc h of 
ux tub es and those o ccupied b y the smaller amoun t of

rising 
ux tub es w ould ha v e comparable con tin uum in tensities.

Some w eak an ticorrelation b et w een the con tin uum in tensit y and mag-
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Figure 27: The m utual correlation co e�cien ts b et w een magnetic �eld

strength, inclination, and line-of-sigh t v elo cit y . The st yles and colours of

the lines are explained in the righ t part of this �gure.

netic �eld strength can b e found in Fig. 26. This an ticorrelation is restricted

to lo w la y ers of the photosphere in the case of the �rst p en um bra (solid

line). It means that the magnetic �eld is stronger in the dark er parts of the

p en um bra as can b e seen in the upp er righ t graph of Fig. 24 (note the in v erse

orien tation of the y axis whic h indicates the con tin uum in tensit y). Similar

dep endence of the magnetic �eld strength on the con tin uum in tensit y w as

found b e e.g. Bec k ers & Sc hr• oter (1969) and Wiehr (2000), but recen t stud-

ies b y W estendorp Plaza et al. (2001a) (same in v ersion tec hnique applied on

data with mo derate spatial resolution) and Langhans et al. (2005) (analysis

based on the magnetograms with higher spatial resolution) found stronger

magnetic �eld in brigh t �lamen ts in con tradiction. Our result supp orts the

mo del of the rising 
ux tub es computed b y Sc hlic henmaier et al. (1998), as

already men tioned in the previous section.

In Sect. 5.2.3, this problem is discussed in more details along with the

lo cal dep endencies of the inclination and the line-of-sigh t v elo cities, whic h do

not sho w an y strong global correlation with con tin uum in tensit y . Although,

sligh tly higher v alues of correlation b et w een the con tin uum in tensit y and

inclination can b e found at high la y ers of the discw ard part of the second

p en um bra.

In Fig. 27 are sho wn the m utual correlation co e�cien ts b et w een the mag-

netic �eld strength, the inclination, and the line-of-sigh t v elo cit y . These cor-
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relation co e�cien ts are not in
uenced b y the argumen t listed ab o v e. Note,

that the correlation co e�cien ts that consider the line-of-sigh t v elo cit y lo ose

their meaning with increasing heigh t, as the v elo cit y is decreasing to zero

with heigh t and the uncertain ties dominate at high la y ers.

The most eviden t is the correlation b et w een the inclination and the line-

of-sigh t v elo cit y in the lim b w ard parts of the p en um bras and a w eak er an ti-

correlation in the discw ard part of the second p en um bra. This b eha viour �ts

the exp ected con�guration of rising 
ux tub es suggested b y Sc hlic henmaier

et al. (1998), where the Ev ershed 
o w is carried only in the 
ux tub es. The


o w is slo w est near the emerging p oin t of the 
ux tub e and b ecomes faster

with increasing distance from this p oin t, where the tub e is theoretically hor-

izon tal. In our case, the angle b et w een the line of sigh t and normal to the

surface is 25

�

. If w e supp ose the inclination of the rising 
ux tub e to b e

e.g. 70

�

, what is around the minimal v alue of inclination obtained at lo w

la y ers, than the pro jection of the v elo cit y to the line of sigh t is obtained

b y m ultiplying this v elo cit y with factor cos 95

�

(0.09) on the lim b w ard side

of the p en um bra and cos 45

�

(0.7) on the discw ard part. With increasing

inclination, this factor is increasing on the lim b w ard side and decreasing on

the discw ard side of the p en um bra. If w e realise, that the redshifts on the

lim b w ard part of the p en um bra ha v e p ositiv e sign and the blueshifts nega-

tiv e sign, than it results in to the strong correlation b et w een the inclination

and the line-of-sigh t v elo cit y on the lim b w ard side and the w eak er an ticor-

relation on the discw ard side of the p en um bra. Note, that the decrease of

the co e�cien ts with increasing inclination (i.e. increasing distance from the

um bra) on the discw ard side of the p en um bra is more than comp ensated b y

the increase of v elo cit y with the increasing distance from the um bra. Simi-

lar results w ere already found b y W estendorp Plaza et al. (2001b), i.e. the

fastest 
o w is asso ciated with areas, where the �eld lines are diving bac k to

the sun.

The an ticorrelation b et w een the magnetic �eld strength and the incli-

nation b ecomes signi�can t at high la y ers, i.e. the strong magnetic �eld is

more v ertical there. This fact is consisten t with the uncom b ed mo del of the

p en um bra, where the bac kground comp onen t is stronger and more v ertical.

This an ticorrelation is apparen t at high la y ers, b ecause neither the magnetic

�eld strength nor the inclination ha v e su�cien t heigh t resolution to com-

p ensate the presence of 
ux tub e at lo w la y ers. It m ust b e noted, that the

an ticorrelation is not obtained at lo w la y ers, where the more v ertical �eld

can b e found also at areas with w eak magnetic �eld (see the next section).

The correlation co e�cien ts b et w een the magnetic �eld strength and the

line-of-sigh t v elo cit y do not exceed the absolute v alue 0.4. Moreo v er, the

correlation co e�cien ts of these parameters computed from the lim b w ard

parts of the p en um bras do not sho w similar b eha viour, whic h should b e

opp osite to the b eha viour of the correlation co e�cien t from the discw ard

part of the second p en um bra lik e in the case of the correlation co e�cien t
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b et w een the line-of-sigh t v elo cit y and the inclination. Therefore, the relation

b et w een the magnetic �eld strength and the line-of-sigh t v elo cit y is discussed

only with regard to the �ne structure of the p en um bra.

5.2.3 Fine structure

In previous sections, some indirect evidences for the 
ux tub es, whic h are

restricted to lo w la y ers of the photosphere and spatially unresolv ed, are

discussed. The general results also supp ort the theoretical mo del of the

rising 
ux tub es b y Sc hlic henmaier et al. (1998). The lo cal prop erties of the

p en um bra are closely studied in this section.

In Figs. 28 and 29, the b eha viour of plasma parameters along v ertical

cuts through the lim b w ard and discw ard parts of the second p en um bra are

sho wn. The colours of lines in the plots of temp erature, magnetic �eld

strength, inclination, and line-of-sigh t v elo cit y corresp ond to the di�eren t

heigh ts in the photosphere as explained on the righ t side of these �gures.

The dashed blac k line in all of the graphs corresp onds to the con tin uum

in tensit y along the cuts. On the x axis is sho wn the horizon tal length of the

cuts, where the spacing b et w een the minor tic ks is 500 km whic h roughly

corresp onds to the spatial resolution of our observ ation. The p osition of the

cuts is mark ed in the upp er righ t part of these �gures, where the arro ws

corresp ond to the dashed lines in the graphs of plasma parameters. These

lines corresp ond to lo cal minima and maxima of the con tin uum in tensit y and

are used as reference p oin ts for the orien tation in the graphs. The lines are

en umerated from left to righ t, e.g. the second line corresp onds to the lo cal

maxim um of the con tin uum in tensit y in Fig. 28 and to the lo cal in tensit y

minim um in Fig. 29.

In the previous section is claimed that the correlation co e�cien ts are

decreased b ecause similar v alues of plasma parameters are reac hed in areas

with completely di�eren t con tin uum in tensities. This can b e seen in graphs

of the inclination in Figs. 28 and 29, where the lo w v alues of inclination

are found b oth in the dark est and brigh test areas (compare e.g. the second

and sixth line in Fig. 28 whic h corresp onds to the in tensit y maxim um and

minim um resp ectiv ely). The magnitude of the 
uctuations b et w een brigh t

and dark �lamen ts is decreasing with heigh t, as can b e seen in graphs of

the magnetic �eld strength, inclination, and line-of-sigh t v elo cit y . As is ex-

plained in Sect. 5.2.1, the insu�cien t heigh t resolution for these parameters

can b e the explanation for the �lamen tary structure at high la y ers.

The di�erences b et w een the t w o kinds of the dark comp onen ts (Sect. 5.2.2)

are easily seen in graphs of magnetic �eld strength and inclination. In

Fig. 28, the fourth and sixth lines corresp ond to the deep minima of con tin-

uum in tensit y , the �rst one b eing deep er. The inclinations are comparable

at high la y ers of the atmosphere and so are the magnetic �eld strengths.

On the other hand, the lo w la y ers of atmosphere exhibit di�eren t v alues
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Figure 28: The b eha viour of temp erature, magnetic �eld strength, inclina-

tion, and line-of-sigh t v elo cit y along the v ertical cut through the lim b w ard

part of the second p en um bra, whic h is mark ed in the upp er righ t part of

this �gure. Detailed description is giv en in the text.

of these atmospheric parameters. In agreemen t with Sc hlic henmaier et al.

(1998), the dark area around 4400 km can b e asso ciated with the dark ened

tail of the 
ux tub e, as the inclination is high and the magnetic �eld w eak at

lo w la y ers. The bac kground comp onen t dominates in the dark region around

7200 km, as the inclination and magnetic �eld strength are almost the same

at all heigh ts in the analysed region of atmosphere. The di�erence should

b e observ able also in the case of the line-of-sigh t v elo cities at lo w la y ers.

The v elo cit y is high at the �rst in tensit y minim um at the geometrical heigh t

z = 0 km as suggests the mo dels of the 
ux tub es, but the absolute v alues

of v elo cit y are not trust w orth y at this la y er. A t z = 50 km, the line-of-sigh t

v elo cit y is still higher at the �rst in tensit y minim um than at the second one,

but the di�erence is only 0.3 km s

� 1

whic h is only sligh tly more than the

uncertain ties at this la y er.

No signi�can t example of the dark ened tail can b e found in the dis-
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Figure 29: Same as Fig. 28, but for the discw ard par of second p en um bra.

cw ard part of the second p en um bra (Fig. 29). This do es not mean, that

the mo del is wrong, just that the bac kground and 
ux tub es comp onen ts

are comparable in the resolution elemen ts inside the dark areas along the

cut. The bac kground comp onen t dominates in Fig. 29 around the eigh t line

(8000 km), where the small v alues of line-of-sigh t v elo cities and inclinations

can b e seen at all studied heigh ts and the magnetic �eld is the most in tense

there.

This separation of the bac kground and 
ux tub e comp onen t enables the

comparison with the results obtained b y the t w o-comp onen t in v ersion made

b y Bellot Rubio et al. (2004) and Borrero et al. (2004). Although the bac k-

ground comp onen t is also c hanging with the distance from the p en um bra,

the v alues of inclination smaller than 40

�

found in areas where the bac k-

ground comp onen t dominates corresp onds to the v alues found b y Borrero

et al. (2004) and Bellot Rubio et al. (2004) (inner p en um bra). The magnetic

�eld strength obtained in these areas (around 1800 G) is also in a go o d agree-

men t with these studies, although the �eld strength is m uc h more dep enden t

on the p osition in the p en um bra and th us hardly comparable.
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Regarding the line-of-sigh t v elo cit y , it is b etter to lo ok for the increased

v alues of v elo cit y at higher la y ers, since the v alues at z = 0 km are o v er-

estimated, as explained in Sect. 5.2.1. In Fig. 28, it corresp onds to the

brigh t areas around 1000, 5000, and 8500 km. In the white-ligh t image of

this �gure can b e seen that these areas corresp ond to extensions of brigh t

grains. The spatial corresp ondence b et w een the brigh t �lamen ts and the


o w c hannels w as found also b y Hirzb erger et al. (2005). All these regions

ha v e v ery similar strati�cation of all sho wn plasma parameters. The temp er-

atures at z = 50 km and z = 100 km are close to eac h other. The magnetic

�eld strength decreases from z = 0 km to z = 50 km, than remains almost

constan t and increases from z = 100 km to z = 250 km. The inclination

is decreasing with heigh t in these areas. Similar b eha viour can b e found

in Fig. 29 around 3000 km and also around 800 km, but not so eviden tly .

These strati�cations of plasma parameters corresp ond to the existence of

the 
ux tub es lo cated around the heigh ts 50{100 km.

In Fig. 28, the second arro w p oin ts roughly to the b order b et w een the

brigh t grain and some dark er bac kground. According to Sc hlic henmaier

et al. (1998), the 
ux tub es are rising in brigh t grains. The resulting v alues

of inclination are lo w and close to eac h other at all heigh ts. If the 
o w

is carried b y the rising 
ux tub e, than the pro jection to the line of sigh t

w ould result in to the negativ e v alues of v elo cit y whic h can b e seen around

2200 km with maxim um at the geometrical depth 100 km (in agreemen t

with Hirzb erger et al. 2005). On the other hand, suc h con�guration should

result in to w eak er magnetic �eld at this heigh t whic h is not con�rmed, as

the v alue is comparable with the magnetic �eld strength at z = 250 km.

The area around 3000 km in Fig. 28 w as not describ ed earlier on purp ose,

b ecause v ery strong and improbable 
o ws w ere obtained there. Strong 
o ws

at highest la y ers are also obtained in the discw ard part of the p en um bra

(Fig. 29 around 6000 km), but this area is closely related to the extension

of the ligh t bridge to the p en um bra and a strange b eha viour can b e ex-

p ected there. Suc h extension is not observ ed in the con tin uum in tensit y on

the lim b w ard part of the p en um bra. Therefore, the retriev ed strati�cations

in this area are considered as wrong, also b ecause suc h strong opp ositely

orien ted 
o ws are highly doubtful.

The last in teresting area men tioned in previous paragraph is lo cated in

the discw ard p en um bra lo cated around the sixth line in Fig. 29. Although

the line-of-sigh t v elo cities are signi�can t also at highest la y ers, no shear in

the orien tation of the 
o w is presen ted and mak es the results more trust w or-

th y . F rom the white-ligh t image is clear, that the area spatially corresp onds

to the extension of the ligh t bridge to the p en um bra. The temp erature

strati�cation is not un usual in this region, a smo oth decrease with heigh t,

only the absolute v alues of temp erature are higher than in the surrounding

areas at some la y ers. The magnetic �eld is w eak in this region, but surpris-

ingly it is decreasing with heigh t and the �eld strength remains lo w at high

69



Figure 30: The b eha viour of temp erature, magnetic �eld strength, inclina-

tion, and line-of-sigh t v elo cit y in the v ertical cut along the brigh t �lamen t

in the lim b w ard part of the �rst p en um bra (mark ed in the upp er righ t part

of this �gure). Detailed description is giv en in the text.

la y ers. The p eculiarit y of this b eha viour b ecomes clear, if w e compare it

with the strati�cation of magnetic �eld strength in the ligh t bridges, whic h

is describ ed in Sect. 5.3. The magnetic �eld is almost horizon tal at all la y-

ers and the 
o w v elo cit y is decreasing with heigh t. The formation of this

structure m ust b e closely related to the formation of the ligh t bridge, but in

the p en um bra is moreo v er in
uenced b y the rising 
ux tub es.

In Figs. 30 and 31, the v ertical cuts through the brigh t grains are sho wn.

Both �gures start in the um bra, cross the grain and con tin ue to w ards the

quiet sun as sho wn in the upp er left part of these �gures. The arro ws

corresp ond to the dashed lines in the plots of temp erature, magnetic �eld

strength, inclination, and line-of-sigh t v elo cit y (named from top to b ottom).

The colorbars in the left part of the �gures enable to estimate the magni-

tudes of plasma quan tities. The solid blac k line in the temp erature plot

corresp onds to the con tin uum in tensit y along the cut.

W e try to in terpret the previous results with the mo del of rising 
ux tub e

as w as prop osed b y Sc hlic henmaier et al. (1998). Although there are other

mo dels for the �lamen tary structure in the p en um bra whic h can explain our

results, Figs. 30 and 31 closely resem ble the theoretical maps of plasma pa-

rameters sho wn b y Sc hlic henmaier et al. (1998). Therefore, this theoretical
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Figure 31: Same as Fig. 30, but for a di�eren t brigh t �lamen t.

mo del of the �lamen tary p en um bra is preferred for the comparison with our

results.

The temp erature along the cut sho ws the rising hot 
ux tub e, whic h

is rapidly co oled do wn to the temp erature of the surrounding plasma and

b ecomes horizon tal. Ho w ev er, this co ol 
ux tub e can b e follo w ed in the

plot of magnetic �eld strength, as the �eld is w eak er inside it. The 
ux

tub es seem m uc h broader in the maps of magnetic �eld strength than in

the temp erature maps. This is caused b y the di�eren t heigh t resolution, i.e.

di�eren t n um b ers of no des for these plasma parameters.

It m ust b e men tioned here that w e detect rather a bunc h of rising 
ux

tub es than a single one. With our spatial resolution around 500 km a single

tub e w ould b e unrecognisable. In fact, w e observ e a part of p en um bral

atmosphere p enetrated b y rising 
ux tub es with �lling factor su�cien tly

high to giv e their signature to the observ ed Stok es pro�les.

The presence of the 
ux tub e is indistinguishable in the map of the

inclination, as the heigh t resolution is lo w est for this quan tit y . In places

of the 
ux tub e, whic h can b e estimated from the magnetic �eld strength

map, the inclination reac hes v alues around 70

�

from 2000 km further. The

inclination can b e also estimated from the tracing of the w eak �eld in the

magnetic �eld strength map and reac hes roughly 80

�

in this region. The

di�erence of 10

�

is comparable with the uncertain ties of inclination at these

la y ers of atmosphere.
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Surprisingly , the 
ux tub es cannot b e iden ti�ed in the maps of line-of-

sigh t v elo cit y , although the heigh t resolution is the same as for the magnetic

�eld strength. Strong v elo cities are restricted to the lo w est la y ers of the

atmosphere, but only in places, where the 
ux tub e is already horizon tal

(i.e. 2000 km in the case of Fig. 30 and 1800 km in Fig 31). In Fig. 30, the

negativ e v elo cities (up
o ws) spatially corresp ond to the lo cation of the rising


ux tub e, whic h is again in agreemen t with the mo del b y Sc hlic henmaier

et al. (1998).

5.2.4 Conclusions

Three incomplete parts of the p en um bra are analysed, where t w o of them

are lo cated on the lim b w ard side of the sunsp ot. The studied parts of the

p en um bra are highly irregular, whic h mak es it di�cult to compare the abso-

lute v alues of plasma parameters with previous results, as the magnitudes of

the plasma quan tities are highly dep enden t on the p osition in the p en um bra.

Nonetheless, the spatial b eha viour of the plasma quan tities is in a go o d

agreemen t with previous studies. The magnetic �eld b ecomes w eak er and

more horizon tal with increasing distance from the um bra at all heigh ts. The

line-of-sigh t v elo cities are in general increasing with increasing distance from

the um bra and are restricted to lo w la y ers of the atmosphere.

It is sho wn, that the analysis of the correlation co e�cien ts b et w een the

con tin uum in tensit y and plasma parameters is di�cult, since the dark parts

of the p en um bra consist of at least t w o comp onen ts with completely di�er-

en t plasma b eha viour. The clear corresp ondence is found only b et w een the

con tin uum in tensit y and the temp erature. With agreemen t with older stud-

ies and in con tradict with recen t analyses, w eak er magnetic �eld is found

in brigh ter areas. Strongest anicorrelation b et w een these t w o plasma quan-

tities is found in the discw ard part of the second p en um bra, whic h is on

a v erage the closest one to the um bra, and th us the dark parts there cor-

resp ond mostly to the bac kground comp onen t, where the magnetic �eld is

strong, and not to the dark ened tail of the brigh t �lamen ts with reduced

magnetic �eld.

The correlation b et w een the line-of-sigh t v elo cit y and the magnetic �eld

inclination con�rms the results obtained for the �rst time b y W estendorp

Plaza et al. (2001b), i.e. the fastest 
o ws are found in regions, where the

�eld lines are diving bac k to w ards the solar surface. The an ticorrelation b e-

t w een the magnetic �eld strength and the inclination con�rms the uncom b ed

con�guration of the p en um bral magnetic �eld.

Although the exp ected sizes of the p en um bral �ne structure are w ell

under the spatial resolution of the observ ations analysed in this thesis, the

�lamen tary structure is detected (W estendorp Plaza et al. 2001a observ ed

similar structures and call them spine/in terspine corrugation). It is p ossible

to rev eal the unresolv ed structure ev en if one-comp onen t mo del of atmo-
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sphere is used, since the ratios b et w een the �lling factors of t w o (or ev en

more?) comp onen ts are c hanging from one pixel to another and th us the

a v erage Stok es pro�les from these areas are di�eren t and result in to di�eren t

strati�cations of plasma parameters. The found widths of the �lamen tary

structures are broader than those observ ed in the direct white-ligh t images

as they are smeared due to the lo w er spatial resolution.

The w eak er magnetic �eld is lo cated in brigh t grains and in the dark areas

whic h can b e traced bac k as the extensions of the brigh t �lamen ts. The more

v ertical �eld is correlated with either the brigh t grains or with the dark areas

�lled with the bac kground comp onen t (higher magnetic �eld strength). All

of the results regarding the magnetic �eld con�guration, together with the

lo calisation of the temp erature enhancemen ts, fa v our the mo del of the rising


ux tub es suggested in the w ork b y Sc hlic henmaier et al. (1998).

Due to the heigh t resolution (dep ending on the n um b er of no des), the

highest v alues of inclination are not reac hed at heigh ts where the 
ux tub e

is exp ected. On the other hand, the line-of-sigh t v elo cit y has the same

heigh t resolution as the magnetic �eld strength, y et, the maximal v alues of

the line-of-sigh t v elo cit y are not reac hed at heigh ts of the 
ux tub e, but

at lo w est la y ers, where they are most probably o v erestimated. Ho w ev er,

these maxima of the Ev ershed 
o w spatially corresp ond the lo cation of the

horizon tal pats of 
ux tub es. In places of the brigh t grains, the up
o ws

are observ ed ev en in the lim b w ard parts of the p en um bra (in agreemen t

with Sc hlic henmaier et al. 1998). Note that Borrero et al. (2004) found

the maximal v elo cities around log � = � 1, the result whic h supp orts the

lo cation of the 
ux tub es around this heigh t in the p en um bra and whic h is

not con�rmed b y our strati�cations of the line-of-sigh t v elo cit y .

5.3 Ligh t bridges

The con�guration of the magnetic �eld and the temp erature prop erties in the

analysed ligh t bridges are discussed in the article b y Jur � c� ak et al. (2006).

The results presen ted there are almost the same as those discussed here,

although in sev eral cases di�eren t metho ds w ere used in the data reduction.

5.3.1 General prop erties

The a v erage v alues of the plasma parameters in the ligh t bridges are listed

in T ab. 3, where the v alues for the narro w ligh t bridge represen t the a v erages

from the ligh t bridge in the second area (LB2) and the narro w part of the

ligh t bridge in the �rst area (LB1, orange con tours in Fig. 9). In case of

the broad ligh t bridge, the v alues are computed from the rest of LB1 (red

con tours in Fig. 9). The general prop erties of the ligh t bridges can b e also

estimated from Figs. 38{45. Since the whole ligh t bridges are observ ed, the

absolute v alues of v arious plasma quan tities are comparable with previous
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w orks on ligh t bridges.

Previous results concerning the temp erature in the ligh t bridge region

w ere presen ted in the article b y R • uedi et al. (1995), who studied the c hange

in temp erature along one cut through the ligh t bridge structure and found

a temp erature around 6400 K in the LB cen tre and a di�erence b et w een the

ligh t bridge and the surrounding um bra of around 1500 K (all these v alues

referred to �

1 : 56 � m

= 1).

The temp erature v alues inferred b y the SIR co de are on a v erage lo w er

than those in the infrared, whic h forms deep er in the atmosphere. As can

b e seen, the temp eratures are decreasing with heigh t in the atmosphere

as ev erywhere else reac hing the highest v alues at z = 0 km. On a v erage

(T ab. 3), the narro w ligh t bridges are only 240 K co oler than the broad ligh t

bridge at the unit con tin uum optical depth, but note that the cen tal parts

of the broad ligh t bridge reac h maximal temp eratures around 6300 K. The

temp erature gradien t with heigh t and also the a v erage absolute v alues of

temp erature are comparable with the p en um bra at lo w la y ers in the case

of the broad ligh t bridge, but the gradien t is smaller at high la y ers as is

sho wn in T ab. 3. On the other hand, the a v erage temp erature gradien t of

the p en um bra at high la y ers is comparable with the narro w ligh t bridges.

Suc h a coincidence is only apparen t, since the temp erature strati�cations

exhibits enhancemen ts sho wn e.g. in Figs. 32 and 33 in the next section.

These temp erature enhancemen ts o ccur at heigh ts around 100{250 km and

the t ypical magnitude is around 200 K, i.e. higher than the magnitude of

the temp erature enhancemen ts in the p en um bra. Around 70% of the pro�les

in v erted in the narro w parts of the ligh t bridges sho w the bump at a heigh t

around 120 km (similar to that seen in Fig. 33). The situation for the broad

part of the �rst ligh t bridge sho wn in Fig. 32 is di�eren t. In this �gure, the

bump is higher, nearly 210 km. While 32% of the p oin ts inside the bridge

sho w this temp erature bump, 37% of the p oin ts in broad ligh t bridge sho w

a bump at a heigh t of nearly 130 km, as in the case of the narro w ligh t

bridges.

In Fig. 38 can b e seen that these t w o di�eren t groups of p oin ts are

spatially organised inside the broad part of the �rst ligh t bridge. A t the

geometrical heigh ts z = 0 and 50 km, the highest temp eratures corresp ond

to the geometrical cen tre of the ligh t bridge. Ho w ev er, at the geometrical

heigh t z = 100 km, the temp erature enhancemen ts tak e e�ect and higher

temp eratures are found near the b order of the broad ligh t bridge. A t this

heigh t, a cold temp erature island is seen in the middle of the bridge. The

temp erature inside the island is 4850 K, whereas in the brigh t rim it reac hes

5400 K. As w e mo v e to high la y ers, the p oin ts with temp erature enhance-

men ts are observ ed closer to the cen tre of broad LB1, closing do wn the island

men tioned b efore. The brigh t regions at this heigh t are as hot as b efore,

near 5400 K. A t the highest analysed la y er ( z = 250 km, Fig. 38), the co oler

island surrounded b y the hotter plasma is not clearly distinguishable. The
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origin of suc h a temp erature structure is considered to b e related to the

canop y top ology describ ed in Sect. 5.3.4 and is also discussed in Sect. 5.3.5.

Also, it is in teresting to note that ligh t bridges are kno wn to ha v e brigh t-

enings in the c hromosphere represen ting lo cal heating sources (Berger &

Berdyugina 2003). The temp erature bumps found here ma y b e though t of

as the upp er photospheric coun terpart to these temp erature enhancemen ts.

It is w ell kno wn that the ligh t bridges harb our magnetic �elds with lo w er

strengths and more inclined �eld lines. Bec k ers & Sc hr• oter (1969) found a

decrease in the magnetic �eld strength of 300 G in a w eak ligh t bridge as

compared to the surrounding um bra and an increase in inclination 
 � 5

�

.

R • uedi et al. (1995) found a di�erence of the magnetic �eld strength b et w een

the um bra and the ligh t bridge around 1000 G and a di�erence in inclination

around 70

�

in the ligh t bridge cen tre. Lek a (1997), using a Milne{Eddington

in v ersion (whic h giv es the results equiv alen t to the heigh t of log �

5000

= � 1 : 5

, appro ximately z = 200 km), found a range of decreases in B from 300 G

to o v er 1200 G and increased inclinations, usually b y at least 10

�

.

The results presen ted in this w ork sho w a similar b eha viour whic h is

sho wn in Figs. 39 and 43. One of the most striking features is ho w the

ligh t bridges (de�ned here as the regions with lo w er �eld strengths), in b oth

�gures, are seen to b ecome narro w er as w e mo v e to high la y ers; this is

also eviden t in Figs. 32 and 33. A t high la y ers, the ligh t bridges are less

conspicuous as a �eld strength gap. Additionally , the �eld strength increases

with heigh t. In the cen tre of the broad ligh t bridge, the �eld strength can

b e as lo w as 100 G at z = 0 km and increases to 700 G at z = 250 km.

Av eraged v alues are giv en in T able 3. All parts of ligh t bridges sho w, almost

ev erywhere, the same trend to w ard increasing �eld strength with heigh t.

Narro w er bridges start from a higher a v erage v alue at z = 0 km (1000 G in

Fig. 33), but sho w the same trend.

In order to c hec k if a �eld free z = 0 km atmosphere w ould b e also

compatible for narro w ligh t bridges, the in v ersions of the ligh t-bridge Stok es

pro�les w ere p erformed with the stra y-ligh t pro�les, whic h had v arious de-

grees of um bral core con tributions (th us using stra y ligh t with nonzero Stok es

Q , U , and V pro�les). Notably , the �eld strength near z = 0 km is reduced

considerably , to lev els smaller than 500 G (the blue line in the �eld strength

strati�cation in Fig. 33). This sho ws that a completely �eld-free z = 0 km

condition is not ac hiev ed for narro w (1

00

wide) ligh t bridges. The same pro-

cedure applied to the broad ligh t bridge sho ws zero �eld strength in the

range � 20{50 km in the photosphere (see Fig. 32). The other in
uences of

the c hosen stra y-ligh t pro�le are discussed in the next section.

In agreemen t with previous authors, w e also observ ed larger inclinations

in b oth ligh t bridges. A t the cen tre of the broad ligh t bridge at z = 50 km,

inclinations from 40

�

to 100

�

are found (Fig. 40). The tendency for the

inclination is to decrease from this heigh t up w ards, ranging from 30

�

to 70

�

at z = 250 km. Av eraged inclination v alues are giv en in T able 3. The same
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tendency is observ ed in the narro w ligh t bridges alb eit with more v ertical

�elds.

As sho wn in Figs. 32 and 33, the strati�cations of the inclination are

rather uncertain at z = 0 km. The 1 � � errors are t ypically � 20

�

, whic h

mak es it di�cult to rely on them. Note also that the �eld strength is quite

lo w in these regions and th us the inclination lo oses its meaning.

The azim uth of the �eld v ector in the ligh t bridges is distorted from the

trend of the out w ard fanning �eld set b y the dominating um bral core. The

�eld lines p oin t to w ard the ligh t bridge structure or along the axis of the

ligh t bridge (Figs. 39 and 43). This trend is more eviden t in the broad parts

of the �rst ligh t bridge. It is in teresting to men tion that Lek a (1997), who

observ ed a larger n um b er of ligh t bridges, found an alignmen t in sev eral

cases b et w een the v ector �eld azim uth and the direction set b y the ligh t

bridge. The azim uth of the magnetic �eld is closely discussed in Sect. 5.3.4

with regard to the prop osed mec hanism of the ligh t bridge formation.

As noted in Sect. 2.2, no systematic e�ects in the v elo cit y structure of

the ligh t bridges w ere found, as b oth up
o ws and do wn
o ws are observ ed in

these phenomena. As is sho wn in T ab. 3, the do wn
o ws prev ail on a v erage

in ligh t bridges at lo w la y ers and up
o ws at high la y ers. The v alues of

the line-of-sigh t v elo cit y at z = 0 km seem to b e o v erestimated lik e in

the p en um bra. On the other hand, similar v elo cit y structures are found

b y comparing Fig. 46 (line-of-sigh t v elo cities determined from the shifts

of Stok es I pro�les) with Figs. 41 and 45 and th us giving con�dence to the

v alues of the line-of-sigh t v elo cit y retriev ed b y the SIR co de at middle la y ers.

Rimmele (1997) found evidences for the con v ectiv e mo v emen t in the

gran ular ligh t bridges. W e calculated correlation co e�cien ts b et w een the

con tin uum in tensit y and the line-of-sigh t v elo cities in the ligh t bridges. The

only signi�can t an ticorrelation is found in the case of the broad bart of the

�rst ligh t bridge. An ticorrelation is the sign for the con v ectiv e motions,

as the up
o ws (negativ e v alues) are asso ciated with hot (brigh t) areas and

the do wn
o ws (p ositiv e v alues) with dark (co ol) areas. The correlation

co e�cien t reac hes � 0 : 32 and � 0 : 43 for the line-of-sigh t v elo cities computed

from the shifts of the line cores of Stok es I pro�le of the F e I 630.15 nm

and 630.25 nm resp ectiv ely . If the v elo cities are tak en from the SIR co de,

the an ticorrelation is maximal at the highest la y ers and crosses the v alue of

� 0 : 3 at the heigh t z = 120 km in the case of the broad ligh t bridge. The

v elo cities in the ligh t bridges seem not to b e restricted only to lo w la y ers,

and th us the correlation co e�cien t do es not lo ose its meaning at highest

la y ers unlik e the p en um bra.

In the narro w parts of the ligh t bridges, the correlation co e�cien t do es

not exceed the absolute v alue of 0.2, if the v elo cities are tak en from the SIR

co de. The v elo cities obtained from the Stok es I pro�les are not correlated

with the con tin uum in tensit y in the second ligh t bridge, but there is a rela-

tiv ely strong correlation in the case of the narro w part of LB1; the co e�cien t
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reac hes 0.37 and 0.34 for the F e I 630.15 nm and 630.25 nm resp ectiv ely .

The results indicate the p ossible presence of the con v ectiv e motions only

in the broad part of the �rst ligh t bridge, where the gran ular structure

is most eviden t in the white-ligh t image sho wn in Fig. 7. Although the

narro w parts of the ligh t bridges also exhibit the gran ular structure in the

white ligh t, there is no correlation with the obtained v elo cities. But see the

follo wing section for the p ossible in
uence of the stra y ligh t on the retriev ed

v alues of the line-of-sigh t v elo cities.

5.3.2 Stra y ligh t

The p ossible in
uence of the c hosen stra y-ligh t pro�les m ust b e discussed

b efore the mec hanism of the ligh t bridge formation is suggested. The stra y-

ligh t problem is the most signi�can t in the ligh t bridges, since these struc-

tures are narro w and surrounded b y the um bra. Th us, the general assump-

tion that the stra y ligh t comes only from the quiet sun is highly improbable

in these areas.

T o sho w the in
uence of the stra y-ligh t pro�le, the in v ersions of some

particular Stok es pro�les observ ed in the ligh t bridges w ere computed with

di�eren t stra y-ligh t pro�les. The examples of the Stok es pro�les and corre-

sp onding plasma strati�cations are sho wn in Figs. 32 and 33. In the righ t

part of these �gures, the observ ed Stok es pro�les (blac k lines) are �tted b y

the in v ersion co de, where the initial sets of parameters are the same except

of the stra y-ligh t pro�le. In the righ t part, the resulting strati�cations of

the plasma parameters are compared.

In Fig. 32, the Stok es pro�les obtained in the broad part of the �rst

ligh t bridge are sho wn. The �t mark ed with the red lines is obtained b y the

standard set of initial parameters, i.e. the stra y ligh t is tak en only from the

quiet sun and the stra y-ligh t Stok es pro�les Q , U , and V are zero (similarly

also in Fig. 33). The blue lines are obtained with the stra y ligh t mixed with

20% of the pro�le tak en from the close um bra and 80% of the pro�le from

the quiet sun. Higher con tamination with um bral stra y ligh t caused a rapid

increase of the merit function �

2

and an improbable strati�cation of plasma

parameters. The stra y-ligh t factor of the quiet sun pro�le reac hes t ypically

25% in the broad parts of the ligh t bridge and is only sligh tly higher (35%) for

the stra y-ligh t pro�le con taminated with the um bral pro�le. The resulting

strati�cations of the plasma parameters do not c hange substan tially in the

broad ligh t bridge.

In the case of the narro w ligh t bridge (Fig. 33), the blue �ts and strati�ca-

tions are obtained b y using the stra y-ligh t pro�le only from the surrounding

um bra, b ecause there w as no signi�can t increase of the merit function in

this case. Ho w ev er, the stra y-ligh t factor is increasing with increasing con-

tamination with the um bral pro�le reac hing the unreasonably large v alue of

60% in the case of the stra y ligh t only from the um bra, whic h is m uc h larger
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Figure 32: The Stok es pro�les observ ed in the broad part of the �rst ligh t

bridge (blac k lines in the left part) are �tted b y the in v ersion co de with

t w o di�eren t stra y-ligh t pro�les: quiet sun only (red lines) and quiet sun

with 20% um bral con tribution (blue lines). The resulting �ts corresp onds

to the red and blue pro�les in the left part and di�eren t strati�cations of the

temp erature, magnetic �eld strength, inclination, and line-of-sigh t v elo cit y

in the righ t part.

than the stra y-ligh t factor of the standard pro�le of the stra y ligh t (20%).

As is already describ ed in the previous section, the increase in the frac-

tion of the um bral comp onen t in the stra y-ligh t pro�le causes a decrease in

the magnetic �eld strength at almost all heigh ts and a sligh t increase in the

formation heigh t of the canop y structure (see Sect. 5.3.4). But the main

78



Figure 33: Same as in Fig. 32 but these Stok es pro�les w ere obtained in

narro w ligh t bridge in the second area and the blue lines corresp ond to the

stra y ligh t from the um bra only .

result, an increase in the �eld strength with heigh t, remains unaltered. The

increase of the um bral comp onen t in the stra y-ligh t pro�le also causes a

logical increase of the temp erature at all heigh ts.

The in
uence of the stra y-ligh t pro�le on the resulting strati�cations of

the inclination and/or the line-of-sigh t v elo cit y seems to b e unsystematic.

Ho w ev er, in the case of the pro�les observ ed in the narro w parts of the

ligh t bridges, similar strati�cations of the line-of-sigh t v elo cit y as those in

the broad ligh t bridges are ac hiev ed if the stra y ligh t con tains some p ortion

of the um bral pro�le (compare the blue strati�cation of v elo cit y in Fig. 33
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with the strati�cations of this parameter in Fig. 32). The absolute v alues

are di�eren t, but closer corresp ondence can b e found with smaller p ortion

of the um bral pro�le in the stra y ligh t. Nev ertheless, no conclusions can

b e based on this �nding as these computations w ere realised only for a few

p oin ts in the ligh t bridge regions.

The stra y-ligh t pro�le is a v ery imp ortan t parameter for the in v ersion

pro cess, but it is imp ossible ev en to estimate the righ t shap e of Stok es pro-

�les of the stra y ligh t. The examples describ ed ab o v e sho w, that the stra y

ligh t in
uences the results mainly in the narro w parts of the ligh t bridges.

In the broad part of the �rst ligh t bridge, small p ortion of the um bral com-

p onen t in the stra y-ligh t pro�le do es not in
uences the strati�cations m uc h

(Fig. 32) and higher con tamination is improbable, since the in v erted Stok es

pro�les b ecome m uc h w orse.

5.3.3 T emp erature enhancemen ts and the curren t densities

The temp erature enhancemen ts found in the p en um bra are most probably

caused b y the hot plasma lo cated in the rising 
ux tub es. Ho w ev er, similar

enhancemen ts in the ligh t bridges cannot b e related to suc h structures. In

the broad part of LB1, the temp erature enhancemen ts create an asymmetric

\tunnel" whic h is seen in Fig. 34. When this structure is follo w ed to the

narro w er parts of the �rst ligh t bridge, the \tunnel" b ecomes narro w er and

lo w er. Th us in Fig. 35, the hot plasma at the lo w est la y ers is not as nicely

distinguishable from the temp erature enhancemen ts that o ccur at heigh ts

around 120 km in the narro w ligh t bridges. The co oler island in the cen tre

of the broad ligh t bridge describ ed in Sect. 5.3.1 is the natural result of the

horizon tal cuts through the \tunnel" structure.

The only explanation for these temp erature enhancemen ts that is sug-

gested here, is related to the Joule heating. The motiv ation for this concept

is based on the geometrical con�guration, where the temp erature enhance-

men ts corresp ond to the areas with fastest c hanges of the magnetic �eld

strength and orien tation. Suc h c hanges pro duces the increased v alues of the

curren t densit y , whic h is prop ortional to the Joule heating.

The z comp onen t of the curren t densit y v ector J can b e computed from

the inferred v alues of B

x

and B

y

:

�J

z

= ( r � B )

z

=

@ B

y

@ x

�

@ B

x

@ y

; (16)

where � is the magnetic p ermeabilit y .

The 180

�

am biguit y of the retriev ed v alues of azim uth of the magnetic

�eld lines causes a problem in determining the correct v alues of curren t

densities. The metho d suggested b y Semel & Skumanic h (1998) is used to

compute the curren t densities in b oth areas. This metho d separates the

con tributions to J

z

due to the line-of-sigh t �eld and plane-of-sky �eld. The
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sign of the �rst comp onen t is unam biguous and the sign of the plane-of-sky

comp onen t is sp eci�ed b y the user as explained b elo w. In Figs. 47 and 48

(Colour plates) are sho wn the resulting maps of curren t densities in the �rst

area for the geometrical heigh ts z = 50, 100, 150, and 200 km. The map

at z = 0 km is not sho wn , b ecause, as noted b efore, the errors in azim uth

and inclination are to o high there. The di�erence b et w een these �gures

is that Fig. 47 represen ts the largest p ossible curren t densities allo w ed b y

the data and Fig. 48 the smallest ones. Similarly , Figs. 49 and 50 (Colour

plates) corresp ond to the maximal and minimal curren t densities in the

second area resp ectiv ely . The largest curren t densities are obtained, if the

sign of the plane-of-sky comp onen t is the same as the sign of the line-of-sigh t

comp onen t. The minimal curren t densities are obtained with opp osite signs

of the t w o comp onen ts. Note that the p olarit y of the curren t densit y c hanges

in the ligh t bridges b et w een Figs. 47 and 48 and similarly b et w een Figs. 49

and 50. This means, that the am biguous plane-of-sky con tribution to J

z

has

largest absolute v alue. The maximal curren t densities are computed only

to estimate the maximal p ossible Joule heating. On the other hand, the

minimal v alues of J

z

represen t more realistic con�guration of the magnetic

�eld.

Because the full atmosphere is inferred, one should b e able to compute

the full v ector J . But this step is non-trivial and will not b e tak en in this

thesis, b ecause b oth J

x

and J

y

in v olv e partial deriv ativ es with resp ect to the

heigh t z . But the z scale is inferred b y SIR assuming h ydrostatic equilibrium

strati�cation, whic h holds only along �eld lines. A t photospheric heigh ts, the

plasma b eta (the ratio b et w een the gas and magnetic pressure) is not small

and a force-free situation is hardly justi�able. Under suc h conditions the

strati�cation will deviate from h ydrostatic equilibrium making the z scale

uncertain. A full deriv ation of the J v ector m ust w ait un til a mo del with

an assumed MHD con�guration is constructed (see the discussion ab out the

Wilson depression in Sect. 2).

Lek a (1997) p erformed the �rst measuremen ts of electric curren ts in ligh t

bridges. The imp ortance of these curren ts is that they pro vide a quan titativ e

measuremen t of the disruption of the normal top ology of the magnetic �eld

in sunsp ots. She found t ypical v alues in a set of bridges ranging from 40

to 100 mA m

� 2

. These curren ts are larger b y as m uc h as a factor of 10

than the normal v alues found in the um bra. Lo w-resolution magnetograms

also �nd t ypical v alues not higher than a few times 10 mA m

� 2

(Georgoulis

& LaBon te 2004). In T able 4 w e pro vide the mean maximal and minimal

absolute v alues in the narro w and broad ligh t bridge along with the a v erage

v alues of curren t densities in the um bra. T ypical errors of these a v erages

are around 5 mA m

� 2

.

The ligh t bridges sho w the mean v alues that are v ery m uc h in the same

range as those found b y Lek a (1997) at heigh ts around 50 km. As is men-

tioned ab o v e, Lek a (1997) used the Milne{Eddington in v ersion whic h giv es
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The curren t densities in:

Broad Narro w Broad Narro w

z [km] Um bra

min

LB

min

LB

min

Um bra

max

LB

max

LB

max

50 27 50 62 41 91 122

100 14 32 35 26 76 91

150 8 23 23 19 67 64

200 7 24 14 18 65 37

T able 4: The a v erage curren t densities reac hed in the um bra and the broad

and narro w ligh t bridge. The minimal and maximal v alues of J

z

allo w ed b y

the data are sho wn.

the results equiv alen t to the heigh t of appro ximately z = 200 km, where

only the maximal p ossible curren t densities reac h the v alues comparable

with her results. The narro w parts of the ligh t bridges sho w mean curren ts

that are m uc h stronger than those in the broad ligh t bridge, whic h is caused

b y the curren t-free area in the cen tre of the broad ligh t bridge. But curren t

p eaks are similar in all parts of the analysed ligh t bridges, rarely exceeding

v alues of � 250 mA m

� 2

and � 120 mA m

� 2

for the maximal and minimal

curren t densities resp ectiv ely . These p eaks are found more often at the lo w

la y ers than ab o v e z = 150 km lev el (see the lo cations of strong curren ts

in Figs. 47{50). A t high la y ers, the um bra sho ws mean curren ts that are

smaller than 20 mA m

� 2

, also in agreemen t with Lek a (1997).

The existence of increased v ertical curren ts (and most lik ely horizon tal,

to o) suggests that Joule heating ma y b e enhanced in these regions. Using

maximal curren t densities, w e computed mean v alues of Joule heating J

z

=� ,

where � is the electric conductivit y . W e use the appro ximate expression for

determining � (see Kop ec k � y & Kuklin 1969) log � = 15 + 0 : 93 log ( P

e

=P

g

),

where P

e

(P

g

) is the electron (gas) pressure computed b y SIR.

The maximal estimate of Joule heating is ab out 10

� 3

erg s

� 1

cm

� 3

.

This energy should con tribute to the radiativ e losses (the div ergence of the

radiativ e 
ux, Priest 1982) in the ligh t bridge region. The magnitude of the

radiativ e losses, whic h w ere calculated only from the z -comp onen t of the

radiativ e 
ux, w as estimated to b e 10

4

erg s

� 1

cm

� 3

. This is sev en orders

higher than the Joule heating con tribution. Th us, at �rst sigh t one w ould not

consider Joule heating as link ed to the temp erature enhancemen ts. Ho w ev er,

t w o considerations m ust b e tak en in to accoun t in this regard. First of all, the

spatial resolution of around 500 km is still inadequate for resolving relev an t

ph ysical scales, as the presence of a curren t sheet w ould require. Second, w e

only estimate the v ertical comp onen t of the electric curren ts. This ma y b e

the smallest of all the three comp onen ts of the curren t v ector. One migh t
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Figure 34: Same as Fig. 30, but the cut is made through the broad part of

the �rst ligh t bridge.

think that the t w o um bral cores on eac h side of LB are lik e close thic k

v ertical 
ux tub es. These structures are kno wn to ha v e electric curren ts

that lie basically in a plane p erp endicular to the axis of the 
ux tub e and

distributed either throughout the whole v olume or in a thin curren t sheet

(Jahn 1997). Th us the v ertical comp onen t that w e see is most probably

a small p erturbation of the mostly horizon tal curren t surrounding the 
ux

tub es. In this case w e w ould b e hea vily underestimating the amoun t of

Joule heating. A prop er accoun t of this asp ect can only b e made using an

MHD mo del of a ligh t bridge that estimates the total electric curren t from

the jumps in the v arious magnetic parameters found in this w ork (along the

lines of Hamediv afa 2003).

5.3.4 Canop y structure

A magnetic canop y ab o v e the ligh t bridges has already b een suggested b y

Lek a (1997), although her mo del of the atmosphere giv es no strati�cation

of plasma parameters with heigh t. The basic idea b ehind in tro ducing the

canop y structure ab o v e a ligh t bridge is that if the �eld-free (or w eak-�eld)

plasma in trudes in to the sunsp ot um bra, the um bral magnetic �eld fans out

o v er suc h a region un til it is blo c k ed b y the magnetic �eld of the opp osite
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Figure 35: Same as in Fig. 30, but for the narro w part of the �rst ligh t

bridge.

part of the um bra and forced again in the v ertical direction. In Fig. 36, the

illustration of suc h a canop y structure is sho wn.

It is seen in Figs. 39 and 43 that the magnetic �eld strength is w eak in

the lo w est la y ers in all parts of the ligh t bridges. The area �lled with the

w eak-�eld plasma is con tracting with heigh t. This means that the broad

part of the �rst ligh t bridge reac hes at z = 250 km a similar width to the

narro w part of this ligh t bridge at z = 0 km. The narro w est parts of the

ligh t bridges are almost indistinguishable at z = 250 km. The same e�ect

can b e seen in Figs. 34 and 35, where are sho wn the v ertical cuts through

the broad and narro w parts of the �rst ligh t bridge resp ectiv ely .

The inclination maps (Figs. 40 and 44) giv e a similar visual impression to

the magnetic �eld strength maps. Generally , the inclination decreases with

heigh t in all parts of the ligh t bridges, and in the narro w parts it acquires

v alues that are similar to those in the surrounding um bra (seen also Figs. 34

and 35).

The arro ws in Figs. 39 and 43 indicate the magnetic �eld azim uth. The

case represen ted in Fig. 36 is a simplistic, 2D scenario that b ecomes more

complex in real sunsp ots. In particular, the �eld lines do not necessarily

ha v e to meet as nicely as depicted in our 2D picture. This is seen in the
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Figure 36: Sc hematic view of the magnetic canop y ab o v e LB.

ligh t bridges studied here. In b oth cases, w e observ e the ligh t bridge sur-

rounded b y w ell-de�ned um bral cores. The distortion in tro duced in to the

�eld azim uth b y the ligh t bridges causes the �eld lines to p oin t to w ard the

ligh t bridge from b oth surrounding um bras or along the axis of the ligh t

bridge at lo w la y ers and resem bles the situation sho wn in Fig. 36. This

distortion do es not disapp ear with heigh t only at the broad part of the �rst

ligh t bridge. The azim uth directions in narro w ligh t bridges are dominated

b y the spread of �eld lines dictated b y the dominating um bral core at the

highest la y ers.

The presence of this canop y structure has to create disruptions in the

magnetic �eld and therefore higher v alues of J

z

. The highest v alues of

curren t densities can b e exp ected at the b order b et w een the magnetic �eld

of the um bra and the �eld-free plasma in the ligh t bridge. This is what

one can see in Figs. 47, or 48, where the maxim um curren ts do not coincide

with the cen tral part of the broad ligh t bridge, but with its b oundaries.

The curren ts are negligible in the cen tre of this part of LB1 at this spatial

resolution and resem bles the areas of co ol island in the temp erature maps

(Fig. 38). The areas, where the temp erature enhancemen ts are retriev ed,

spatially corresp ond to the areas with highest curren t densities.

The facts presen ted in the previous paragraphs are in a go o d agreemen t

with the diagram in Fig. 36, i.e. the v ertical cuts through the broad and

narro w parts of the �rst ligh t bridge sho wn in Figs. 34 and 35 resp ectiv ely

resem ble the exp ected b eha viour of the plasma quan tities in the prop osed

canop y structure sho wn in Fig. 36. W e can assume that the only di�erence

b et w een the narro w and broad parts of LBs is the heigh t of emerging �eld-

free plasma. In the narro w parts of LBs, the �eld-free plasma reac hes lo w

la y ers of the line-formation region. In the case of broad LBs, it p enetrates

through the line-formation region, and the width of �eld-free plasma region

decreases with heigh t. It is imp ortan t to note here that b y using um bral

stra y ligh t w e found that the magnetic �eld in the lo w est la y ers of narro w
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LBs can b e decreased signi�can tly .

Similar structure of the ligh t bridge is also describ ed in the article b y

Spruit & Sc harmer (2006), whic h is concen trated on the structure and origin

of the p en um bral �ne structure. They describ e the brigh t �lamen ts in the

p en um bra as the tops of �eld-free gaps and in terpret the ligh t bridges as a

wider v ersion of the same e�ect. Our results supp ort this con�guration of

magnetic �eld only in the ligh t bridges.

The retriev ed strati�cations of the line-of-sigh t v elo cit y are the only

problem as they exhibit relativ ely fast do wn
o ws at lo w est la y ers. It w as

already noted, that the amplitudes are not trust w orth y at these la y ers, but

in the case of the canop y structure created b y the �eld-free gas in truding

the um bra, one w ould exp ect at least slo w up
o ws in the ligh t bridges, i.e.

the c hange of sign of the obtained v alues of the line-of-sigh t v elo cit y at the

lo w est la y ers. Suc h up
o ws are retriev ed on a v erage only at the geometrical

heigh t z = 100 km and ab o v e and also in the maps of v elo cit y retriev ed from

the shifts of the Stok es I pro�les of the iron lines.

5.3.5 Conclusions

Tw o strong ligh t bridges in a complex irregular sunsp ot w ere observ ed sp ec-

trop olarimetrically . F or the �rst time, the strati�cation with heigh t of the

plasma parameters is presen ted. The c hanges in temp erature, magnetic �eld

strength, and inclination in the ligh t bridges agree w ell with previous studies

of these phenomena. The line-of-sigh t v elo cities retriev ed b y the SIR co de

in the ligh t bridges are comparable with previous studies only at high la y ers,

where they resem ble the maps of v elo cities obtained from the shifts of the

Stok es I pro�les.

The magnitudes of maximal temp erature in the cen tre of the broad ligh t

bridge at the geometrical heigh t z = 0 km are comparable with the pho-

tospheric temp eratures of the quiet sun. The lo cal enhancemen ts in the

temp erature strati�cation are found in ab out 60% of the p oin ts inside LBs.

This can b e seen in Fig. 32 around z = 200 km and in Fig. 33 around z = 120

km. The spatial and heigh t distribution of these enhancemen ts is sho wn in

Fig. 34. T aking in to accoun t the v ery small uncertain ties in temp erature

calculated b y the in v ersion co de and the magnitudes of these enhancemen ts,

w e b eliev e that these enhancemen ts are not artifacts of the in v ersion metho d

but real phenomena.

The retriev ed results con�rm not only the lo w er magnetic �eld strength

in the ligh t bridges, but sho w strong gradien ts with heigh t to o. The magnetic

�eld strength in the um bra decreases with heigh t (1 G km

� 1

), while in the

ligh t bridges it rapidly increases with gradien ts reac hing � 4 : 7 G km

� 1

. The

�eld is v ery w eak esp ecially in the broad ligh t bridge at z = 0 km, but is

nearly equal to that of the um bra at z = 250 km in the narro w ligh t bridges.

Also the inclination sho ws considerable c hanges with heigh t. The magnetic
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�eld is v ery inclined at lo w lev els (esp ecially in broad LB1), but at high la y ers

it has a similar inclination to the one in the surrounding um bra (esp ecially

for the narro w ligh t bridges). The resulting strati�cation of a magnetic �eld

v ector with heigh t indicates the presence of a magnetic canop y ab o v e the

�eld-free or w eak-�eld plasma that forms b oth ligh t bridges. W e stress that

this w ork has indeed found, for the �rst time, �eld-free regions in the broad

part of the �rst ligh t bridge and an evidence of similar conditions in narro w er

ligh t bridges.

The ligh t bridges are regions with enhanced v ertical electric curren ts. W e

ha v e deriv ed the highest curren ts found in non- � sp ots (up to 150 mA m

� 2

in maps of the minimal curren t densities). This is most probably due to

the relativ ely high spatial resolution ac hiev ed b y our observ ations. But ev en

these curren ts cannot accoun t (through Joule heating) for the temp erature

enhancemen ts found b y the in v ersion co de. As p oin ted out b efore, b etter

resolution and an estimate of the full J v ector is fundamen tal for resolving

this issue. This is imp ortan t in the con text of the ubiquitous brigh tness en-

hancemen ts observ ed in the c hromosphere b y TRA CE (Berger & Berdyugina

2003). These authors found that the ligh t bridges ha v e c hromospheres that

are magnetically heated as they are constan tly p erv aded b y brigh tenings in

the 1600

�

A images. This band forms in a temp erature range from 4000 K

to 20 000 K, that is, from the upp er photosphere to the transition region b e-

t w een the c hromosphere and corona. Th us our temp erature enhancemen ts

ma y b e related to these c hromospheric brigh tenings. Their ph ysical origin

can b e link ed to the canop y top ology also found in this w ork. As explained

ab o v e, this top ology can b e v ery complex in 3D, harb ouring �eld lines that

meet at large angles, where a reconnection can o ccur.

The line-of-sigh t v elo cit y in the ligh t bridges exhibits b oth do wn
o ws

and up
o ws at all heigh ts. Strong do wn
o ws and a v erage v alues of the v e-

lo cit y retriev ed at z = 0 km in�rm the reliabilit y of this parameter at this

heigh t. Nonetheless, evidences for the con v ectiv e motions in the broad part

of the ligh t bridge are found on the basis of v elo cities retriev ed b y the SIR

co de at high la y ers and also of v elo cities determined from the shifts of the

Stok es I pro�les. It is also in teresting to note that con v ectiv e motions in

the ligh t bridges are v ery dynamic, so one can see the b oundaries b et w een

the um bral cores and ligh t bridges in constan t c hange (Berger & Berdyug-

ina 2003). Accordingly , the canop y structure ab o v e is sub ject to constan t

readjustmen t, whic h in turn can form the required heating source. F rom

an observ ational p oin t of view, the com bination of unin terrupted c hromo-

spheric TRA CE observ ations and high-spatial resolution sp ectrop olarimet-

ric data from the Japanese-led solar-B mission (launc h 2006) represen ts our

b est opp ortunit y to gain further insigh t in to this problem.
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6 Summary

The irregular leading sunsp ot in the activ e region NO AA 8990 w as observ ed

with the La P alma Stok es P olarimeter attac hed to the sp ectrograph of the

0.5 m Sw edish V acuum Solar T elescop e. The resulting spatial resolution

around 500 km is one of the b est a v ailable no w ada ys for the full-Stok es

p olarimetry . Tw o areas con taining the um bral cores divided b y the ligh t

bridges and surrounded b y the p en um bra w ere scanned in the magnetically

sensitiv e lines F e I 630.15 nm and F e I 630.25 nm.

The Stok es In v ersion based on Resp onse functions tec hnique w as used on

these data. All four Stok es pro�les w ere in v erted, yielding three-dimensional

information ab out the plasma quan tities in these areas. W e ha v e con�rmed

that the results obtained b y the in v ersion co de SIR are trust w orth y in a

broad range of heigh ts.

The resulting strati�cations of the plasma parameters are almost inde-

p enden t on the initial mo del of atmosphere and the noise do es not in
uence

the retriev ed mo del of atmosphere signi�can tly . Ho w ev er, the resulting mo d-

els of atmosphere are dep enden t on the stra y-ligh t pro�le, whic h is c hanging

from pixel to pixel and it is imp ossible to determine it prop erly . The results

are most dep enden t on the stra y-ligh t pro�le in the narro w parts of the ligh t

bridges, but the main �nding disco v ered in these areas remains unaltered.

No surprising facts are retriev ed in the parts of the irregular um bras

analysed here. The dark est parts of the um bras corresp ond to the most

in tense magnetic �eld, whic h is the most v ertical there. Although the ob-

tained v alues of the line-of-sigh t v elo cit y are reac hing maximal absolute v al-

ues around 200 m s

� 1

at the unit con tin uum optical depth (the geometrical

heigh t z = 0 km), the um bra can b e still considered to b e at rest, since these

v alues are comparable with the uncertain ties of this plasma parameter at

this heigh t.

The observ ation of only incomplete parts of the p en um bra disables the

comparison of the absolute v alues of plasma parameters, as they are hea vily

dep enden t on the p osition in the p en um bra. Ho w ev er, the general results

con�rm the previous �ndings of the p en um bral structure. The magnetic

�eld b ecomes w eak er and more horizon tal with increasing distance from the

um bra-p en um bra b oundary . The line-of-sigh t v elo cities are restricted to

lo w la y ers of the analysed region of heigh ts and the absolute v alues of the

v elo cities are increasing with increasing distance from the um bra.

The general results suggest the existence of the unresolv ed �ne structure

in the p en um bra, since the obtained maps of plasma parameters exhibit

spine/in terspine corrugation whic h is only lo osely correlated with the �l-

amen tary structure observ ed in the direct white-ligh t image. Our results

supp ort the uncom b ed con�guration of the magnetic �eld in the p en um bra,

whic h w as suggested b y Solanki & Mon ta v on (1993) and Mart � �nez Pillet

(2000). This con�guration consists of the bac kground �eld (stronger and
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more v ertical) in terlaced with the 
ux tub es (w eak er and horizon tal mag-

netic �eld). As the exp ected diameters of the rising 
ux tub es are around

100 km, they are spatially unresolv ed. Ho w ev er, the found spine/in terspine

corrugation can b e explained b y the v arious �lling factors of the 
ux tub es

in the resolution elemen ts of our observ ations. The regions where either

the bac kground or the 
ux tub e comp onen t prev ails are distinguishable in

maps of the resulting plasma parameters. Signi�can t p ortion of the 
ux tub e

comp onen t in the resolution elemen t results in to w eak er magnetic �eld there

and the inclination is dep enden t on the con tin uum brigh tness of this pixel,

i.e. more brigh ter areas ha v e more v ertical �eld. The prev ailing bac kground

comp onen t is c haracterised b y the strong and the most v ertical magnetic

�eld observ ed in the p en um bra. These results together with the lo calisation

of the temp erature enhancemen ts strongly supp ort the mo del of the rising


ux tub es computed b y Sc hlic henmaier et al. (1998).

The retriev ed v alues of the line-of-sigh t v elo cities do not reac h the max-

ima at heigh ts, where the 
ux tub es are exp ected as suggests the empirical

mo del b y Mart � �nez Pillet (2000). Ho w ev er, these maxima of the Ev ershed


o w spatially corresp ond to the lo cation of the horizon tal parts of 
ux tub es.

In places of the brigh t grains, the up
o ws are observ ed ev en in the lim b w ard

parts of the p en um bra (in agreemen t with Sc hlic henmaier et al. 1998).

In this thesis, the strati�cations of the plasma parameters in the ligh t

bridges are analysed for the �rst time. It is sho wn that the kno wn facts as the

increased temp erature, lo w er magnetic �eld strength, and higher inclination

in the ligh t bridges are dep enden t not only on the width of the ligh t bridge,

but also on the heigh t in the photosphere.

The temp erature enhancemen ts are found in the ligh t bridges, with mag-

nitudes around 200 km. The heigh t of formation of these enhancemen ts is

dep enden t on the width of the ligh t bridge and on the p osition in the ligh t

bridge creating a \tunnel" lik e structure in the broad part of the �rst ligh t

bridge. W e try to in terpret these enhancemen ts as the consequence of the

Joule heating, b ecause they spatially corresp ond to the areas b et w een the

magnetic �eld of the um bra and the �eld-free plasma in the ligh t bridge,

where highest curren t densities can b e exp ected. Ho w ev er, ev en the maxi-

mal p ossible v alues of the curren t densities (and prop ortionally of the Joule

heating) are to o lo w to explain the temp erature enhancemen ts. Ho w ev er,

the e�ect of Joule heating could b e larger if also the x - and y -comp onen t

could b e tak en in to accoun t.

As men tioned ab o v e, the decrease of the magnetic �eld strength in com-

parison with surrounding um bra is hea vily dep enden t on the heigh t in the

photosphere. The magnetic �eld strength in the um bra decreases slo wly with

heigh t, while in the ligh t bridges it rapidly increases. The �eld is v ery w eak

esp ecially in the broad ligh t bridge at the unit con tin uum optical depth, but

it is nearly equal to that of the um bra at the highest la y ers in the narro w

ligh t bridges. Also the inclination sho ws considerable c hanges with heigh t.
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The magnetic �eld is v ery inclined at lo w lev els, but at high la y ers it has

a similar inclination to that in the surrounding um bra (esp ecially for the

narro w ligh t bridges). The resulting strati�cations of the strength and ori-

en tation of the magnetic �eld indicate the presence of a magnetic canop y

ab o v e the �eld-free or w eak-�eld plasma that forms b oth ligh t bridges. Sim-

ilar signatures of the magnetic canop y structure w ere found ab o v e um bral

dots b y So cas-Na v arro et al. (2004).

The line-of-sigh t v elo cit y in the ligh t bridges exhibits b oth do wn
o ws

and up
o ws at all heigh ts. Evidences for the con v ectiv e motions in the

broad part of the ligh t bridge are found on the basis of v elo cities retriev ed

b y the SIR co de at high la y ers and also of v elo cities determined from the

shifts of the Stok es I pro�les.
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Colour plates

Figure 37: Con tin uum image with con tours, whic h corresp ond to the um bral,

p en um bral, and ligh t bridge b oundaries. Similar to Fig. 9, but with the same

prop ortions as the follo wing �gures with resulting plasma parameters.
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Figure 38: The resulting maps of temp erature for area 1. The white con tours

corresp ond to the um bral, p en um bral, and ligh t bridge b oundaries. The

heigh ts giv en in km are the geometrical heigh ts ab o v e the unit con tin uum

optical depth.
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Figure 39: The resulting maps of magnetic �eld strength for area 1, where

the blac k arro ws indicate the pro jection of B to the solar surface. Otherwise

same as in Fig. 38.
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Figure 40: The resulting maps of inclination for area 1. Otherwise same as

in Fig. 38.
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Figure 41: The resulting maps of line-of-sigh t v elo cit y for area 1. The thin

blac k con tours enclose the areas with do wn
o ws faster than 2 km s

� 1

and

the thic k blac k lines the areas with do wn
o ws stronger than 5 km s

� 1

.

Otherwise same as in Fig. 38.
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Figure 42: Same as Fig. 38, but for area 2.
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