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Abstract. Assuming that the interchange convection of magbservational evidence that bright filaments consist of a few
netic flux elements is the physical cause for the existencepghumbral grains which are radially aligned (Muller_1973b;
filamentary penumbrae in sunspots, we investigate the behaBottau1982). Penumbral grains exhibit proper motions and mi-
ofanindividual fibrilembedded in the deep penumbra. The fibgtate inwards, i.e. toward the umbra, with apparent velocities
is approximated by a thin magnetic flux tube which evolves dgf 300-500m s! (Muller [1973&). Muller describes penum-
namically in the environment given by the global magnetostatical grains as comet-like structures, having a bright coma and
model of a sunspot. a somewhat dimmer tail, which is always directed radially out-
Our simulation shows that the flux tube, initially positionegvards, i.e. away from sunspot center (see also Fig. 2 in Tritschler
at the penumbra—quiet Sun boundary in the model, will ris# al. (1997)). He states that penumbral grains have a diameter
through its deep penumbra developing a flow along the tub&0.35”. However, this value is close to the spatial resolution
that points upward beneath the photosphere, and radially dimit that was achieved in his observations. Grossmann—Doerth
ward above the photosphere. Our results suggest that a brigt&chmidt (1981) find on the basis of a statistical analysis of
filament may be formed by an extended tail of a penumbral gragenumbral fine structure, that bright and dark filaments have
Such filaments are optically thick, hotter than the surroundinds,be smaller than.55”. Using the 1.5 m MacMath telescope,
and elevated above a darker background. An upflow in penuBtachnik et al.[(1983) find spatial scales(®f1” within the
bral grains bends horizontally outwards above the photosphpemiumbra. These results rely on power spectra which were ob-
and gradually cools down due to radiative losses leading to a tained using speckle interferometry. Thus, since the spatial di-
that gradually darkens. The plasma flow inside the flux tube therensions of bright and dark filaments are uncertain, it is impos-
becomes transparent and the tube constitutes a thin elevated flibhe to assign reliable values for corrected photospheric inten-
channel, that can reproduce the observed features of the Egéies and effective temperatures of the penumbral fine structure.
shed effect. We pres«_ant also a new acceleration mechanism fora il not fully understood penumbral phenomenon was
the Evershed flow. It is demonstrated that a local surplus of g@scovered by Evershel (1809): photospheric absorption lines
pressure develops inside the tube as it rises through the spegffigy, 4 shift of the line core that turns out to be related to a
(superadiabatic and magnetized) penumbral background. Tiig asymmetry when dark penumbral structures are observed
resulting gradient of the gas pressure can drive the flow alo(@eckers&Schter 1969; Wiehr & Degenhardt1994). In recent

the tube. years evidence has accumulated that the Evershed effect must be
o due to a magnetized plasma flow (Solanki €t al. 1994) occurring
Key words: sunspots — Sun: magnetic fields — MHD in thin elevated horizontal channels containing outward flows

(Rimmeld 1995). The observed asymmetry of the intensity pro-
file can then be explained as the superposition of an unresolved
1. Introduction Doppler shifted component and an unshifted main component.

Here itis assumed that an individual flow channel cannot be spa-
A sunspot penumbra seen in high resolution images revealgafly resolved as suggested by many observers (Bumbal 1960;
small scale fine structure (for a review, see Muller 1992). Atiaolmes 19683; Scliter 1965; Stellmacher & Wiehr 1980; Wiehr
resolution better thad.5”, penumbral grains and radially elon{1995; Balthasar et dl. 1997).

gated bright and dark filaments become visible. There is some The siphon flow mechanism has been proposed to explain

Send offprint requests 1&®. Schlichenmaier, Freiburg the Evershed effect by Meyer & Schmidt (1968). It was stud-
* Present address: Kiepenheuer-Institutir f Sonnenphysik, i€d numerically for stationary flux tubes, which arch from the
Schdneckstr. 6, D-79104 Freiburg, Germany (schliche@kis.urinner penumbra to the outer penumbral boundary, by numer-
freiburg.de) ous authors (e.g., Thomas 1988; Degenhardt1991; Thomas &
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Montesinos 1993). Hitherto, the stationary siphon flow mod r umbra / thick penumbra
is the most broadly accepted explanation for the Evershed O 1=2/3 f
fect. For these models it is essential to assume strong magn
flux concentrations of opposite polarity near the outer edge
the penumbra that can create a gas pressure gradient along
arched flux tube in order to accelerate the plasma. Here, 5L
want to present for the first time a dynamical model in whic Zpgr
the plasma is accelerated locally in the penumbra. In our moc E -
the gas pressure gradient that accelerates the flow is natur < -
caused by the evolution of the flux tube. @ r
The subphotospheric structure of sunspot penumbrae ¢ ~'°[”
not be observed directly. It is deduced by means of numeri
models for the overall structure of a spot (see the review
Jahn1992); models with characteristics at the surface wh L
are concurrent with observations yield some information abc  —-15L . . ‘ S TS B
the spot's properties in deeper layers (e.g., Jahn]1989; Ji 0 5 10 15 20
& Schmidt[I994). Both models and observations of the may radiusin Mm
netiC f|e|d Strength and |tS inCIination W|th|n the penumbra (eg:'g 1. Sunspo’[ model in a meridional cut. Abo\ggp, the magne-
Beckers & Schiter.1969; Schmidt et al. 1992; Title et/al. 1993{opause transmits heat which is distributed horizontally by the inter-
Lites et al[[T99B) indicate that the penumbra cannot be a surfabange of magnetic flux tubes. Both the peripatopause and the lower
phenomenon. Instead, it has to be deep (Schmidt/1987] 19933t of the magnetopause do not transmit energy (see also Fig. 2in JS).
The averaged photospheric heat flux of the penumbra,
Fou = 0.75Fq, is significantly higher than the correspond-
ing umbral heat fluxF, ~ 0.23F. Jahn & Schmidt[(1994, the magnetopause is allowed in subphotospheric layers as long
hereafter JS) proposed a concept of interchange convectiomsfthe slope of the magnetopause relative to the vertical ex-
magnetic flux tubes to account for the surplus brightness of tbeeds a critical angle of typically 3pwhich corresponds to
penumbra. Inspired by observations of bright and dark filametit® bottom of the penumbra,, (see Fig[l). Since the energy
they conjectured that the magnetic field within the penumbii@nsport is more efficient in the quiet sun stratification than in
consists of an ensemble of magnetic flux tubes. They surmishd penumbra, the latter is heated. The rate of heating depends
that inclined magnetic flux tubes evolve dynamically within then the transmissivity of the magnetopause, which is a free pa-
penumbra and are able to transport heat more efficiently thameter of the model. It is assumed that the transmitted heat is
magnetoconvection in the umbra which contains an almost vdistributed instantaneously on horizontal planes in the penum-
tical magnetic field. The onset of interchange convection shodidth model. Consequently, as it is adopted for the umbra and the
depend on the slope of the magnetic field lines: Imagine a pguiet sun, also the penumbral thermal stratification varies only
turbation acting on a bundle of magnetic field lines being imith depth. Thus, the surplus brightness of the penumbra in the
magnetohydrostatic equilibrium. Since the component of theodel is due to a finite transmissivity of the magnetopause. The
buoyancy forces acting perpendicular to the tube increasedrgsartite model of JS has been successful in reproducing the
the flux tube becomes more horizontal, there may exist an anglserved magnetic flux of the spot, the observed radial varia-
for which buoyancy forces perpendicular to the tube resultiion of the mean magnetic field strength, the observed radii of
from a perturbation overcome restoring magnetic forces. Themnspots, and the Wilson depressions of umbra and penumbra.
interchange convection of magnetic flux tubes sets in (see aldoreover, interchange convection naturally causes an inhomo-
Rucklidge et al. 1995). geneous penumbra with features that are concurrent with many
JS constructed the tripartite model for a sunspot which deigh resolution observations (e.g., Schmidt et al. 1992; Title et
scribes self-consistently the three stratifications correspondiadg1993; Lites et al. 1993).
to the umbra, the penumbra, and the quiet sun. These threeThe present investigation was started in order to test quan-
stratifications are in mechanical equilibrium, such that differetitatively the concept of interchange convection. Numerical in-
gas pressures between the adjacent stratifications are balawestigation of the dynamics of the whole ensemble of magnetic
by the magnetic pressure. The corresponding magnetic fieflds tubes is not possible at present. As the natural first step, the
are generated by two current sheets, namely the magnetopadiseussion presented here is devoted to the evolution of a single
which separates the quiet sun and the penumbra, and the paegnetic flux tube, which is embedded in a tripartite sunspot.
patopause, which separates the penumbra and the umbra. Migreover, we assume the flux tube tathi. The equations that
[@ shows a schematic drawing of these current sheets. govern the dynamics of a thin magnetic flux tube are described
All the stratifications are in hydrostatic equilibrium and then the next section. We also describe there briefly the numeri-
heat transport (with varying efficiency) is described by meanscdl realization of the model. Sect. 3 describes the model set-up,
the mixing length theory. It is assumed that the peripatopatise the initial conditions and the boundary conditions, and the
thermally insulates the umbra, whereas heat exchange aloagulting evolution of a thin magnetic flux tube. In Sect. 4, we

) 1=2/3
quiet sun
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compare the results of numerical simulations with the observed The position of a mass element is specified by the vector:
photospheric features of penumbrae, and argue that our madgl, t) = (x(a, t), z(a, t)). Then the velocity and tangent vec-
can reproduce the penumbral fine structure and the Everskas are defined as follows:

effect. Also, the concept of interchange convection is discussed

on the basis of these new results. In the last section we summa-

rize the results emphasizing the observational signatures tp?& t) = Oz (a, t) @)
are suggested by our model. ’ ot |, "’
ox(a,t
ta, 1) = 2200 ©
2. The model @ e

We start by writing down the full 3-dimensional system of equdNote, thatd/ot(...)|,, is identical with the substantial deriva-
tions for ideal magnetohydrodynamics (MHD) (see, e.g., Pridite, d/d¢, of Eq. (1). The arc length,sdof a mass elementag
1982). In ideal MHD, the electrical conductivity is assumeis$ given byds = [ - da, with I = |I|.

to be infinite, leading to frozen-in-magnetic fields. Using the Within the thin flux tube approximation, the magnetic field

substantial (convective) derivative, vector in the tube is always parallel to the tube,

d 0 B = Bt (10)
- = . 1 ’

@ a0V @

) ) o ) ‘with the tangent unit vectot, = /1. The magnetic fluxg, is
and cgs-units, the equations for continuity, induction, equati@gnserved along the tube, i.e.

of motion, entropy equation, divergence free magnetic field, and

the equation of state read: 6 = BA = constant , (11)
d with A being the cross section of the tube. With the help of Egs.
d—f = —pV-v , (2) @), (T0), and[(111) one immediately gets,
0
_ B
dv 1 Finally, one assumes that the total pressure equilibrium of the
— = — — B B L. . . . .
Pat Vptept 47r(V xB)xB, , ©) tube with its surroundings is achieved instantaneously:
ds ds
pTE = pT (dt) , (6) B2 B2
rad p-|——:pb—|——b . (13)
R 4o, , 8 8w
M 3¢ The index b denotes background variables.

Her T o B nda have their | meaning. d The continuity and the induction equations combined to-
ere,p, I', p, B, v, andg have their usual meaning.de- o yno - viold the Win equation which can be written with a use

notes entropy per unit masg, the gas constant, = u(p,T) . . i ) )
the mean molecular weight. The second term on the right ha%fJeIanns given by Eqs.9) arid{12) in the following form:

side (RHS) in Eq.[{7) describes the radiation pressure, with j; ov

being the Stefan-Boltzmann—constant, atite speed of light. 5, = (- V)v= a (14)

By taking advantage of thein flux tube approximatiofDe-

fouw(1976; Spruit 1981a, 19811b; Ferriz Mas & &skler 1989) The third term of the equation of motidd (5) can be simplified
this 3-dimensional problem can be reduced to a 1-dimensionging the vector identities:

problem. Doing so, we closely follow the approach of Moreno

Insertis (1986, hereafter MI). Furthermore, adopting the tripar-

tite model of JS as a background, we can describe the dynamigs, B) x B = B*xh + 1{232 — EVBQ (15)

of a thin flux tube evolving in a 2-dimensional plane). 2 0s 2 ’

wheren denotes the normal unit vector as depicted in Eig. 2,
2.1. Waén equation and equation of motion and the curvature is defined as

In a thin magnetic flux tube physical variables vary only anngA ot

the tube. Thus, the tube constitutes a curve in a plane, and 5= 7 - (16)
appropriate to use a Lagrange representation. As the indepen-

dent variable, we have chosen the integrated masdong the Then, using the condition of the instantaneous pressure equi-
tube. librium (Eq.[13), the equation of motion can be rewritten:
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Z ,t\ arctanl, /1. These equations are identical to those derived by
MI, except that our tube is embedded in a magnetic background.
Therefore, our perpendicular component of the equation of mo-
) tion contains an additional force"(3term on RHS of Eq[{20)),
which results from the fact, that the gradient of the magnetic
pressure in the background exerts a force on the tube. In the
X magneto-hydrostatic background itself this force is canceled by
the magnetic curvature {2 term on RHS of Eq[{20)). Another
subtle difference lies in E{IL3): in our case, the external pres-
sure is given by the sum of the background gas pressure and the
\ magnetic pressure of the background.

5>
x

2.2. Entropy equation

Fig. 2. Geometric variables. The motion of a curved tube within a 2I=he thermodynamic state of a mass element is characterized by
dimensional plane can be characterized by the position ve@ior).

Themdependentvanab&edenotesthe|ntegrated mass along the tubB( t), pla,t), T(a, 1), andB(a, ). These variables are deter-
t denotes the tangent unit vectérthe normal unit vector, and the m'”Ed by three algebralc equations and one differential equa-

angle between the tangent vector and the vertical. tion, i.e. Egs.[(7),[(12)[113), andl(6).
The thermodynamic parameters of the flux tube are calcu-

lated in exactly the same way as the thermodynamics in the
background (see Jahn 1989 for details) including the effects of

dv 2k a t oB2 partial ionization ony = ¢,/cy and on the mean molecular
ar 47rp 87rp ds weight, u = u(p, T) (note thaty andy are not assumed to be
1 F constant). The chemical composition is assumed according to

— (17) Stix (1989):X = 0.7331, Z = 0.01669.
Using the first law of thermodynamics we can write the

The additional term on the RH, /p, takes into account the entropy change in the following form:

fluid flow around the tubel, denotes the drag force. We follow 1dS  dlnT x, dlnp

_%

the work of Ml (see also Caligari et al. 1995) and use —— = —(vy=1)- 21
( garn et ) v T Sl A (1)
d
AFp = *Pbi’vﬁvﬂ , (18)
ith — Onp 22
with d denoting the diameter of the tube. wi XT = ST L (22)
Itis appropriate to decompose the equation of motion into a 9ln
component parallel to the tube, and a component perpendiculaid Xp = P (23)
to the tube. For the parallel component, only the first two terms Olnply
of Eq. [5) are relevant. Hence, This expression is substituted into the entropy equalibn (6). Af-
ter eliminating the total derivativesln p/d¢ andd In T'/d¢, that
. dv dv 1 dp result from differentiating Eqs[{7)._(IL2), arld {13), one finally
t-—=(—-—) = —-——=75 —gcos? , (19)
dt d+ | ol Oa obtains
whered denotes the angle between the vertical and the tangent 9 dln
vector,t (see FiglR). The perpendicular component is obtainzg— ~ p> dtp =
by multiplying the final form of Eq.[{T17) with the normal unit
vectora: xr (dS _ldn + 2dn! (24)
dt ) ,,q pdt g dt °
a.v _ <dV) _ Note that the background is hydrostatit, /ot = 0, so that
dt dt dp,/dt = (v - V)P, i.e., the temporal change &, is only
2 A due to the motion of a Lagrange point in the 2D plane.
gsin19<1pb>+B k-2 .yp2y D (20)
47Tp 8mp

Egs. [I#), [IP), and{20) determine the time evolution gfz'l' Heat exchange by radiation

the tangent vectot(a,t) = (I.(a,t),l.(a,t)) and the ve- Since radiation is the dominant physical process in the solar
locity v(a,t) = (vg(a,t),v.(a,t)). Here,v, andv, are ob- photosphere, radiative heat exchange of the tube with the sur-
tained by projecting the velocity component accordingte  roundings has to be taken into account. We do this by adopting



R. Schlichenmaier et al.: Magnetic flux tubes in sunspots 901

the relaxation time approach by Spiedel (1957, also used Temperature T K] Gas pressure p [dyn cm™] ity p g cm™
Degenhardt 1991 and Thomas & Montesirios (1993)). Forat ... i
mogeneous atmosphere in local thermodynamic equilibriu
the inverse damping factor of a temperature perturbation can "'

1077

identified with a radiative relaxation time,
lrad = % [1 — 7 -arccot(r)] 7Y | (25)  eour} ool

6.0x10% —10]

10

wherek is the Rosseland mean opacity (Huebner et al. 197
For small differences between the two temperatures, the entr( oo’

o1t

change by radiation is then given by, S as or s
g(‘om(‘brl(‘a depth z 1n m
ds Cp . . . .
s = dT(Tb =T) . (26) Fig.3. Thermodynamic variables of the background. A sunspot is
rad raf

approximated by three different stratifications, i.e., the umbra (thick
line), the penumbra (regular line), and the quiet sun (thin line).
2.3. Numerical treatment

The evolution of a thin magnetic flux tube is given by 5 difl20!€ 1. Parameters of background model (cf. JS)

ferential equations (two components of E@s] (14)] (19) (26)

and [Z4)) and 3 algebraic equatioris ((ZJ(12), andl (13)), which2rameter Symbol  Value
are solved for the 8 unknown variablgg, t), v(a,t), p(a,t),  total magnetic flux Dior  1-10%2 Mx
p(a,t), T(a,t), andB(a,t). The tube’s curvatures, is given  magnetic flux of penumbra Opy  0.75 Doy
by Wilson depression of umbria Wy —470 km
Wilson depression of penumbra W, —150 km
1 Ol al, radius of penumbra at= Wy, Ry, 13500 km
F=1 <lzaa —l 8a> : (27)  radius of umbra at =W, Ru 5000 km
transmissivity € 0.7
It is appropriate to use a staggered grid (see MI), in whicHower boundary of model Zhot  —20000 km
« andv are discretized on the boundaries of a cell, and the thetiPPer boundary of model Zop 800 km
bottom of penumbra Zbp —6000 km

modynamical state, i.@, T, p, B, andlin the center of the cells.
The time integration is done explicitly in two steps. First, the
quantity f is calculated for an intermediate stefi:*!/2 =
4+ (i—{)” - dt/2. Then, the full time step is calculated, ™ z = 0 km corresponds to the photosphere= 2/3) in

frtl = g (%)%1/2 - dt. The time step used adapts itself, the quiet sun and decreases inwards.

securing that the Courant-Friedrichs-Lewy-criterion for stabil-

ity is satisfied for each celft < min(ds/vs,ds/va). Here,

ds denotes the arclength of one cell,= \/x,c,/cv - /p/p form aphysical entity, being described by a thin magnetic flux
the sound velocity, andy, = B/+\/4mp the Alfvéen velocity. tube inideal MHD. The parameters of the particular tripartite
Simultaneously, the time step is forced to be smaller than thi@del we used are listed in Tafile 1, for an illustration see Fig.
radiation relaxation timé,.q. Oncel"+!, v"*1 andp"t! are 1inJS.

known, B"+! is determined by Eq[{12) and the position vec- The thermodynamic stratifications for the umbra, the
tor, z"*1, that fixes the background variables, is obtained enumbra, and the quiet sun are prescribed by the tripartite
integrating the velocity in time. WittB™*+1, pi*', and B!, model. Within these stratifications the presspigy), the den-

Eq. (I3) yields the gas pressugg;!'. The Saha equations de-sity, p,(z), and the temperaturéd;, (z) depend only on depth.
termine the ionization fractions of hydrogen and helium, arigvel z = 0 km corresponds te = 2/3 level of the quiet sun
thereby the mean molecular weighand the specific heat ratioand decreases downwards. fiy. 3 shows the dependeritgs of

~. The proper pair of,"*! and7"*! is found by iterating the pr, andpy, on z for the different stratifications in the vicinity of
equation of state, given by E@J (7). The Saha equations and tth@ photosphere. The thermodynamic variables inside the tube,
iteration scheme are described in more detail in Schlichenmaiéihe center of each cell, are obtained with a use of logarithmic
(1997). splines defined on the background discretization. The tube ly-
ing along the magnetopause is illuminated by the quiet sun on
one side. This effect is taken into account in the radiative heat
exchange.

To follow the evolution of the flux tube in the penumbrawe em- The background magnetic field strength,(z, z), depends

bed itin a tripartite sunspot model. Here, the idea is that we tate the radial distance;, and on depth;. The radial distance

a bundle of magnetic field lines from the sunspot model. Theisalefined to be zero at the center of the sunspot métigl, ~)

field lines are initially in magneto-hydrostatic equilibrium andor a certain position is determined using a bilinear interpola-

B at the bottom of model Bhot 15 kG
B at the center in photosphere  Becen 2700 G

2.4. Embedding the tube in a tripartite model
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with the penumbral stratification:

t=0: ,0(.1', Z) = pb7penumbra(z)
T(LC,Z) = Tb,penumbra(z)

] 5 p(IE, Z) = pb,penumbra(z)

244

. /‘um""/'f/{,/{//{////// Magnetostatic equilibrium, i.e., the cancellation of the second
\'l\mm \M"M'mm““m{f{g{“" 1" and third term on the RHS of Eq.(20), is an intrinsic property
“N\ HH\‘H”“W‘"‘ \\§§\! 4,  of the tripartite model, and can be realized numerically with
| an accuracy which is sufficient, but limited by the interpolation
‘ ‘ o procedures. The magnetic field strength is given by the total
Il m m ‘ ] pressure equilibrium across the magnetopause,
4 [N | 1
5 Hl ‘“ m h”' t=0: B(“La Z) = \/877\/pb,quict sun(z) - pb,pcnumbra(z) .
5 -5 The model-tube extends down to a deptleegE —15 Mm
£ | === | at a radial distance of = 4.8 Mm. The upper end is placed
g '° =——— at a radial distance of = 24 Mm and at a height of = 0.3
—1s5 7 Mm above the photosphere (= 2/3) of the quiet sun. The

i
I
I

- B intersection of the tube with the photosphere coincides initially
feler abstang L7, 2o with the outer edge of the penumbra model.

il
il
il

Fig. 4. The background magnetic pressufg:/8m, is shown as a 3.1.1. Boundary conditions
logarithmic surface plot versus the radial distancend depthz. For
the quiet sun, we sébg(0) = 1. The lower end of the tube, which is placed at the local position

of the magnetopause at= —15 Mm deep in the convection
zone, is held fixed, i.e. the mass element at the lower boundary

, , has zero velocity for all times. At the upper boundary, we apply
2
tion. The magnetic pressuré, /s, of the used backgrounda free boundary condition: The time derivative of the tangent

model is shown in Fig.J4 as a surface plot. One can clearly S\?eector,dl/dt, is extrapolated and the total force at the last grid

the jump across the magnetopause from finite field strength’in. . i
the penumbra to a vanishing field in the quiet sun. The curré)nqmt equals the total force at the last bu_t one grid point. In
e . case of an Qutflt_)w, mass elements reaqhmgt 27 Mm are
sheets, i.e. the magnetopause and the peripatopause, CONSEL 6ff. That implies that the number of grid elements graduall
discontinuities for the magnetic pressu,/8, the gas pres- ' it P flow i 9 9 y
sure py,, the temperaturd},, and the density,. But note, that decreases, if an outflow is present.
when crossing the current sheets horizontally, the total pressure
(gas plus magnetic) is constant. 3.1.2. Numerical tests
The results presented in this section were obtained using 1033
3. The evolution of a thin magnetic flux tube embedded in  9rd Points, being distributed equidistantly in mass for>
a sunspot Zswiteh = —1 Mm and equidistantly in grclgngth below thgt

depth. It has been tested that the evolution is the same for finer
An ensemble of magnetic flux tubes is assumed to participatiéds and does not depend on the particular choice of the depth,
in interchange convection. As a first step we restrict the studyit., (Schlichenmaier 1997).
to simulations of the evolution of a single flux tube. In this When the radiative heat exchange is switched off, entropy
contribution, we present the results obtained for one specifiscomes a constant of motion. Since the entropy of the system
flux tube and concentrate mainly on its photospheric behavidg.given by its thermodynamic properties, the conservation of
entropy per discretized cell can be checked independently from
the code (Schlichenmaier 1997). For this run, the code preserves
entropy to a relative accuracy of less tham*.

The results presented in this section have been obtained for the

tube with a magnetic fluy = 2 - 10'® Mx. That corresponds 3.2 Time series

to a diameter ofl = 2- \/¢/Bm = 50 km, for a magnetic field

strength equal to 1000 G. Initially, the tube lies along the magig.[5a=t shows the time series of our simulation. Each image
netopause. Hydrostatic equilibrium along the tube is satisfisdows the shape of the tube. The diameter of the tube has been
since the distribution of the density and temperature is identiecahgnified by a factor of 12, for better visibility. The gray-coding

3.1. Initial configuration
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of convective instability, is largest in the surface layers — within
the first few hundred kilometers below the photosphere. The
temperature difference between the quiet sun and the umbra,
being a measure for the rate of heating, is largest near the pho-
tospheric level of the penumbra, i.e.,zat= —150 km. There-
fore, the tube gains buoyancy at the fastest rate just below the
photosphere and there the tube will start to rise first. That can
be seen in the second image of Fig. 5a.

~104

-15

° ? i % # 3.2.2. Initial stages of the evolution

Time: 6601 sec;

Below the photosphere, the stratification is convectively un-
stable (superadiabatic) and the tube’s rise accelerates. Above
the photosphere, the stratification is convectively stable, and
moreover, the tube’s density increases due to radiative losses.
Therefore, the tube’s rise decelerates rapidly in the atmosphere.
Approximately 100 km above the photosphere, a new equilib-
rium is found for the tube, in which the downward-acting buoy-
ancy force is neutralized by the upward-acting gradient of the
background magnetic pressure (third term of RHS in[EG. (20)).

o . W M 20 2 Simultaneously, the footpoint of the tube (i.e. the intersection
Time: 7201 sec; of the tube with the photosphere at= 2/3), moves radially

inwards toward the umbra.
[T /s
0 5 10 15

5¢) A positive flow velocity along the tube develops as the tube
rises. It reaches a maximum of 14 km'sat the outer edge

~104

-15

3.2.3. Build-up of surplus gas pressure inside the rising tube

Fig. 5a—c. Time series of the evolution of a flux tube that contain .
6 = 2-101° Mx, and initially lies along the magnetopause. Stamnaf the penumbra at later stages of the evolution. The onset of

just below the photosphere the tube rises, thereby causing thefootpﬂ?ﬁ? I_Ong'tUdmal flow reSUIts_ from gn enhanced gas pressure
of the tube to migrate radially towards the umbra. While it rises, a ficd/adient along the tube, which builds up locally at the place

along the tube develops, being indicated by the gray-coding of the tu\ﬁ@ere the tube rises into the photosphere. In order to u_nder§tand
The background-gray corresponds to 0 kid sThe flow is directed this phenomenon, one has to realize that the tube finds itself

upwards and outwards. At the outer edge of the penumbra the figacally) in a strongly superadiabatic environment characterized
velocity becomes as high as 14 km's by a very small gas pressure scale height (of the order of 100
km) which is much smaller than the scale height of the magnetic
pressure (approximately 3000 km). Note also, that below the
represents the velocity field along the tube. The backgroumhotosphere the gas pressure dominates the magnetic pressure,
shading represents zero velocity, while darker coding coriee. 3 > 1.
sponds to positive velocities which point upwards and outwards. The tube stays intotal (gas + magnetic) pressure equilibrium
Images are plotted every 600 s. as it rises (cf. Eq.L{13)) and it must expand, because of the
decreasing pressure in the background. Since the decrease of the
total background pressure is dominated by the gas pressure, the
magnetic pressuré;? /8, inside the tube gets smaller than the
Even though initially the tube is in magnetohydrostatic equdackground magnetic pressuf#./8x. In consequence, the gas
librium, it will start to rise because of the radiative exchangeressure insides, must build up relative to the background gas
of heat. Part of the tube is illuminated by the underlying hottgressurepy,. Note, that the background gas pressure is constant
quiet sun so that it heats up and expands relatively fast. Thatizontally within the penumbra.
leads to a decrease of density inside the tube as compared tdSince the part of the tube lying above the photosphere
the outside, and the buoyancy (first term on RHS of Eq. (2@)pes not rise, it becomes almost horizontal between the foot-
causes the tube to rise. The region where the ascending mopiomt, atxzs,, and the outer edge of the penumbrazat, i.e.
appears firstis determined by an interplay between the radiativ€xs,) ~ p,(z..). Near the outer edge of the penumbra the
relaxation timet, .4, the temperature differenc€(z) — 71,(z), gas pressure inside the tube does not chan@g,) = pu(Zoe),
and the superadiabaticity= V — V4. Since radiation is most whereas the gas pressure is greatly enhanced in the vicinity of
effective near the photosphere, the radiative relaxation time (skee footpoint,p(xs,) > p,(zg), since there the tube has risen
Eq. (29)) is the shortest there. Superadiabaticity, being the catiseugh the strongly superadiabatic region. The resulting gas

3.2.1. The onset of evolution caused by radiation
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pressure gradient accelerates a horizontal outflow along the tube

which is accompanied by an upflow in subphotospheric layers. E _82
This upflow is maintained by the superadiabatic background £ -o0.4 /
stratification. The gas pressure gradient in the horizontal part of " e /i
the tube is sustained by radiative losses which decrease the in- ‘ 8 0 1o M
ternal energy (and the gas pressure) of the matter flowing along) Time: 6601 sec: x in Mm
the tube.
:
3.2.4. Centrifugal force and magnetic tension i

The migration of the footpoint is governed by three forces acting | ‘ ‘ ‘ ‘
perpendicular to the tube (the gradient of the background mag- 8 9 10 1
netic field can be neglected here). First, at the turning point, i.eb) Time: 9302 sec;
slightly above the footpoint, where the tube bends horizontally, BT 1108 Kelvin
magnetic curvature force is positive (cf. Hig. 2) and it deceler- 6 8 10 12 14

ates the migration of the footpoint. Second, the longitudinal flow

exerts a centrifugal force at the turning point. The centrifuggiy. 6a and b. Two snapshots of the flux tube and the temperature

force term stems from the advection term in Kdg. ¢1),V: profile. As the Alf\en velocity increases at the footpoint due to the
continuous upflow along the tube, the centrifugal force at the turning

t Ov2 5 point (z ~ 8.4 Mm) exceeds the magnetic tension, leading to over-
v-Vo = 2 9s +vTkN . shootinga shows the phase in which the overshoot is convectively sta-

ble att = 7500 s, whileb visualizes the instable phasetat 9300 s,

The first term gives the inertia force along the tube, and tMdere th_e tube dives back into the subph_otospheric stra_tification. The
second term is the centrifugal force, which is the inertia for@@Y coding refers to temperature according to the shading bar.
perpendicular to the tube.
Third, the buoyancy being a vertical force that acts perpen-
dicular to the tube dominates therise as |0ng asthetubeis higﬁ%era”\énic flowis supercritica| atthe sametime. Having asu-
inclined with respectto the vertical. As the time series shows, thercritical flow that collides with plasma which is at rest initially
inward migration of the footpoint ceasestat 3600 s. Here, has to resultin a shock front. As this shock-front accelerates the
the buoyancy becomes negligible, because of the almost vestasma, it migrates outwards and leaves the computational do-
cal orientation of the subphotospheric part of the tube. Thus,ihin after 4 200 s.
later stages of the evolution, the perpendicular component of the In the present contribution we do not make any attempt to
equation of motion near the turning point is governed only B istically describe shock waves. But it is clear that the shock
f[he centrifugal and the mggnetm curvature fo_rces. Itis mtereabes not influence the dynamics happening near the penum-
ing to note, that the centrifugal force neutralizes the magnefjg,| photosphere for several reasons. First, the shock front is a
curvature force when the flow velocity equals the &ifiweloc-  ¢qnsequencef the acceleration of plasma within the penum-
ity. bra, rather than the cause of the longitudinal flow. Second, the
density decreases exponentially with height, and therefore the
3.2.5. Formation of a shock front above the photosphere  inertia within the photospheric penumbra is much to large to
be affected by the dynamics happening hundreds of kilometers
The time series shows a shock front that develops beyond e the photosphere. And after all, the flow velocity upstream
outer edge of the penumbra. Itformsiat: 15 Mm after 1800s of the shock is supercritical, i.e., the penumbral photosphere
and migrates outwards with a velocity of roughly 3 km's goesn’t know about the shock front.
While it migrates outwards and upwards, the shock front accel- The flow is decelerated within the shock and the gas pres-

erates and _reaches6 I_<m s'! at the outer (upper) _boundary. ure increases there. That leads to a local expansion of the tube
Based on simple physical _arguments, the mere existence of Tne shock front. Such an expansion should be counteracted
ShO.Ck wave can be explained as follows. Assume you_hav magnetic tension forces inside the tube. However, within
statlonary_flow upwards aloqg the tube. Due. to continuity, ﬂ? e thin flux tube approximation such forces are neglected and
flow velocity, “H’,WOUId then increase accordingdg ~ 1/p, nothing prevents the tube from infinite expansion at the shock
whereas the Alfen velqcnyvA scales asa ~ B/+/p- Now, front. Therefore, we have included the magnetic tension forces
P decreas_es ex_ponentlally and_, not so important, B decreai?ﬁ%?dethetube fictitiously by changing the background pressure,
linearly with height. Thusy; being smaller tham, at some  p . A the |ocation of expansion we enhance the background

initial height, increases more rapidly thag. 'A,‘t some point, pressure. The stronger the expansion, the larger the background
v| has to become superadfic. In a magnetic flux tube theBressure

critical flow velocity along the tube is given by the tube spee
vy = va - Vs/V/ua + vs (€.9., Ferriz Mas 1988), implying that a
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with the observed inward migration of bright penumbral grains.
Further, we use Fifl] 8 to discuss the features of our simulations
in the context of the observed penumbral fine structure such as
bright and dark filaments and the Evershed effect. It shows an
intermediate stage of evolution of the tube near the surface lay-
ers. From left to right, one can see the umbra, the penumbra, and
] the quiet sun being separated by the peripatopause and the mag-
] netopause, respectively. In Hg. 8&, 8c, Bhd 8d the gray coding
] represents the temperature variation, the gas pressure variation,
and the variation of the magnetic field strength, respectively.
Note, that in each background stratification the temperature and
] the pressure vary only with depth, whereas the magnetic field
oo+ . . . ] is two-dimensional. Fid.18b shows the optical thickness of the

8 10 12 14 tube. Here, the subphotospheric background is illustrated as an

x in 1000 km optically thick regime and the atmosphere as an optically thin

regime. For better visibility the diameter of the tube in [Eg. 8

of the migrating footpoint is plotted versus the radial distandem _Has_, been mz_igm_fled by a fact(_)r_ G. The arrows inside the_ tube

sunspot center. The plus signs are equally spaced in time<{ 300s), |nd|c§te Iongltudlna_l flow velocities. Just below the footpoint a

tracing the evolution between— 300 s (z — 13300 km) and¢ — Velocity of 3km s! is present, beyond the footpoint the veloc-

7200's (@ = 8300 km). ity increases to 6 kms', and at the outer part of the penumbra
nearz = 12 Mm the flow velocity reaches 13 knts.

proper velocity in km/s

Fig. 7. Proper motion of the footpoint. The apparent inward velocit

3.2.6. Final stages of the simulated evolution

As discussed in Se€L3.2.3, plasma within the tube expands &} Penumbral grains and bright filaments

rises through the convection zone. Thereby, the magnetic f
strength,B, decreases. The magnetic field strength of plas
reaching the footpoint is the smaller, the larger is the height d

ield . . . . .

rijge footpoint of the flux tube can be identified with a bright
R(_enumbral grain, because the upflow along the tube brings hot
ference it traveled through the convection zone. That impli asma to the surface which appears bright against the darker
thatva — B/\/d7p at the footpoint decreases continuousl ackground. As demonstrated in the previous section, the tube’s
while the flow velocity stays constant in time at the footpoin potpomt migrates from the outer edge of the penumbr_a inward
Hence, at some point (in our simulationtat 7000 s) the flow towards the umbra. In Figl 7 the data points (plus signs) are

becomes superalnic and the centrifugal force exceeds thgqually spaced in time/{t = 300 s}, illustrating that the foot-

magnetic tension force at the turning point, i.e. the flow oveﬁ’-Olnt starts off atz = 13300 km with a proper velocity ex-

. 1 h : g
shoots the turning point. Due to radiative losses in the atm geding 2 km's”. After 1200 s (4" data point from the right)

sphere, the plasma that overshoots gets denser and decelerI §1|grat|0n of the footpoint decelerates from 1.5 km o

ates. e : X
The amplitude of the overshoot gradually increases in time 1kms~"att = 7200s. These values are consistent with the

asv| /v increases. Once the flux tube dives back into the cofoPer motion of penumbral grains observed by Muller (1973b).
vectively unstable subphotospheric penumbra, anti-buoyancy At the footpoint, the tube’s temperature and gas pressure
drags the tube down, and magnetic tension is too weak to paee higher than the corresponding background values. As the
vent the tube from sinking. Fig. 6b shows a snapshot of the tyilasma flows along, the tube loses internal energy by radiation.
in the vicinity of the turning point after 9 300 s. The inertia of thé&hereby it cools and the gas pressure diminishes.At10 Mm
upflow at the footpoint prevents the turning point from sinkingt reaches temperature equilibrium with the surroundings. As the
The part of the tube that dives back beneath the photosphgas pressure diminishes, the magnetic field strength increases
sinks down. Since the radii of curvature at the turning poiaccording to Eq[{13), and flux conservation, Eq] (11), implies
(z ~ 8.4 Mm) and atx ~ 10.2 Mm become very small, the that the tube’s diameter decreases between the footpoint and the
thin flux tube approximation is no longer valid. For that reasoppint of thermal equilibrium. Thus, our model is concurrent with
we stop the simulation here. observations from Mullef (1978a, b) and Tritschler et/al. (1997)
which show that penumbral grains consist of a bright coma and
a somewhat dimmer thinner tail which is radially elongated and
points away from the umbra. Our model suggests that bright
In order to discuss the observational consequences of our mofieiments are the long tails of penumbral grains. However, for
we concentrate on the evolution of the tube in and above the plawer spatial resolution, a few radially aligned penumbral grains
tosphere, since only here is the tube observable [Fig. 7 shanight also be visible and interpreted as one bright filament.
the proper inward velocity of the migrating footpoint as a fundAfe want to mention, that the length of the bright tail depends
tion of the radial distance from sunspot center. It illustrateson the amount of magnetic flux of the tube: More magnetic
the migration of the tube’s footpoint which will be comparedlux implies a larger diameter and thus a larger optical depth,

4. Observational consequences
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a) Temperature:
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x in Mm
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4 6 8 10 12 14

b) Optical thickness of the tube:
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d) Magnetic field strength:
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6 8 10 12 14
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Fig. 8a—d. Snapshot of the evolution at= 5400 s. From left to right one sees the umbra, the penumbra, and the quiet sun. The tube that
has risen from the magnetopause lies horizontally above the photosphere, being elevated some 100 km. The tube’s diameter is magnified by a
factor 6 for better visibility. As indicated by the legends, the gray coding represents physical variables along the tube and in the background:
Temperatureh Optical thickness of the tube,Gas pressurel Magnetic field strength. The arrows in the tube visualize longitudinal velocities

in the tube. In the lower left corner of each plot an arrow with a length that corresponds to 5 ksnshiown.

a longer radiative relaxation time (see Hg.l(25)), and hencd &. Dark filaments

longer bright tail.
In view of Figs.[8a andl8b, one can see that the tube is opti-
cally thick as long as it is hotter than the surroundings. This
is due to the temperature dependence of theodacity which
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contribution functions mosphere than the contribution function of the line wing, as it
is depicted for a typical photospheric absorption line in Fig. 9.
Since the flow channel might be substantially thinner than the
width of the corresponding contribution function, only distinct
parts of a line profile might be shifted. Therefore, a line asym-
— 50 metry would be caused naturally by a thin flow channel. A line
asymmetry which is such that the line wing is more shifted than
the line core (see Fig. 1b of Degenhardt1993) can be explained
by a flow channel that is sufficiently thin and is elevated only

. zinkm
linecore

- 150
line of sight

| 50

O ——= 14km/s (:)

A -100 slightly above the photosphere (Schlichenmaier et al. [1998):
/ photosphere | 150 Such a flow channel affects the contribution function of the line
% / wing, but does not influence the contribution function of the line
linewing |\ core which originates in still higher layers.

The diameter of the tube in our simulations is less than 50
km, depending on the strength of the magnetic field. This has
Fig. 9. Explanation of line asymmetries. A thin flow channel only aftg pe taken into account, when shifted asymmetric line profiles
fects parts of a typical photospheric absorption line. As itis drawn ke jnterpreted in order to deduce a flow velocity. Wiehr (1995)
this figure, the flow channel Doppler-shifts a fraction of the (:ontribLHeduces a flow velocity of 5 km s! by assuming that the‘line
tion function for the line wing, but does not influence the contribution . - . . .
function of the line core, leaving the line core unshifted. Hence, a th"flr;symmetry is caused by a spatially unresolved Ilng satellite be-
flow channel can naturally explain the observed line asymmetry whilltd causgd by a ﬂqw c.hannel. I,f one further ta}kes into account,
is a characteristic feature of the Evershed effect. that a typical contribution function has a full width at half max-

imum of more than 100 km and that our simulated tube has a
diameter of less thab km, a local flow velocity exceeding 10
is the dominant opacity near the photospheérex 7°. An- km s~ may still be consistent with observation.
other important feature was already mentioned in Sect. 3.2.2:
The tube is elevated above the photosphere. That means }pit
bright filaments are optically thick structures overlying a darker ™
background and surrounded by an optically thin atmospherethe preceding section we have demonstrated that the outward
Therefore, we propose that dark filaments might not e&st flow in the transparent cooler part of the tube can reproduce a
se They rather appear as a consequence of spacing betweefirig-profile that is shifted and asymmetric. However, our model
dially elongated bright filaments (Schlichenmaier et al. 1998jiso predicts an outward flow in optically thick bright filaments.
This is consistent with the statement of Muller (1973a, 1973fhis result is somewhat surprising, since it is observed that the
that within the penumbra bright featursisow upagainst a dark Evershed flow is correlated with dark filaments (e.g., Beckers &

Outward flow in bright filaments

background. Schibter 1969; Title et al. 1993; Wiehr & Degenhardt 1994) and
that bright filaments are anti-correlated with the Evershed flow
4.3. Evershed effect (Shine et all_1994). We explain this apparent contradiction by

the fact that all these measurements were done using Fe | lines
Our model also offers a consistent explanation for the Evehat have a low excitation potential of less than 4 eV. Since these
shed effect: Between the footpoint,at~ 10.5 Mm, and the lines originate almost exclusively at atmospheric temperatures
outer edge of the penumbra, the matter inside the tube becomiesay, less than 6000 K, we expect that a hot, optically thick
gradually more transparent. The optical thickness of the tube flew channel has a negligible contribution to the intensity profile
creasesto ~ 10~! (see FiglBb) and a line of sight that crossesf these lines. If anything, a hot flow channel would at most shift
the tube reaches optical depth= 2/3 in the photosphere of the line wing, where the line intensity is close to the continuum
the model at = —150 km, i.e. below the tube. In other words,intensity. Hence, a hot flow channel may not be detectable with
after the plasma has cooled reaching temperature equilibriatssorption lines of low excitation potential. On the other hand,
with the surroundings, the tube becomes transparent. The tabgorption lines which are sensitive to high temperatures, i.e.
constitutes a flow channel that is elevated approximately 100 kinres which have a higher excitation potential, are expected to
above the photosphere and confines an outward flow reachanginate mainly within a hot flow channel. Hence, observing
velocities up td 3 km s~ In the following we discuss the influ- bright filaments, i.e. hot plasma, it is more appropriate to use a
ence of such a flow channel on the line profiles of photosphetimot” absorption line with a high excitation potential, such as
absorption lines. the C1538.03 nm line. Since this line has an excitation poten-
Generally speaking, a flow channel Doppler-shifts a lin&l of 7.68 eV, its mere existence within the penumbra indicates
profile that is formed inside the flow channel. In order to unhat hot plasmais present. In fact, high resolution measurements
derstand the line asymmetry which is a characteristic featumethe C1538.03 nm line demonstrate the existence of this line
of the Evershed effect, one should recall that the contributi@rthin the penumbra and furthermore, they show line core shifts
function of the line core has its maximum higher up in the afRimmele 1995, Stanchfield et al. 1997). Fig. 5 in Stanchfield
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et al. shows line core shifts corresponding to Doppler velocities The Evershed flow occurs with velocities up to 13 km s
up to 2kms* within the penumbra, being blue-shifted on the in optically thin ¢- =~ 10~!) and almost horizontal channels
center side and red-shifted on the limb side. We take this ob- which are elevated some 100 km above the photosphere.

servation as an indication for the existence of outward flows in _ _
bright filaments. In our model, the magnetic flux tube and the corresponding

Finally, we want to mention that Wiehr (1995) and Balthas®asma flow extends beyond the outer penumbral boundary. At
et al. [1997) find indications for the existence of a non-zefge boundary, the tube follows the magnetopause, which slowly
velocity in bright filaments, if line profiles are interpreted ifains heightand reaches= 700 km atz = 27 Mm. There, the
terms of a largely shifted line satellite that stems from daf@undary condition allows for a steady outflow of mass. Thus,
filaments and a weakly shifted main component that stems fré model does not describe magnetic flux tubes that dive back
bright filaments. beneath the photosphere near the outer edge of the penumbra, as

In order to decide whether a line shift would be produced Bgcently reported by Westendorp Plaza etal. (1997) and Stanch-
the hot part of our model tube, one has to compute synthetic [#f/d et al. (1997). Modeling dynamical flux tubes that bend
profiles. Therefore the temperature gradient across the tub&3§k down near the outer edge of the penumbra requires differ-
needed, which forms when an optically thick, hot tube radiat88t upper and lower boundary conditions. Instead, our model
in a cooler, optically thin atmosphere. Thus, for computing Syﬁgescrlbes the part of the Evershed flow which continues up into

thetic line profiles, it is essential to treat the radiative transpdfe Canopy, as it was observed by Solanki efal. (1994).
for our model tube. So far, we have only considered the rise of a tube that lies

In summary, our model suggests that there are three d’#g_ng the magnetopause initially. Clearly, for an undersj[anding
ferent structures within a penumbra: a) a bright component,Gh intérchange convection, we need not only study different
which the optically thick and hot flow may only be detectablitial conditions, but also the dynamics of sinking magnetic
using “hot” absorption lines, b) a dark component, in whicfux tubes. Ifno smkmgtubeswere present, magnet_mfluxwould
a flow channel of small optical thickness lies above the dabg transported continuously from the outer to the inner part of
background, and c) a dark component consisting of the ddh€¢ Penumbra. In consequence, the magnetic pressure would
background with no flux tube above it. In the last componelficréase in the inner part of the penumbra. We surmise that at
one would see a dark filament with no Evershed flow presefi@Me point, the gradient of the magnetic pressuts; /s,

whereas in case b) one would look at a dark filament whifgcomes large enough to suppress the further rise and to initiate

contains the flow. Hence, the Evershed signal is correlated wil§ Sinking of the flux tube. _
some but not all dark filaments. We want to stress that the acceleration process that causes

the outward flow is related to the siphon flow mechanism (Meyer
. ' & Schmid({1968), in the sense that a gas pressure gradient accel-
5. Discussion erates the plasma. However, in our model the pressure gradient

We have presented a numerical simulation of the time depé%prqated locally With.in the penumbra; Thg flow is initiated by
dent dynamic evolution of a thin magnetic flux tube insidege rise of a magnetic flux tube and is driven by the supera-

sunspot penumbra. The results yield an extension of the stu atic baqurounc_j stratlflcgtmn. In the horizontal part_ of the
e, radiative cooling sustains the gas pressure gradient that
f

reported by Jahn et al. (1996), and Schlichenmaier ¢t al. (199“7I lerates the pl ¢ 3 kmt the footpoint
Here, we aim at a more detailed understanding of the physi@ elerates the plasma from m-snear the footpoint up

1
structure of the penumbra. Since our model seems to reprodt?cér4 km s near the ou.ter edge of the pgnt{mbra. In result,
It model does not require strong magnetic fields at the outer

the observed small-scale structure of the penumbra, we tz?lyt int as in the classical siohon fl i0. We find
this as an indication that it supports the concept ofinterchangﬁ pointas in the classical siphon flow scenario. YWe find an ac-

convection, on which our results are based. The model sugge f eration mechanism that is caused naturally in a certain phase
' ' of the evolution of an emerging magnetic flux tube.

1. Penumbral grains are the footpoints of inwards migratirgg Since our simulations yield upflows along subphotospheric

flux tubes, in which the enhanced brightness is caused b L3<tubes, itis tempting to speculate that the ;urplus brightness
systematic upflow. At the footpoint an upflow of 3 km's f the penumbra as compared to the umbra is caused by these

is present upflows which constitute a convective heat transport. Thus, one
2. Abright filament, when interpreted as the dimmer and thi}/°u!d Suppose that penumbral grains and bright filaments which
ner tail of a penumbral grain, is the consequence of a HY fed by these upflows cause small fractions of the penumbra

plasma outflow that cools down during horizontal outwar® be brighter than the umbra.

mation. B”ght filaments are hotter and OF_"“Ca"yth'Ckerth‘aﬂcknowledgementsRS wishes to thank Prof. Haerendel for fruitful
the surroundings, and are elevated relative to the dark bagiyssions and for supporting this work. KJ acknowledges the support
ground. In bright filaments a plasma flow is present having the KBN by the grant No. 2 PO3D 010 12.
a velocity of typically 6 km s*.
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