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Abstract. The concentration of magnetic flux by convectivably explains the observed concentration of the magnetic flux
flows in the solar surface layers is studied by means of twat the edges of granular and supergranular cells. Under solar
dimensional numerical simulations with radiative transfer. Wenditions, however, this kinematical effect alone is not able to
follow the evolution of an initially homogeneous, vertical magncrease the field strength significantly above the equipartition
netic field, starting from an evolved state of simulated solaalue of about 500 G (Park&r1979). The Lorentz force sup-
granulation. The results of three simulation runs with initiglresses further growth of the field by impeding the horizontal
field strengthsB,, of 100 G, 200 G, and 400 G, respectively, arBow, unless large turbulent diffusivities with a magnetic Prandtl
shown. In all cases, horizontal convective flows rapidly sweapmber significantly exceeding unity are invoked (Galloway et
magnetic flux into the intergranular downflow channels. Trad.[1977).
field is further amplified up to kilogauss values by partial evac- It is widely believed that further amplification of the mag-
uation due to a strongly accelerated downflow within the magetic field strength is due thermaleffects. Since the horizontal
netic structure. The value of the field strength reached at a givilsws of granular convection carry heat to the downflow regions,
depth and the size of the flux concentrations grows with the inire retardation of the flows by the growing magnetic field leads
tial field strength (i.e., the amount of magnetic flux within theo an enhanced cooling of the magnetic region because the ra-
computional box). In the case @&, = 400 G, the downflow diative losses cannot be balanced by the reduced horizontal flow.
within the flux concentration becomes so strong that it ‘bouncemhe cooling and the strongly superadiabatic stratification of the
off the high density plasma in the deeper layers; the resultingpermost layers of the convection zone accelerate the down-
upflow leads to a strong, upward moving shock and to the dftow along the field lines (Parker 19i78) and, since the horizontal
persal of the flux sheet after a lifetime of about 200 s. In the casksv is suppressed by the Lorentz force, a partial evacuation of
with less magnetic flux, = 100 G, 200 G), the downflow is the upper layers ensues. Pressure equilibrium with the surround-
less vigorous and the flux concentrations persist to the endimj gas is restored by compression of the flux tube, increasing
the simulation (about 5 minutes). Radiation diagnostics in tiiee magnetic pressure. In this way, the magnetic field can be
continuum and in spectral lines predicts observable signaturesally intensified to values which are only limited by the con-
of the intensification process. The accelerated downflow lediting pressure of the external gas.
to a conspicuous Doppler shiftand a negative area asymmetry ofwithin the framework of the thin-flux-tube approximation,
StokesV -profiles of spectral lines, while the intensification ofhis process has been studied by means of linear stability anal-
the magnetic field may be detectable through the ‘magnetic lipsis (Webb & Roberts 1978, Spruit & Zweibdel 1979, Unno &
ratio’ method in the visible and by direct Zeeman splitting 0Ando[1979) and through numerical calculations (Venkatakrish-
magnetically sensitive lines in the infrared wavelength rangesarf 1985, 1985, 1986; Hadan 1884, 1985). Starting from a static
state with temperature equilibrium between a vertical flux tube
Key words: Sun: magnetic fields — Sun: photosphere — Suahd the surrounding superadiabatically stratified atmosphere,
atmosphere — Sun: granulation — Sun: faculae, plages — MHIihear analysis predicts instability if the initial field strength is
sufficiently small. This instability manifests itself either as an
accelerated downflow with gas pressure reduction and increase
of the field strength (‘convective collapse’) or as an accelerated
upflow leading to pressure enhancement and magnetic field dis-

What are the physical processes that lead to the intermittent di§fSal- Depending on the boundary conditions, the depth of the
tribution of small-scale kilogauss magnetic fields observed filyx tube, the adogpted model atmosphere, and the initial value
the solar photosphere (e.g., Solahki 1993) ? ‘Flux expulsid®f 5 = 87pgas/B*, a stable state can be reached if the field

in cellular convective flows (Parker 1963, Weiss 1966) proirength has grown so large thats 2 (Spruitl1979). Non-
linear, time-dependent calculations of the instability, still in the

Send offprint requests tM. Schissler thin-tube limit, either lead to (overstable) oscillations or to a

1. Introduction
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final static state depending on whether the lower boundaryoistput at the top of the computational domain corresponds to the
closed or open for the fluid flow (Takeuchi 1993, 1995). Nordnean solar value. The magnetic field lines are vertical at the top
lund (1986, see also Nordlund & Stein 1989) finds evidenemd bottom boundaries; they are free to move in the horizontal
for convective intensification in three-dimensional simulatiordirection.
of solar magneto-convection, although the spatial resolution in The numerical implementation of an open or wave-
these calculations is not sufficient for a detailed study of smadlbsorbing boundary condition in a stratified medium is a prob-
scale magnetic features. lem that has not yet been generally solved (see, e.g., Nordlund
Here we presentresults of numerical experiments in two s[gStein [1990, Hossain & Mullan 1993, Nordlund et[al. 1994).
tial dimensions. The restriction to 2D enables us to achieve rgl-the simulations discussed here we focus on processes taking
atively high spatial resolution at affordable computational cogtace in layers that have a much larger density than the tenuous
while retaining the essential ingredients of the intensificatigggion near the top boundary. Therefore, the results are proba-
process. At the same time, we allow for internal structure abfly not strongly affected by the precise formulation of the upper
dynamics of the developing flux concentrations and obtain sp&oundary condition.
troscopic information that may be compared with observations. The numerical experiments are carried out in the following
The two-dimensionality of the numerical model may seem mojgay. \We begin with the simulation of a field-free plasma, start-
restrictive than it actually is since elongated magnetic structuigg with a plane-parallel stratification taken from the model of
form in intergranular lanes when magnetic flux is squashed bigsryit [1977). We perturb this convectively unstable configu-
tween two granules. It is conceivable that such flux sheets shgition by a velocity field of small amplitude and let the sys-
a much stronger variation in the direction perpendicular to thém evolve until it relaxes to a ‘normal’ pattern of instationary
lane than parallel to it, so that a two-dimensional model appe@tshvective motion. We then impose a homogeneous, vertical
not too unrealistic. magnetic field onto the entire computational domain and fol-
low the ensuing interaction between the magnetic field and the
2 Numerical model convective motions.
We solve the full set of the time-dependent MHD equations, in-
cluding the effects of (grey) radiative transfer and hydrogen iog- Simulation results
ization, within a two-dimensional rectangular spatial domain.
The direction of thez-coordinate is parallel to the solar sur\Ve have performed three simulation runs, which differ by the
face, spanning a distance of 2400 km. Theoordinate runs strength of the initial magnetic field and in the pattern of con-
1400 km in the vertical (height) direction, ranging from 800 kriection at the time when the magnetic field is imposed. Run
beIOW the Surface (optica' depth unity at 500 nm for a me&hl has an initial field of 100 G, rug4 starts from the same
solar atmosphere model) to 600 km above it. We use a unifof@nvective pattern, but with a field of 400 G, while 10@starts
rectangular grid witi240 x 140 node points, so that a cell size offom a different pattern and has an initial field of 200 G.
10 x 10 km? results. The equations are written in conservation We firstdescribe the results of r@#. Fig [Ia—t displays the
law form and are discretized according to the Flux-Correctéithe evolution, showing (from top to bottom) density contours,
Transport (FCT) algorithm (see, e.g., Oran & Boris 1987). Thsagnetic field lines, and the velocity field at five moments cor-
effect of turbulent eddies smaller than the grid resolution igsponding to 0, 50, 100, 150, and 250 seconds, respectively,
taken into account by using sub-grid-scale (SGS) diffusivitie&fter the introduction of the magnetic field. In the last snapshot
following the approach of Chan & Sofia (1986). Details abo(e) isotherms are shown in the top panel instead of density con-
the code and tests are described in Steiner étal. {1994); previsus lines. The level of continuum (500 nm) optical depth unity
simulation results based on this code can be found in Steineisgndicated in all panels by a thick, solid line.
al. (1996/1998). In the beginning we have an extended upflow covering a
The horizontal boundary conditions are periodic. At the tdarge part of the computational domain. Downflowing gas is
we prescribe a vanishing temperature gradient since this bouodncentrated in a narrow channel gat- 2000 km) of roughly
ary coincides with the temperature minimum region; in this 0200 km width. Magnetic flux is rapidly swept to this channel
tically thin layer, the energy transported by radiation is nearby the horizontal flow and forms a flux concentration, which
independent of the local temperature gradient. The vertical \@comes visible in snapshot (b). Between instants (b) and (d)
locities are damped within an ‘absorbing layer’ (Sato & Hayasttie downflow within the magnetic field is accelerated toup to 12
1979) of 100 km thickness in order to suppress the (unphysiciaf) s~! peak velocity. This leads to a strong density reduction
reflection of waves and shocks. The lower boundary permits fiieethe upper layers and a corresponding increase of the field
in- and outflow of gas. We prescribe a constant total pressuserength, together with the formation of a ‘Wilson depression’,
PT = Pgas+B? /87, along this boundary (thus assuming instan-€., a lowering of the level of optical depth unity within the
taneous horizontal balance of total pressure at the bottom) dlinct concentration by about 300 km. This sequence of events,
adjust this value so that the total mass within the computational., flux accumulation by converging horizontal flows, partial
domain remains constant in time. The entropy of the inflowirgyacuation and field amplification by accelerated downflows, is
gas is specified in such a way that the time-averaged radiatiogeneral agreement with the picture of flux expulsion followed
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Fig. la—e(see also opposite page) Formation of a magnetic flux sheet iD4ustarting from a homogeneous, vertical magnetic field of 400 G.

Each snapshot consists of a column of three panels, showing density contours (top), magnetic field lines (middle), and velocity vectors (bottom)
respectively. The columreto e correspond to the times 0's, 50 s, 100 s, 150 s, and 250 s, respectively. In the last snapshot the density panel is
replaced by a plot of isothermals. The horizontally running thick curve indicates the opticakdepth. The dashed curve shows the central

field line of the flux sheet. Note that the boundary conditions at the sides of the box are periodic, so that field lines and flows leaving at one side
re-enter through the other side.

by convective collapse. It takes only about 100 seconds for e upflow and so prevents further intensification and downward
strong flux accumulation to be formed. extension of the flux sheet. The upflow develops into a shock

. wave, forming close to optical depth unity inside the flux con-
As can be seen in snapshot (a) of Fig—_la—e, the downfl ntrationy ~ —300 km. The temporal evolution of the verti-

has not yet reached the bottom of the computational box wh Al velocity is illustrated in Fig.]2, which shows height profiles

the magnetic field is introduced, so that at a depth of aboéibng the central field line of the projected flux sheet (indicated

600 km the strongly accelerated downflow within the flux shegt the dashed line in Fif_Ta-e). The downflow comes to a halt

impinges on a fluid of much higher density. In fact, the matt the ‘bottom’ of the flux sheet and turns into an upflow, which

descgnds S0 fast.tha_t it‘piles up’ on top of thls_matenal ascan %idly develops a shock front. The speed of this front increases
seen in the velocity field of snapshot (d) and in the correspongh ' e kms-! aty — —250 km to over 17 kms’ when the
ing density plot. This compression reverses the downflow into Y
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Fig. 2. Vertical velocity as a function of height along the central field

line of the flux sheet (dashed line in Fig._Th—e). Profiles are given at
timest = 50 s (solid),t = 100 s (dot dashed). = 150 s (dashed), 337 1
andt = 250 s (dotted). These times correspond to the snapshots (b)}é)m e Vo

(e) of Fig[1aze.
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g Fig. 4. Temporal evolution of the magnetic field strength at two con-
tinuum optical depths (left) and of continuum intensity contrast,
(I(z)—(I))/{I),where(I) is the horizontal average at 500 nm (right),
both as functions of horizontal position (1600 kinz < 2400 km).
Times are given in seconds at the left-hand margin of the left column.
The vertical scale, indicated at the bottom, is the same for every profile
in a column.
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contrast is of particular interest. The left-hand column of Big. 4
y [km] shows the field strength for a number of moments in the time
Fig. 3.Field strength as a function of height along the central field lirfévolution as a function of the horizontal coordinate, 1600 km
of the flux sheet. The curves refer to the same times as ifiFig. 2. < @ < 2400 km, at two different optical depths (500 nm wave-
length), namely = 1 (continuum layer) ands; = 0.01 (for-
mation region of medium strong lines used for observational di-
shock reaches a height pf= 430 km. The shock front is well agnostics), while the continuum intensity contrast is given in the
visible in the temperature plot atinstant (e) of Eig_la—e, becaugght-hand column. Between 150 s and 200 s the field strength
a thin layer behind the front is 2600 K hotter than the ambierdaches its maximum value and, at the same time, the core of
medium. The drop of the gas pressure across the shock frorthis flux sheet becomes very bright in the continuum. The con-
about a factor 30. The upflowing gas leads to a dispersal of thast reaches 150% in a narrow peak-0100 km width while
magnetic flux (the reverse of the ‘convective collapse’) and tiiee field strength at; = 0.01 exceeds 1 kG in a region of
flux sheet dissolves at timtex 400 s. This sequence of eventsabout 400 km width. The subsequent dispersal and weakening
is reminiscent to the scenario proposed byiBster((1990).  of the field is accompanied by a corresponding decline of the
The temporal evolution of the field strength along the centriatensity contrast, so that after a rather short interval of strong
field line is shown in Fig.13 for the same moments as in[Hig. field and large contrast the region becomes inconspicuous in
The field is strongly amplified in the course of the collapse amdagnetic field and continuum brightness. On the other hand,
kilogauss field strength are rapidly reached. The ensuing upagnetic flux contained in the flux sheet is steadly growing
flow phase causes a dispersal of the field and a concomitdating the whole lifetime of the flux sheet. This is caused by the
decline of the field strength (dotted line in Hig. 3). For a posgpersistence of the horizontal convective flow towards the flux
ble observational detection of the collapse process the magnetincentration, so that magnetic flux expulsion continues until
field strength at givenptical depth and the continuum intensitythe flux sheet finally dissolves (Steiner 1996).

600
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Fig. 5a—d.Time evolution of the magnetic field in rud1. The panels Fig. 6a—d. Time evolution of the magnetic field in ru®2. The panels

a—d give the instantaneous field line patterns at 60 s, 115 s, 175 s, @net give the instantaneous field line patterns at 100 s, 200 s, 250 s, and
230 s, respectively, after imposing an initially homogeneous magne3i@0 s, respectively, after imposing an initially homogeneous magnetic
field of 100 G. Note that after instahbtthe flux sheet extends throughfield of 200 G. The initial convection pattern is different from that used
the (open) bottom of the computational domain. in runsC1 andC4.

Let us now turn to rurC1. It starts from the same flow pat-C4, a flux concentration forming at the site of the strong down-
tern as rurC4 but has a weaker initial field strength of 100 Gflow atxz ~ 2000 km. Due to the smaller amount of magnetic
Fig.[5a=tl shows 4 moments of the time evolution of the mafiux in the box, the width of the flux sheet is much smaller and
netic field line pattern. The initial development is similar to ruthe dynamics of the convective pattern is less affected than in
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the case of rurC4. In particular, the downflow within the flux o 51 o 102
sheet is weaker so that no flow reversal with ensuing dispersal : o1 * .
of the flux sheet takes place. The flux sheet extends through the e 0
(open) bottom of the computational box and persists throughout 28 1 Nfg’i 28 1 tis
the simulation time of about 5 minutes. The lower efficiency of o 255
the collapse process as compared to@d4ris also reflected in 51 279 51 N&
the smaller maximum field strengths of 2000 G at7; = 1 * =x * 5
and= 1000 G atrs = 0.1. The maximum continuum intensity W . . >0
contrast amounts to abai1%. These maxima are reached after o | 82 ‘ Gs N | 82 ‘ Moo
. . . . 0 ! —13.2 o J —17.4
about 3 min. Comparing Figs. 58—d dnd Ja—e we find that the; 331 2 6.98
evolution of the overall pattern of field lines is very similar in e 105 6 £ 105 /}@\
both runs. The difference is mainly in the internal dynamics of ‘ 275 | ‘ ios
. . . 3.94 6.47
the flux sheet: while the vigorous downflow in rG4d rebounds & M o >
and eventually leads to the dissolution of the flux sheet, the®, | 140 } . | 140 ; /Eéz\
thinner magnetic structure forming in r@i is more efficiently > 9.50 > 1178
heated by lateral influx of radiation, so that the downflowingé 175 s | E 175 s
gas becomes less dense and, therefore, less strongly acceler- w ﬁg 9 \/ 147(')%
ated. The evacuation of the upper layers is smaller in this casé 2'0 “ 7'3
and, therefore, the efficiency of the convective collapse dimin- 204 2 =04 M\/Jféﬁ
ished (Venkatakrishnan 1986). The more gentle downflow does 9.18 13.32
not rebound and smoothly continues through the lower bound- 236/ 14.1 236 — 2
. . . . _LA@ ) 7946 40 } = 6
ary of the box, resulting in a persistent and vertically coheren s s
magnetic structure within the computational domain. 20 ' 20
, L 274 ‘ 3 , 274 ‘ e
The evolution of the magnetic field in @R, starting with / ‘ o \ ‘ 58
a different convection pattern and with an initial field of 200 G,-2? ! ‘ -20 ‘ ‘
is shown in Figl_6a1d. We now have two strong downflows sit- ~? 0 e 30 e 30
A (pm) A (pm)

uated atr ~ 100 km and atz ~ 800 km, respectively, and
magnetic flux concentrations form at both sites. The flux copyy. 7. Sequence of Stokdg profiles of the lines Fe525.02 nm and
centration atr ~ 100 km (near the left-hand margin of the panfer 630.25 nm covering the formation of the flux sheet and part of
els) remains rather superficial since the corresponding downflthw ensuing upflow phase in r@¥. The profiles are spatial averages
channel dissolves a few hundred km belpw 0. Nevertheless, over the range 1800-2200 km. The times (in seconds) are given at the
field strengths of up to 2500 G{ = 1.) and 1500 G£; = .01) left-hand side of each profile; at the right-hand side are printed (from
are reached. The flux sheetat- 800 km extends to somewhattopP to bottom): mean amplitude (in percent of the continuum intensity),
deeper layers and persists until the end of the simulation. -ﬁ_{gplitude and area asymm_etry (in percent), and sh_ift of zero crossing
continuum contrast of this structure first becomes positive affg} PM)- The vertical scale, indicated at the bottom, is the same for all
about 100 seconds and from that time on the feature rem rofiles shownA\ = 0 corresponds to the rest wavelength of the line
detectable as a bright structure with variable intensity. Contrast ter

maxima of about 75% are reached after 2 and 4 minutes, respec-

tively. The field strength reaches about the same values as4oStokes diagnostics

the other flux concentration. Similar to, but less vigorously th
in run C4, the downflow within the flux sheet at ~ 800 km
becomes sulfficiently strong to eventually reverse its directi
and develop into an upward propagating shock. On the otthd
hand, although the field weakens somewhat, the upflow is 5
so strong as to disperse the magnetic flux as rapidly as in
C4 and the field concentration persists throughout the wh
simulation time of about 5 minutes.

Emeasurements of the continuum intensity and of the Stokes
parameters of spectral lines with high spatial resolution could
pvide clues for the identification of a convective collapse pro-

s as it occurs in our simulations. In order to derive observ-

es that could serve as signature for the simulated processes

e computed the Stokes parameters of several spectral lines in
the visible and infrared. These were obtained by integrating the
transfer equation for polarized light along vertical rays placed

Besides the formation of intense concentrations of vertiocaduidistantly across the computational domain, typically at the

magnetic field we find in all simulations also stramgrizontal grid resolution of 10 km. Averages over a number of rays were
fields above convective upflows (cf. Figs_Thte, ba—d, 6a-fdymed in order to compare with observations with finite spa-
with field strengths often exceeding 1000 G at optical deptial resolution. We found various characteristic features which
unity. Although such features are certainly favored by our twavould permit the identification of a convective collapse event.
dimensional geometry, it is interesting to note that there seeBiace these signatures are clearest for the rather large flux sheet
to exist some observational evidence for rather strong horizorftaiming in runC4, we shall concentrate the discussion on that
fields in the quiet solar photosphere (Lites et al. 1996). model.
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intensity. The vertical scale, indicated at the bottom, is the same for all
profiles in a column. All other notation is as in Fig. 7.

-10.0

Let us begin with temporal sequences of StakasdV pro-
files, spatially averaged over the range 1800-2200 km, whichg .o
is the region where the flux sheet forms. This corresponds to a
spatial resolution of about.5”. Fig.[d shows Stoke¥ pro-
files of two visible spectral lines with large Lamdactors, -z0.0 ‘ ‘ : : :
Fer 525.02 nm . = 3) and Fa 630.25 nm §.s = 2.5), 2 100 200 300 400 500 600
while Fig.[§ gives Stoke¥ andI profiles of the infrared line Time (seconds)

Fer 1'5648“m,(geff :_3)' The evolution of t.he flow pattern is Fig. 10.Stokesl” area asymmetry of the spectral linesiB25.02 nm,
clearly recognizable in the wavelength shifts of the StoKes ¢, 630 25 nm, and Fe1.5648.m as a function of time for rug.
profiles: A rapidly accelerating downflow followed by an even

stronger upflow. In the short intervening period the StoKes

amplitudes become small. This phenomenon is obvionsty behaviour of the zero crossing shifts of their Stokeprofiles

due to magnetic flux disappearance but rather to both a pigralmost identical: The unequivocal signature of a rapidly in-

tial cancellation of the Stokek lobes owing to the presencecreasing downflow coming to an abrupt halt after about 200 sec,

of velocities of opposite signs and - even more important - arhich is followed by an even stronger upflow.

increased temperature with a flatter depth profile. More is to be learned about the structure of the velocity
The flow signature of the convective collapse is most easfigld of the convective collapse from the analysis of the Stékes

visualized in the shift of the zero crossing of Stokéswith area asymmetry, a measure of the net circular polarization in the

respect to the rest wavelength of the line center. This shift, 8tokesV profile, arising from the combined effect of magnetic

terms of the corresponding Doppler velocity, is shown in Eig.féeld and velocity gradients (see Solanki 1993). Eig. 10 shows the

for the three spectral lines considered so far. Although the linmea asymmetry of our three lines plotted as a function of time.

are formed in different parts of the atmosphere, the tempolts seen that during both downflow- and upflow phases the area

Solid: Fel 5250.2
Dashed: Fel 6302.5
Dotted: Fel 15648 7
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2100 9 i ] 524.71 nm, as a function of time for rud4. The solid line repre-
2200 | P 2 B . ; sents the values derived from the spatial averages over the range 1800—
-0 L T, 1800 | : 2200 km, while the circles represent 100 km averages (1800-1900,
3.0 |2300 ! 265 | 1900-2000, 2000-2100 and 21002200 km). The diameter of a circle
0 zzgg | e - is proportional to the corresponding mean Stokeamplitude.
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—2p ! \W\/ ! ! 4@ ! | !
-30 2 30 -30 4] 30 i i .
M\ (pm) M (pm) resolution of about 0/4, 0.5’, and 7', respectively. The spatially

variable line-of-sight velocity leads to complicated composite

Fig. 11. StokesV” profiles of Fa 525.02 nm at timé = 150 s of run v/ profiles unless a very high spatial resolution is achieved.
C4 (panel d in Fig[1ade), horizontally averaged over 100 km (left- More reliable information about the magnetic field evolu-

hand column), 400 km (top and middle panel to the right), and 800 km . . .

(bottom panel to the right). The boundaries (in km) of the averagi n can be obtained .fr.om thg |nfrareq Ilne f£.5648um.
intervals are indicated to the left of each panel. The remaining notatigH'c€ the Zeeman splitting Var'esj&% this line is completely
is as in FigLY. split in the presence of the prevailing field, as can be seen in

Fig.[8. Hence, the seperation of the peaks of both Stdkesl

Stoked/ allows us to determine the magnetic field strength with
asymmetry is strongly negative while in the short intervenirrg@asonable accuracy. We obtain a field strength of about 600 G
interval it is slightly positive. The StokeB area asymmetry at 28 sec, which increases to about 1500 G 80 sec later — this
becomes negative if the magnetic field strength increases withat about the peak of the field intensification. Thereafter the
depth and the vertical flow speed increases in the directionpbfiles become rather distorted which prevents a reliable field
the velocity vector, i.e., a downflow whose speed increases witiiength determination. At 270 sec a neat profile reappears from
depth or an upflow whose speed increases with height (Solawkiich we obtain 1300 G. These results are in good agreement
& Pahlke[1988). Such velocity gradients arise from the effewfith the values given in Fifl4.
of the ambient superadiabatic stratification on a flow (Parker Another method to check whether a field intensification to
1978). kilogauss values has taken place is to determine the 'magnetic

While these sequences clearly reveal the signature of thre ratio’ (MLR), which is defined as the ratio of the Stokés

dynamics, an unambiguous identification of the convective calmplitudes of the lines Fe525.02 nm and Fe524.71 nm,
lapse requires information about the magnetic field intensificdivided by their respective Lagdfactors (Stenflo 1973). The
tion. The Zeeman splitting of lines in the visible is typically noMLR is fairly insensitive to temperature variations (the energy
larger than their Doppler width and, furthermore, the averagetithe lower level of the two lines is nearly identical) but it is
Stokes/ profiles often contain components with strongly differa — not very strong — function of the magnetic field strength,
ent velocities, so that the distance between the peaks is no rdiereasing from unity for weak fields to about 0.65 for fields
able diagnostic for the field strength, even for very strong fieldsf. about 1500 G or more. The MLR is thus not very useful
This problemisillustrated in Fig. 11, showing Stokégrofiles for the exact determination of the strength of a given magnetic
of Fer 525.02 nm at time¢ = 150 s (panel d in Figi_1ate) for field. However, if the MLR is found to have assumed a value
various horizontal averaging intervals corresponding to a spasabund 0.8 or below it is safe to conclude that a kilogauss field
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Fig. 13. Temporal sequences of magnetic field strength (left columhig. 14. Temporal sequences of Stokesof Fer 525.02 nm for run

and MLR (right column) of rurC4 as a function of horizontal posi- C2 (left) and for runC1 (right). The profiles represent spatial averages

tion. In the left-hand panels the solid line represents the magnetic fieNgr 600-1000 km (model2) and 1750-2150 km (mod€l1). All

strength at; = 1, the dotted line at; = 0.01; the numbers in the left- Other notation is as in Figl 7.

hand panels indicate the time in seconds. The MLR in the right-hand

panels is shown with 0’5(solid lines) and 1 (dotted lines) spatial

resolution. The vertical scale, indicated at the bottom, is the same for Further clues for the significance of spatial resolution when

all curves in a column. collecting data for the determination of the MLR may be ob-
tained from Figl_I]3 which gives, for ten consecutive snapshots,
the MLR as a function of at a spatial resolution of roughly

is present at that location. In particular, the temporal evolutién5” and 1’ (400 km and 800 km), respectively, together with

of the MLR from a value around unity to values below 0.7 ithe horizontal profiles of the magnetic field strength at two op-

the unambiguous signature of a significant field enhancemdital depths. The full horizontal extension of the computational

The MLR as a function of time is given in Fig.112. The solidlomain is shown. It is seen that during the period of about 170

line represents our usual spatial average over the range 188€c-after start of the collapse until about 100 sec later the MLR

2200 km. In order to show the dependence of the MLR on thsumes low values that are clearly indicative of strong fields

spatial resolution, the circles denote MLR values derived froim the range around = 2000 km where the flux sheet has

averages over 100 km in the same bracket, i.e., 1800-19f@@med. The MLR dip can be identified at both spatial resolu-

1900-2000 km, etc.; the diameter of the circles is proportionaltions although at 0/5this may be somewhat easier.

the respective Stokds amplitudes. The plot clearly revealsthe As already discussed in the previous section, the down-

strong field enhancement during the downflow phase (cfiFig. #hw and the convective intensification of the magnetic field are

The field strength appears to reach its maximum value in tiveaker in the model€1 and C2. The dynamic signatures of

intermediate phase when the dominant velocity is changing sitpe convective collapse (redshifted zero crossing and negative

and the amplitudes of the Stokes parameters become very smh asymmetry of the Stok&sprofiles) are clearly visible in

- which is essentially in agreement with the actual evolutidrig.[T4, which shows temporal sequences of Stdkgsofiles

of the field strength as shown in FIg. 4. The decay of the fietd the line Fa 525.02 nm, averaged over 400 km in both cases.

after the onset of the upflow is also indicated. On the oth€pflows and shocks in the higher layers disturb the profiles in

hand, the rather strong variation of the MLR for higher spatite early phases of the simulations, but the collapse signature

resolution suggests that a reasonable precise measuremebeobmes dominant after about 2 minutes for mad2l(left

the field strength is difficult to obtain from the MLR alone.  column) and after 1 minute for mod€ll (right column). The
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intensification of the magnetic field to kilogauss values, howween the processes of flux expulsion and convective collapse
ever, is much harder to detect: the flux sheets are much narrowéh high spatial resolution of the numerical grid. Previous sim-
and the magnetic field is weaker than in the case of m@dgl ulations were either based on the (1D) thin-flux-tube approxi-
so that it requires a spatial resolution of about 100 km in orderation and ignored the convective flows or, in the 3D case, they
to detect a clear signature in the MLR. were limited to coarse spatial resolution.

The basic predictions from numerical experiments of flux
expulsion and linear analysis of the convective collapse process
are confirmed by our results: magnetic flux is rapidly swept
The three examples presented here display a variety of behate the convective downflow regions and the upper parts of the
ior, depending on the amount of magnetic flux accumulatedfiorming flux concentrations are partially evacuated by a vig-
a flux concentration. While the comparatively wide flux sheerous downflow along the magnetic field, leading to an inten-
in run C4 is dispersed after only a few minutes due to a strorgification of the field up to the oberved kilogauss values. The
upflow (the inverse of the convective collapse), the narrowguperadiabatic (mean) stratification and the radiative cooling of
flux concentrations forming in rur@1 andC2 show only mild, the gas lead to a forceful acceleration of the downflow.
if any, upflows and last longer. Their downflows are weaker and The structure and evolution of such a flux concentration de-
hence the collapse process is less efficient in these cases, lpadds significantly on the amount of magnetic flux it contains
ing to smaller (but still kilogauss) field strengths. A decreasir@nd also on the convective flow pattern at the time of its forma-
efficiency of the convective collapse with diminishing size dfon. In the case of a thick flux sheet, upflows with shocks can
the flux concentration has been predicted by Venkatakrishrizgdriven by the ‘rebound’ of the very strong downflow from
(1986), who considered the effect of radiative energy excharitje high-density material in the deeper layers. Such an upflow
between a flux tube and the external gas, reducing the effewty destroy the flux sheet a few minutes after its formation.
of the external superadiabaticity. This may also contribute Tdin flux sheets host more gentle downflows and may persist
explaining the departure of our results from the prediction &r alonger time $ 5 minutes) and also extend to deeper layers
Spruit (1979) that the final field strength (after the collapséglow the visible surface.
should decrease with increasing initial field strength (decreas- Observations in polarized light in the visible and infrared
ing initial value of3). Spruit assumed as initial state a thin flugpectral regions may reveal the signatures of the simulated pro-
tube in temperature equilibrium with the exterior and did neesses in the photosphere of the Sun. The combination of a
include radiative energy exchange. redshift with a negative area asymmetry of Stokeprofiles

The conspicuous upflow in ru@4 may be of some inter- indicates an accelerated downflow, while the intensification of
est with regard to the origin of spicules. The flow develops dhe field may be detected by the magnetic line ratio technique
upward traveling shock front, which may be sufficiently strongnd the direct Zeeman splitting of spectral lines in the infrared.
to lift chromospheric matter to coronal heights and producerar the thicker flux sheet a spatial resolutio &f” may suffice,
spicule by mechanisms similar to those described by Sterlibgt for the smaller flux concentrations a value aroond’ is
& Hollweg (1988). When the shock front formsat ~ 1, the required in order to reliably establish the process of convective
flux concentration is already in the course of dissolving. By tle®llapse by observational means.
time (& 100 s) the shock front reaches chromospheric layers )
or the transition region the flux concentration is likely to havacknowledgementsThis work has been supported by the DFG
completely dissolved, so that a one-to-one correspondence fgutsche Forschungsgemeinschaft) under grant Schu 500/6.
tween photospheric flux concentrations and spicules would not
be expected if spicules indeed originate in that way. References
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