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Abstract. The centre-to-limb variation (CLV) of synthetic
Stokes V' line profiles of the spectral lines Fe I 5250.22 A and Fe
15083.35 A is computed and compared with observations. The
basic elements of the hydromagnetic model used to calculate
the Stokes V profiles consist of a vertical cylindrical flux tube
surrounded by a field-free plasma in stationary motion with a
downflow along the tube boundary and an upflow further away
from it. It is shown that an array of such magnetic flux tubes
reproduces the peculiar observed centre-to-limb variation of the
Stokes V' asymmetry, in particular the sign reversal of the asym-
metry near the limb (at p ~ 0.4 for Fe 15250.22 A). We deter-
mine a minimum number of model components needed for the
reproduction of the Stokes V' area asymmetry and study the in-
fluence of various free model parameters thereon. Satisfactory
agreement between synthetic and observed Stokes V' profiles
can only be achieved by including a considerable amount of
realism into the model such as a granular temperature-velocity
correlation. This suggests that the basic picture of magnetic
structures in the quiet solar network and active region plages is
correct. The variation of the Stokes V' asymmetry has the po-
tential to serve as a sensitive diagnostic of convection in active
regions. This is corroborated by the great sensitivity of the area
asymmetry of Fe T 5083.35 A line to details of the model.

Key words: Sun: magnetic fields — magnetic flux tubes — Sun:
photosphere — Sun: active regions — Sun: granulation — line
profiles — polarization

1. Introduction

Although much of the photospheric magnetic fine structure can
still not be spatially resolved by observations, it can be stud-
ied indirectly through the spectro-polarimetric signature of the
Zeeman effect on atomic lines formed in photospheric magnetic
fields. In this context the directly observable Stokes parameters
I, Q, U, and V of a spectral line have proved to be a pow-
erful tool in deriving semi-empirical models of photospheric
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magnetic elements in plages and the network (see reviews by
Solanki 1992; Stenflo 1989). Such investigations have led to
the view that the photospheric magnetic field in the quiet solar
network and in active region plages is concentrated into kilo
Gauss flux tubes that are located in the dark and downflowing
intergranular spaces as a consequence of flux expulsion (see,
e.g., Schiissler 1990). Although the individual flux tubes are
surrounded by downflowing gas, there is no sizeable downflow
within them. In the photospheric layers flux tubes spread rapidly
with increasing height due to the exponentially decreasing gas
pressure until they merge and fill almost the entire atmosphere
above the merging height. As a consequence the magnetic field
strength of the tube decreases with height.

One remarkable feature of Stokes V' profiles observed in
active region plages and the quiet solar network is their pro-
nounced asymmetry (Stenflo et al., 1984; Wiehr 1985). Near
disc centre the area and amplitude of the blue wing of Stokes
V' of almost all unblended lines exceed those of the red wing
by several percent (Solanki & Stenflo 1984, 1985), i.e.,6A =
(Ab — AT)/(Ab + A,;) > 0and éa = (ap — aT)/(ab +a,) >0,
where A;, A, denote the areas, ay, a,. the amplitudes of the blue
and red wing, respectively. For LTE, Auer & Heasley (1978)
have shown that the area asymmetry can only be explained in
terms of velocity gradients. The first mechanism based on ve-
locity gradients was proposed by Illing et al. (1975) and relied
on the overlap of gradients in magnetic field strength and ve-
locity. However, if we accept the current basic picture outlined
above, in particular that the field strength decreases with height,
then, as shown by Solanki & Pahlke (1988), a stationary flow
which gives the correct Stokes V' within the magnetic flux tube
implies a shift of the zero-crossing wavelength of the Stokes V'
profile larger than the observed upper limit of 250 m s ~! (Sten-
flo & Harvey 1985; Solanki 1986; Stenflo et al., 1987; Wiehr
1987; Solanki & Pahlke 1988). Other combinations of overlap-
ping magnetic and velocity gradients have been proposed which
can also produce asymmetric Stokes V' profiles with only small
zero-crossing shifts (Sanchez Almeida et al. 1988, 1989). How-
ever, such combinations invariably contradict the basic picture
outlined above, since they require the field strength to increase
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flux tube boundary
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Fig. 1. Schematic illustration of the longitudinal gradients of the mag-
netic and velocity fields along a highly inclined ray passing through a
flux tube. According to Eq. (1) the contributions to the Stokes V" asym-
metry from the two intersections of the ray with the flux-tube boundary
counteract. Note that B = | B|, whereas v is the line-of-sight velocity
(positive in the direction of increasing optical depth 7)

with height (or, more exactly, with decreasing optical depth).
Van Ballegooijen (1985) pointed out that plasma flows in the
non-magnetic surroundings of the flux tubes may also produce
asymmetric Stokes V' profiles. Grossmann—Doerth et al. (1988,
1989) then showed that if the velocity and the magnetic field are
spatially separated, as proposed by Van Ballegooijen (1985),
asymmetric, but unshifted, Stokes V' profiles are produced.
Solanki & Pahlke (1988) have shown that the sign of the
Stokes V' area asymmetry depends on the signs of the longitu-
dinal gradients of the magnetic and the velocity field alone:

6A >0,
6A <0.

d|B| du(r) { <0 = o

dr dr >0 =

Only the absolute value of the magnetic field is of importance,
not its polarity, whereas the sign of the velocity plays a vital
role. At solar disc centre in the standard picture of expanding
flux tubes, rays parallel to the observer’s line of sight only pass
from the magnetic into the non-magnetic atmosphere if travel-
ing in the direction of increasing optical depth, but not the other
way round. Closer to the limb, however, a particular ray may
cross the border between magnetic and non-magnetic regimes in
both directions. Such a case is schematically illustrated in Fig.
1. In a symmetric velocity field, directed towards the flux-tube
axis, the Stokes V' asymmetries produced at the two bound-
aries will, in general', be of opposite sign. It is therefore not
obvious whether the basic picture can account for the change
in sign of the area asymmetry near the limb observed for Fe I

I The velocity field must have sufficiently strong horizontal

components for this to be valid.
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5250.22 A by Stenflo et al. (1987) and for a larger sample of
spectral lines by Pantellini et al. (1988). The aim of the present
study is to find out under what conditions the area asymmetry
changes sign near the limb. We also aim to obtain an idea of
the diagnostic potential of the centre-to-limb variation (CLV)
of 6A. In the present investigation we restrict our attention to
the area asymmetry 6 A since the mechanism for its production
at disc centre is well understood. The amplitude asymmetry éa,
in contrast, may be produced or changed by a much larger va-
riety of causes (e.g. velocity changes along the line of sight,
perpendicular to it, or in time, macroturbulence, etc.), so that its
production, even at disc centre, is still partially unclear (com-
pare Grossmann-Doerth et al. 1991 with Degenhardt & Kneer
1992). In any case, we think that the correct reproduction of
the area asymmetry is a more stringent test for the basic model
than the reproduction of the amplitude asymmetry would be. A
preliminary version of some of the results presented here is to
be found in Biinte et al. (1991).

2. The standard model

The model we adopt for active region plages and the quiet so-
lar network is stationary, i.e., time independent. It consists of a
cluster of rotationally symmetric, vertical flux tubes in magne-
tohydrostatic equilibrium. In accordance with the observations
of Solanki (1986), we suppress any stationary velocity inside
the tubes. Instead, we assume each flux tube to be surrounded
by field-free (non-magnetic) plasma in stationary motion, with a
downward directed flow as shown in Fig. 2. At the photospheric
level, 75000 = 1, the flux tubes have a magnetic field strength of
about 1600 G and are interspersed in the non-magnetic plasma
with a filling factor of 5 to 25 %. In the following we describe
in detail the magnetic field structure, the velocity field, and the
temperature structure of the standard model with which most of
the calculations presented in Sects. 4 and 5 have been carried
out. In order to isolate the effects of the various components of
the standard model on the Stokes V' profiles, we also make use
of simpler versions of the standard model in Sect. 4 which will
be described there.

2.1. Magnetohydrostatic field structure

The basic element of the model is a vertical, rotationally sym-
metric magnetic flux tube embedded in a external, field-free
medium. The plasma is assumed to be infinitely conducting, so
that the magnetic field is separated from the surroundings by a
vanishingly thin current sheet. The location of the current sheet
is determined by the prescribed gas pressure difference between
the external medium and the flux tube, or internal, atmosphere.
The magnetic fields of all flux tubes considered here are un-
twisted. For the computation of the field structure we use the
code developed by Steiner et al. (1986) which is based on an
iterative solution procedure for the Grad-Shafranov equation.
The second component of our model is the external, non-
magnetic fluid in stationary motion. Its velocity field is de-
scribed in more detail in the following subsection. Here we
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Fig. 2. Left: Rotationally symmetric magnetic flux
tube in magnetohydrostatic equilibrium (B(r =
0,z = 0) = 1600 G) surrounded by a field-free
downdrafting plasma (vmax = 6 km/s). Only one half
of the tube is shown. Dashed field lines result in the
absence of the external flow. Right: corresponding

isobars calculated under the assumption of horizon-
tal temperature equilibrium from Egs. (3) and (4).
Apart from the discontinuity at the flux-tube bound-
ary any radial variation of the gas pressure arises

from the external flow. Again, dashed lines result if
the external flow field is omitted
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briefly discuss the interaction of this stationary flow with the
magnetic field.

Since the medium is assumed to be infinitely conducting the
magnetic field is “frozen” into the plasma. Consequently, the
current sheet of the flux tube forms a flexible boundary for the
external flow, i.e., a boundary which cannot be crossed but may
be deformed by the plasma motion. Stationarity requires n - v =
0 at every point along this boundary (where v is the velocity
vector and 72 is the normal to the flux-tube boundary) and the
condition for pressure equilibrium is unchanged compared to
the static case:

2
pi + SB; =Pe (2
7r
where p; . are the gas pressure in the internal and the external
atmosphere, respectively. The flow field therefore influences
the magnetic field solely through its effect on the external gas
pressure, pe.

A rough estimate of the resulting change in p. and hence
of the magnetic field structure can be obtained as follows. In
the photospheric layers of the atmosphere, the internal magnetic
pressure and the external gas pressure are comparable in magni-
tude, i.e., B% ~ 8mpe. If the flow velocities are small compared
to the adiabatic sound speed, viz. v2 / Cﬁ = 2Ddyn/ (VPgas) < 1,
the dynamic pressure is small compared to both gas pressure
and magnetic pressure B2 /(8), leading to only slight changes
in the magnetic field structure. In the photosphere where typical
flow speeds are of the order of 10° cm/s =~ C, /10 this approxi-
mation seems to be justified.

In order to obtain a quantitative estimate we iterate the com-
putation of the magnetic field by calculating the external flow
field at the end of each iteration step using the actual current

160
r [km]

240 320

sheet as a fixed boundary. The new external pressure in func-
tion of radius and height can be obtained from an integral of the
equation of motion:

AR 1
De(T, 2) = pe(r, 0) exp I:_/O dz (H(Z/) + H*(r, Z’)>:| ,(3)

where H(z) = %T(2)/(iig) is the local pressure scale height
which — under the assumption of radially constant temperature
and chemical composition — is a function of z alone (.72 is the
gas constant, T" is the gas temperature, [ is the mean relative
molecular weight, and g is the gravitational acceleration). H*
is given by

1 b v, Ov,
H*(r,z)  RT(2) (vr ar "5, > ’ @

with an external velocity field v = v,e, + v,e,. The magnitude
of 1/H* depends on the spatial gradients of the velocity field.
The new external pressure stratification is then used for the
calculation of the new magnetic field. Convergence is obtained
after a few iterations. Figure 2 shows the resulting magnetic field
lines and isobars (solid lines) together with the respective results
in the absence of an external flow (dashed lines). Obviously the
differences are small, in particular for the magnetic field and
the atmospheric structure close to the tube boundary, i.e. in that
region which is of most importance for the asymmetry of the
Stokes V signal. Therefore, in all the following models we have
calculated the magnetic field and the external flow separately,
thereby simplifying the numerical procedure considerably.
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2.2. The external velocity field

In the adopted standard model the individual flux tubes are sur-
rounded by downflowing gas, although there is no motion within
them. Such external downflows have previously been proposed
to reconcile the red shifted Stokes I profiles with their corre-
sponding unshifted Stokes V' zero-crossing wavelength (Sten-
flo, 1976). Title et al. (1987) find a correlation between small-
scale magnetic flux concentrations, downdrafts, and dark inter-
granular lanes, suggesting small scale magnetic flux tubes to be
located within downdrafting intergranular regions. So far there
are no direct observations of downflows in the close vicinity of
magnetic elements, simply because of the limited spatial reso-
lution of direct observations.

From a theoretical point of view the location of magnetic
flux tubes in intergranular downdrafts is a natural outcome of
the flux expulsion process by which the magnetic flux concen-
trations are thought to form (see, e.g., Schiissler 1992; Steiner
1992). Deinzer et al. (1984) and Knolker et al. (1991) find by
numerical simulation that the mere existence of an intense mag-
netic flux concentration leads to a rapid downflow of up to 6
km/s in the close vicinity of the magnetic flux boundary. This
persisting mass flow is a result of photospheric magnetic flux
tubes acting as heat leaks: the non-magnetic material adjacent
to the tube is subject to radiation losses into the evacuated tube
thereby cooling off, descending, and being replenished by hori-
zontally inflowing hot plasma. Nordlund (1986) reports on 3-D
MHD simulations showing stagnant regions of magnetic flux
concentrations surrounded by downward directed mass motion.

To keep the numerical procedure simple we have chosen po-
tential velocity fields, of which Fig. 4 gives an example. It shows
a narrow strong downflow in the close vicinity of the magnetic
field concentration, which is fed by a broad upflow and a hor-
izontal flow further away. This velocity field is computed in
cylindrical geometry. Since it is impossible to mimic the over-
turning of convective motions with a single velocity potential,
we use a piecewise potential velocity field consisting of a poten-
tial downflow, vq = V@4, in the immediate surroundings of the
flux tube connected to a potential upflow, v, = V®,,, at some
distance from the flux-tube boundary. The respective velocity
potentials, ®,, 4, are determined by the equation of continuity,
which, for given density stratification, poses a non-separable
elliptic boundary value problem

pA‘I)u’d + Vp . V‘I)u’d =0. (5)

The boundary condition at the interface of the two potential
flow fields, i.e., the radial velocity there, must be prescribed. It
is equal at both sides of the interface, and since the density is
equal as well, this prescription guarantees mass conservation in
the whole computational domain. In addition, the velocity field
is continuous everywhere, but not differentiable at the interface
of the two potential fields. The interface is located at radial
distance R; from the flux-tube axis.

At the lower boundary of the two adjacent computational
domains we demand the radial velocity component to vanish. At
all other boundaries except for the intermediate one we require
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tangential motions, i.e., V,® = 0, where n is the normal to the
respective boundary and @ is the respective velocity potential.
In particular, this guarantees that no mass transfer can occur
across the flux-tube boundary. Since the shape of the flux-tube
boundary is curved, it is convenient to use a body fitted grid
for the computation of the downflow field. Equation (5), then,
is solved in a rectangular cartesian coordinate system and the
result is transformed back into the coordinate system of Fig. 4
for the diagnostic procedure. The details of this computational
procedure can be found in Biinte (1989).

10

-1 0

Vr [Umax
Fig. 3. Normalized radial velocity profiles calculated from Eq. (6) for
m = 5 and labeled with various values of n. Further prescribed pa-
rameters are the maximum radial velocity, vmax, the height, z, at which
Ur = —Umax, and Zy, the base of the computational box

We are left with prescribing the radial velocity profile as
a function of height along the interface of the upflow and the
downflow region. For this purpose we have chosen the follow-
ing parametrization which mimics the radial velocity profile in
granules obtained from self-consistent granular models, such as
those of Steffen et al. (1989):

w with ((2) = Z -
Z —

vp(2) = —v

S+ A

where 8 = m/(n—m)andn > m. Z is the lower z-coordinate
of the computational domain, Z is the height at which the abso-
lute value of the radial velocity, v,., assumes its maximal value,
Umax. Finally, m and n are two exponents (not necessarily inte-
ger values), which determine the shape of the velocity profile.
vr(2) /Umax has been plotted in Fig. 3 for fixed m = 5 and various
values of n.

There are five parameters which determine the external
piecewise potential flow field: vax, the radial location, R;, of
the interface, the height Z of the maximum radial velocity at

Zy
6
ZO,()
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r = R;, and the exponents m and n. For the starting point (ori-
gin) of the parametric survey presented in Sect. 5 we take the
values Umax = 3 km/s, R; = Ry+120km, Z = 0km, m = 5, and
n = 9. The flux tube has a radius of Ry = 100 km at 75990 = 1
and expands with height until it merges with neighbouring tubes
at a diameter of 900 km, corresponding to a filling factor of 5%.
Here and in the following z = O corresponds to the geometrical
height at which the optical depth, 7sp00, at vertical incidence
reaches unity in the atmosphere surrounding the flux tube if its
structure is that of the modified HSRASP model atmosphere
defined below. The interface of the upflow and downflow re-
gion was placed at R; = 220 km from the axis of symmetry
of the magnetic flux tube. The choice of R; depends on the
criteria under which the model is to be compared with other
models. In such comparisons either (R; — Ry) or the ratio of
the radial extent of the upflow and the downflow region are kept
constant. In any case, different spatial extents of the upflowing
and downflowing parts of “granules” can be taken into account.
The magnetic-field structure and the velocity field of the orig-
inal standard model are shown in Fig. 4, left. A shortcoming
of the present model remains the axially symmetric nature of
the velocity field, that can be at best a crude approximation to
a realistic three dimensional granular flow in the vicinity of a
flux tube.

2.3. The temperature structure

In the entire volume we prescribe gas temperature, pressure,
and density. For the magnetic interior we use the plage model
of Solanki (1986). For the non-magnetic close surroundings we
adopt a quiet sun model with a temperature profile similar to
the HSRASP model of Chapman (1979) — the HSRA model
of Gingerich et al. (1971) connected to the convection zone
model of Spruit (1974) — but systematically cooler by 300 K.
This temperature profile was found to provide the best fit to the
observed § A values of four spectral lines at disc centre (Solanki
1989). At disc centre, only the close surroundings of the flux
tube influence the formation of Stokes V' profiles, since in this
case the relevant lines of sight passing from the magnetic into
the non-magnetic region never lie far from the flux-tube surface
over the height range of the spectral line formation. In general
this is not true for inclined lines of sight (see also Sect. 3.1).
Consequently we also have to specify the atmosphere in the
wider surroundings of the flux tube.

We adopt the following temperature structure for the region
outside the flux tubes:

Tiisrase(2) in downflows,

T(2) = O

Tiisrasp(2) + AT, in upflows,

Z max
where v, max 1s the maximum upflow velocity (typically ~ 3.8
km/s) and Tijgrasp(2) = Thsrasp — 300 K. This choice implies
a correlation between temperature and velocity similar to that
seen in granulation: A warm, broad granular upflow and a cool
rapid intergranular downflow. For AT we have chosen values
of typically 500-1000 K for consistency with the 3-D model
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calculations of Nordlund (1985) and the most recent 2-D results
of Steffen (1990).

3. Calculation of synthetic Stokes V profiles: radiative
transfer along multiple rays

The computation of the hydromagnetics described in the previ-
ous section is followed by a diagnostic procedure which serves
to determine the spectral signature of the model, i.e., the values
of the emergent Stokes parameters of a given spectral line. In
the present paper we are only interested in Stokes V. The di-
agnostics involve two steps: Firstly, the positioning of lines of
sight (rays) across the hydromagnetic model and, secondly, the
integration of the spectral line transfer equation for polarized
light (Unno-Rachkovsky equation) along them.

3.1. Positioning of the lines of sight and the range of
spectral line formation

First, the atmospheric quantities must be determined along a
number of rays parallel to the line of sight passing at an angle 6
to the vertical through the model. Only the line profiles averaged
over all rays are finally compared with the spatially unresolved
observations. We call this averaging over a number of rays a
1.5-D radiative transfer. Figure 4 shows the central cross section
through a standard model tube and its immediate surroundings
(left). The right panel shows a bundle of 20 parallel rays entering
the model from the top at an angle of 70° to the vertical. Once
a ray leaves the model to the left it re-enters it from the right
at the same height. This corresponds to observing an array of
identical flux tubes. The dots mark the points of support used for
the radiative transfer calculations and must be chosen carefully.
They are chosen such that the logarithm of the continuum optical
depth 7. is sampled at reasonable intervals. This is done as
follows: starting at the top of the model atmosphere, at z =
z1 say, with a value of typically logm = —7, we use the gas
pressure, density p;, and temperature values there to calculate
the electron pressure and absorption coefficient per unit mass
k1 using the code by Gustafsson (1973). This is the first point
along the ray. We now assume the next point to be located at
a distance As “further down” the ray, i.e., at a height z, =
z1 — Ascos 0, where we use the new gas pressure, new density
P2, and new temperature to determine the new electron pressure
and absorption coefficient x;. Only now we can check at what
optical depth 7, this new point lies using the trapezoidal formula:

+
K1p1 - K202 As . 8)

If Alog 7. = logm — log 7y exceeds a prescribed upper limit
(typically 0.1) or is smaller than a lower limit (typically 0.01),
we go back to the previous point (here point 1) and repeat the
procedure using a smaller or larger spatial stepsize As, respec-
tively.

In this manner point after point is added along the line of
sight such that 0.01 < Alog7. < 0.1 between two successive
points until a value of log 7. & 1 is reached. Within these limits

THh =171+
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Fig. 4. Left: Cross section through the standard model: a vertical, rotationally symmetric magnetic flux tube in magnetohydrostatic equilibrium
surrounded by a field-free plasma in stationary motion. Representative lines of force of the magnetic field are shown together with the velocity

with the vertical velocity component being discontinuous at the radius

where the two potential fields are matched (R; = 220km). The tube has a magnetic field strength of 1600 G, a diameter of 200 km and a filling
factor of 5 %. All these values refer to z = 0, at which height 75000 = 1 in the field-free atmosphere. Maximum flow velocities are ~ 4 km/s.
Right: a bundle of 20 rays entering the model from the top at an angle of 70° to the vertical. Once a ray hits the left boundary of the frame it
enters the model again from the right at the same height to simulate an array of neighbouring flux tubes. Along each ray the grid points (dots) for
the radiative transfer calculations are chosen such that 0.01 < Alog 7. < 0.1. Note that apart from the drastic jump in density and temperature
at the tube boundary also the temperature-velocity correlation in the external flow field [Eq. (7)] requires such an adaptive stepsize method to

ensure good resolution

the stepsize is chosen such that each ray segment in the interior of
a flux tube contains a sufficient number of grid points (ideally at
least 10). This adaptive step size procedure allows us to resolve
those regions along the line of sight where the spatial variation of
the optical depth is high, e.g. at the boundaries between magnetic
and non-magnetic plasmas.

The periodic arrangement of magnetic flux tubes is an im-
portant aspect of our calculations, since close to the limb a ray
may pass through more than a single flux tube. This situation
is depicted in more detail in Fig. 5. Figure 5a shows an array
of magnetic flux tubes from above. In reality, of course, flux
tubes lose their identity as they merge, in particular the rota-
tional symmetry breaks down and the field should also fill the
gaps between the circles in Fig. 5a. However, the spectral lines
under consideration (Fe I 5250.22 A and 5083.35 A) are formed
in layers well below the height at which merging occurs, so that
the topological details of merging fields do not have any influ-

ence on the shape of these lines. A set of parallel planes, one
of which contains the symmetry axes of the tubes, are chosen
(indicated by the horizontal parallel lines in Fig. 5a). Each of the
dots on these lines is the upper entrance point of a ray which lies
in the corresponding plane and forms an angle 6 with the verti-
cal direction. Since we are only interested in Stokes V', which
is not sensitive to the azimuthal angle of the field, it is sufficient
to pierce only half of the rightmost thick circle in Fig. 5a with
rays.

Figure 5b shows sets of rays lying within three different ver-
tical planes of the model, indicated in Fig. 5a by the heavy hori-
zontal lines. Since the model is defined only within the cylinder
with a diameter to which the flux tube maximally expands, there
are gaps in the vertical sections (with the exception of the one
which contains the symmetry axis of the tubes) for which the
atmospheric structure has yet to be defined. These gaps are filled
by the field free atmosphere as defined at maximum radius. The
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code used to place the rays and evaluate the atmospheric data
along them is a modified and extended version of the one de-
scribed by Ringenbach (1987) and De Martino (1986). For the
current work typically 10 x 19 rays are laid through the model.
Thus the complete Unno-Rachkovsky transfer equations must
be solved along 190 rays to obtain the final Stokes V" at a single
wavelength point and a single position, i.e., § value, on the solar
disc.

We wish to emphasize two points: Firstly, although at solar
disc centre the absolute horizontal scale of a thin flux tube has
no influence on Stokes V/, this is no longer the case when it is
viewed at some aspect angle § > 0, as pointed out earlier by
Walton (1987), Zayer et al. (1989), and Audic (1991). This is
the reason why we consider the flux tube radius and the absolute
sizes of the upflowing and downflowing components of the field-
free atmosphere to be important free parameters. Secondly, near
the limb the Stokes V' profiles sample, or are sensitive to, a
much larger fraction of the non-magnetic atmosphere than at
disc centre. This is schematically indicated by the horizontal
lines below the top frame of Fig. 5b. They indicate the horizontal
range around a particular tube to which the Stokes V' profile of
a line formed between log 7. = —1 and log 7. = —3 is sensitive
at solar disc centre (short line, on the right) and near the limb at
6 = 70° (long line, to the left). Therefore, although at disc centre
6 A is determined by velocities close to the flux-tube boundary,

at large 6, velocities far away from any flux tube also influence
bA.

3.2. The integration of the line-transfer equation

The Stokes parameters for a particular spectral line are calcu-
lated numerically in LTE along each ray using a code based
on the one described by Beckers (1969 a,b). For more details,
see Solanki (1987). Finally, all the calculated profiles are added
together. The resulting Stokes V' profiles can be directly com-
pared with observations having a low spatial resolution (an
arc sec or worse). To determine the centre-to-limb variation of
6 A we calculate Stokes V for 9 different viewing angles, § =
0°, 37.0°, 53.0°, 60.0°, 63.3°, 66.0°, 72.5°, 78.5°, 81.4°,
corresponding to p = 1.0, 0.8, 0.6, 0.5, 0.45, 0.4, 0.3, 0.2,
0.15. We do not calculate Stokes profiles closer to the limb be-
cause, firstly, no reliable data are available for ¢ < 0.15 and,
secondly, at increasingly flatter incidence any given ray paral-
lel to the line-of-sight passes through an ever larger number of
flux tubes. This number increases very rapidly close to the limb.
Since each additional flux tube introduces two new boundaries,
a stable solution of the radiative transfer can only be obtained
at the cost of introducing additional depth points, as described
earlier in this section. This soon makes the cost of computing
such profiles prohibitive. Finally, very close to the limb the ef-
fects of the curvature of the solar surface would have to be taken
into account.

Audic (1991) has previously calculated spectral lines in a
similar geometry. Our approach differs from his in that he con-
siders only a single flux tube and simulates very high spatial
resolution observations (with a beam of circular cross-section
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and diameter of 0.3") without a flow field, while we simulate
low spatial resolution observations using a periodic array of flux
tubes. The two approaches differ in a number of other respects
as well.

4. The CLYV of the Fe I 5250.22A Stokes V area asymmetry

In the following we describe six steps taken to isolate the influ-
ence of various components of the standard model — described
in Sect. 2 —on the CLV of the Stokes V' asymmetry. In steps 1 to
4, models that are only fragments of the standard model are con-
sidered. In particular these models may have unphysical flow
fields. In all these cases the non-magnetic atmosphere has the
modified HSRASP temperature profile 7* = Ty srasp — 300
K. Only the models used in steps 5 and 6 include all the com-
ponents of the standard model. For these tests we only consider
Fe 15250.22 A, and postpone the discussion of another line to
the next section.

1. As the aspect angle 6 is changed, so is the angle between the
line of sight and the magnetic field, so that the 7—component
of the line becomes more prominent near the limb. Auer &
Heasley (1978) have shown that, together with a velocity gradi-
ent, this effect produces a centre-to-limb variation of the Stokes
V asymmetry. To test the importance of this effect we first cal-
culated the CLV using the model described in Sect. 2, but with
only pure vertical downflows in the surroundings of the flux
tubes, chosen such that the observed 6 A at disc centre is repro-
duced. This model completely fails to reproduce the observed
CLV of §A. The calculated § A remains strictly positive and
actually increases towards the limb, since in this configuration
contributions to § A of the same signature are produced at all
magnetic/non-magnetic boundaries, the number of which in-
creases towards the limb along any single ray.

2. While observations at disc centre are only sensitive to the ver-
tical component of the velocity field, its horizontal component
becomes relevant for observations closer to the limb. Schiissler
(1990) proposed that this is the main mechanism giving rise
to the change in sign of §A. However, Fig. 1 illustrates that
the two points at which a typical inclined ray intersects the flux-
tube boundary give opposite contributions to 6 A. In this step we
therefore consider a purely horizontal flow in the non-magnetic
surroundings of the tubes, directed toward the flux-tube axis. Of
course, 6A = 0 at 4 = 1, since no vertical flow is present. At the
limb § A is small but positive in our calculations. We therefore
conclude that the presence of a horizontal inflow by itself is not
sufficient to produce the observed sign reversal, although it later
turns out to be a necessary ingredient (within the confines of the
standard model).

3. In a third step we have combined an inflow with a downflow,
as illustrated in Fig. 2. Although the observations at disc centre
may now be reproduced, the asymmetry does not change sign
near the limb, similar to step (2).

4. Next an upflow has been introduced, leading to a model of
the type shown in Fig. 4, left. This model, finally, reproduces
the observed (positive) 6 A at disc centre, and, at the same time,
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Fig. 5. Illustration of the model geometry for Stokes V' calculations near the limb. a. An array of merged flux tubes as seen from above (thick
circles). Each horizontal line indicates the position of a vertical plane cutting the model. Each point to the right is the entry point into the top
of the model of a ray lying in one of the vertical planes. b. Illustration of the three vertical sections that are indicated in Fig. 5a by the thick
horizontal lines. The first frame represents the plane of symmetry (upper thick line in Fig. 5a), the middle and bottom frames correspond to the
middle and lowest heavy lines in Fig. 5a, respectively. The rays, along which the radiative transfer is calculated, enter the model from the top
under an aspect angle of § = 70° to the vertical (1 = cos § = 0.34) for simulation of a low resolution observation close to the limb. The thick
lines are the contours where the flux-tube surfaces intersect with the vertical planes. The thin horizontally running curves are sections through
surfaces of equal optical depth 7. as “seen” under an aspect angle 8 = 70°), in steps of A log 7. = 1 from log 7. = —6.0 to +1.0. For a spectral
line which is formed in the layer —3 < log 7. < —1 the horizontal range affecting Stokes V' on both sides of a given flux tube is indicated
below the first frame, for observations near the limb (left) and at disc centre (right)
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Fig. 6. Stokes V profiles of Fe I 5250.22 A at 6 = 70° (n = 0.34)
arising from an array of flux tubes as shown in Fig. 5. The profiles
correspond to models with different velocity fields (Sect. 4). Curve
a: inflow and downflow without any upflow (step 3); curve b: upflow
instead of inflow in the outer parts of the model (step 4), curve c: like
curve b, butincluding a temperature-velocity correlation (step 5), curve

d: like curve ¢, but with enhanced horizontal velocity components (step
6)

yields a negative § A near the limb. However, § A changes sign
only very close to the limb (at ¢ ~ 0.2) and never drops below
—1% to —2% for u 2 0.1, whereas observations show the sign
reversal at u ~ 0.4 and values of —5% to —10% for 0.1 < p <
0.3. Apparently some important ingredient is still missing in the
model.

5. In this step, a temperature-velocity-correlation of the type de-
scribed by Eq. (7), i.e., a warm upflow and a cool downflow, has
been added. This model is able to produce both a large positive
6Aatp = 1and alarge negative § A for small values of 1. To test
which is more important, the upflow or the fact that the temper-
ature structure of the non-magnetic atmosphere is inhomoge-
neous, we have changed the inflow—downflow model of step (3)
in the sense that the downflow remains cool, whereas the purely
inflowing part of the atmosphere is heated by 1000 K at equal
geometrical height. This model leads to an equally pronounced
negative 6 A near the limb, confirming that the temperature in-
homogeneity is more important than the upflow. However, an
upflow is required in order to conserve mass, so that all the
following models incorporate it.

6. Finally, the behaviour of the asymmetry can be considerably
influenced by changing the ratio of the maximum horizontal ve-
locity to the maximum vertical velocity component. Enhanced
horizontal velocities result in more pronounced negative values
of 6A near the limb but only as long as the temperature and
velocity are correlated as in step 5.

The effect on the line profile of some of the steps described
above are illustrated in Fig. 6, which shows calculated Stokes
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Fig. 7. Observed (squares) and calculated (curves) centre-to-limb vari-
ation of the relative area asymmetry of Stokes V profiles of Fe 1 5250.22
A. The models include a cool downflow near the flux-tube boundaries
and a warm upflow further away from them (steps 5 and 6). They differ
only in the radial velocity components as indicated by the arrows. The
uppermost curve results for suppressed, the lowest curve for enhanced
radial velocities with respect to the standard model (middle curve)

V' profiles of the line Fe I 5250.22 A at w = 0.34, ie., at an
angle § = 70°. At this position on the solar disc (close to the
limb) the area asymmetry of the observed Stokes V profile has
already changed sign, i.e., the red wing dominates the blue. The
synthetic profiles in Fig. 6 all result from the same magnetic
field configuration but from different velocity fields in the field-
free atmosphere between the flux tubes. Curve (a) represents the
results from step 3, curve (b) corresponds to step 4, curve (c)
to step 5 (where in comparison to step 4 a temperature-velocity
correlation has been introduced), and curve (d) shows the effect
of arbitrarily enhancing the horizontal velocities by a factor of
two while leaving the vertical components and the associated
temperature structures unchanged (step 6). Note that the profiles
shown in Fig. 6 have been convolved with a macro-turbulence
of 2 kmy/s. This is responsible for the small shift in the zero-
crossing wavelength of some of the profiles (Solanki & Stenflo
1986).

Having identified some of the main parameters controlling
the CLV and the sign reversal of 6 A, we have compared the syn-
thetic profiles with the observations. Only the results of steps
5 and 6 are discussed further. Figure 7 shows the observed
(squares, data taken from Stenflo et al. 1987) and calculated
relative area asymmetry of the Stokes V' profiles of the Fe I
5250.22 A line as a function of p = cos . The middle curve
corresponds to the § A(u) produced with the model of step 5.
The maximum horizontal inflow is 2.9 km/s, the maximum ver-
tical velocity is 3.8 km/s. The AT parameter of Eq. (3) is chosen
to be 1000 K. The lowest curve results when the horizontal ve-
locity component is arbitrarily enhanced by a factor of 2, while
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the uppermost curve is obtained if the horizontal velocity is re-

duced by the same factor. The correspondence between these

models and the observations is gratifying.

Before considering the dependence of § A on the free pa-
rameters of the model in detail, let us consider the basic causes
of the area asymmetry and of its sign reversal. As noted in Sect.
1 (Fig. 1) it is not a priori obvious whether the standard con-
figuration will or will not produce a sign reversal. The series
of test calculations described so far have shown that three main
ingredients are required to obtain the correct qualitative § A(y)
dependence:

1. A downflow near the flux tube. This is needed to obtain
6A > 0 atdisc centre. Asillustrated in Fig. 5Sb, at 4 =~ 1 only
the flow close to the flux-tube boundary gives a significant
contribution to 6 A.

2. An inflow somewhat further away from the tube. This is
a necessary ingredient to obtain a reversal in sign of A,
but is not by itself sufficient. This can be easily seen by
considering Fig. 1 again. For an inclined line-of-sight the
longitudinal velocity on the discward side of the flux tube is
always larger than the longitudinal velocity on the limbward
side. Thus, obviously, except for the unlikely case that the
velocities are much larger than the line widths (Grossmann-
Doerth et al. 1989), 6 A will remain strictly positive, except
possibly at p = 0, where § A = 0. This implies the need for
another factor which gives additional weight to the flow on
the limbward side of the tube.

3. The temperature-velocity correlation appears to be this
missing factor. We suspect it to be mainly responsible for the
change in sign of § A by its effect on the continuum. Since the
magnitude of the horizontal velocity decreases with height
[Eq. (6)] rays which see the largest longitudinal velocity on
the discward side of the flux tube intersect 7. = 1 either in-
side the flux tube or just outside the limbward tube boundary
in the cool downflow lane and are therefore weighted by a
low continuum intensity. The rays which see a large longitu-
dinal velocity on the limbward side, on the other hand, have
a good likelihood of reaching 7, = 1 further away from the
flux tube, at a position at which the continuum intensity is
large, thus giving it a larger weight. Very close to the limb,
as i — 0, this explanation no longer works and we expect
the asymmetry to approach zero.

5. Results of a parametric survey

We have analysed the influence of the free model parameters
on the CLV of the Stokes V area asymmetry by calculating
a series of 35 models. For each model the Stokes profiles of
Fe 15250.2 A and the profiles of Fe I 5083.3 A, a stronger
line with a larger measured 6 A, are calculated at n, = 9 disc
positions. Each model has 7 free parameters in all: filling factor,
flux-tube radius, ratio of area with upflowing to the area with
downflowing gas, the temperature contrast between upflow and
downflow, the height at which v, is largest [Z in Eq. (6)], and
finally, the exponents m and n which determine the shape of the
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vr(2) curve [see Eq. (6) and Fig. 3]. It is obvious that the present
parametric survey can sample the seven dimensional parameter
space only partially. Improving the sampling significantly runs
into practical problems of computing time: Even the restricted
parametric survey presented here involves the computation of
over 103 Stokes line profiles.

The influence of the different parameters on the CLV of
0 A is complex. For example, the area ratio between the upflow
and downflow regions has only a minute influence on 6 A for
flux tubes with diameter S 250 km, but it has a large influence
for flux tubes with a diameter of, e.g., 400 km. However, we
stress that the models show one robust property in agreement
with the observations: § A is positive near the centre of the solar
disc and changes sign as p decreases. Although we covered a
relatively large range of parameters we found only one single
model (with exception of the non-standard models discussed
in Sect. 4) which did not exhibit this behaviour. Thus, this ba-
sic observational fact is generally reproduced by the standard
model. This suggests that the standard model has all the main
ingredients to qualitatively reproduce the data. On the whole
we find that all the model parameters have a significant effect,
with the possible exception of the filling factor «, which leaves
the shapes of the 6 A(u) curves relatively unaffected and only
shifts their zero-crossing point to slightly larger values of 1 with
increasing filling factor.

Interestingly, § A does not continue to become increasingly
more negative as u keeps decreasing. Practically all models
show signs of a flattening in the § A(x) curves near the limb
and quite a few suggest that |6 A| begins to decrease again for
1 < 0.2 —0.3. For 2 models § A of 5083.3 A actually becomes
slightly positive again at u S 0.2. We expect that at p = 0
the 6 A produced by our model to be zero, or negligibly small.
Therefore the flattening of the 6 A(1) curves and the decrease
of |6 A| for very small y is not unexpected.

The velocity field is mainly determined by the v.,.(z) profile,
to be prescribed at the interface of the upflow and the downflow
region. The characteristics of the v,.(z) profile, namely its shape
(parameter n) and the vertical position of its peak (parameter
%) has a large influence on 6 A(i). The CLV curves shown in
Fig. 8 differ by the shape, i.e., the value of n. As n is decreased
from 9 (the standard value) to 6, which leads to radial velocities
reaching farther up in the atmosphere (cf. Fig. 3), the 6 A values
are generally increased (uppermost curve). The increase of v,
at greater height leads to an increase in v, there as well. If
this effect is artificially suppressed (by an arbitrary reduction
of the v,-component to about the values of the n = 9 model)
the lowest curve results. In each of these cases the maximum
of the absolute value of the radial velocity lies at Z = 0 km.
If we vary Z slightly and keep n = 9 fixed, we obtain Fig.
9. The three curves correspond to z = 0, —50 km, and +50
km (Z is measured with respect to 7sppp = 1 in the modified
HSRASP atmosphere). Again, the effect on the CLV curves is
considerable, indicating a great sensitivity of the CLV of §A
on the details of the overshooting convective motion in the line
forming layers of the atmosphere. The Fe 15083 A line behaves
similar.
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Fig. 8. The CLV of the area asymmetry of the Fe I 5250.2 A Stokes
V profile. The three curves differ in the shape of the prescribed radial
velocity profile [Eq. (6)]. In the standard case n = 9 (corresponding
to the overturning arrow on the left). The uppermost curve results for
n = 6, i.e., for motions with a pronounced overshoot that reaches
farther up in the atmosphere (symbolized by the overturning arrow in
the middle). The remaining curve results for n = 6 and suppressed
vertical velocities (overturning arrow on the right)

0.8 1

As anext example we plot in Fig. 10 the CLV of § A of the Fe
15083 line for three models with different flux-tube diameters:
100 km, 200 km, and 400 km keeping the filling factor constant
at o = 0.05. The solid curves refer to models in which, at the
height z = 0, the downflow is confined within a ring around the
flux tube of constant thickness of 120 km. Interestingly, the CLV
changes drastically near disc centre, disfavouring the smallest
tube when compared with observations.

If the ratio of the radial extent of the downflow to the up-
flow is kept constant at 0.53 (the value of the original standard
model) the dotted curves result. Note that the asymmetry of the
large tube no longer changes sign towards the limb but, on the
contrary, shows increasingly positive § A values there. This is
the only model of our sample which shows such a behaviour.

We find that the two lines generally behave in a qualitatively
similar manner. However, there are considerable quantitative
differences. The same model usually produces up to a factor of
2 larger 6 A values (both negative and positive) for the 5083.3
A line compared to the 5250.2 A line. In addition, the shapes
of the § A(p) curves are usually somewhat different: those of
the Fe 15083.3 A line have a positive hump around p = 0.5 —
0.6 in the majority of the models. No such hump is present
in the observations. Thus, only very few models give §A(u)
curves of the 5083.3 A line which resemble the observations
even vaguely (an example is the curve for the flux tube with a
diameter of 400 km in Fig. 10). To us this suggests that, although
the basic structure of our model is correct, its details still require
considerable improvement.
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Fig. 9. The CLV of the area asymmetry of the Fe I 5250.2 A Stokes V
profile. The three curves differ in the height Z at which the maximum
radial velocity of the external flow occurs [Eq. (6)]. The values of z
are given in km with respect to z = 0 of the model
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Fig. 10. The CLV of the area asymmetry of the Fe 1 5083.3 A Stokes V/
profile. The three solid curves refer to models with different diameters
at z = 0 (values given in the frame), but with a constant thickness of
the downflow region. If the ratio of the radial extent of the downflow
to the upflow region is kept constant, the dotted curves result

6. Conclusions

We have investigated the centre-to-limb variation of the area
asymmetry of synthetic Stokes V' line profiles. The underlying
hydromagnetic model consists of a cluster of rotationally sym-
metric magnetic flux tubes surrounded by non-magnetic plasma
in stationary motion that resembles a granular flow pattern. From
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a parametric survey, in which mainly the velocity field was var-

ied, we come to the following conclusions:

1. Themodel of magnetic flux tubes embedded in the downflow
lanes of granules produces an inversion of the sign of the
area asymmetry of Stokes V' profiles for a very wide range
of parameters. This is one of the most robust features of this
model.

2. The centre-to-limb variation of the area asymmetry of
Stokes V' profiles can be used as a sensitive tool for inves-
tigating the velocity and temperature structure of the gran-
ulation in solar active regions.

3. The closer the assumed non-magnetic atmospheric dynam-
ics (in the environment of the flux tubes) correspond to the
solar granulation (i.e., warm central upflows, horizontal ve-
locities, and cool downflows), the better the observed centre-
to-limb behaviour of the Stokes V' asymmetry 6 A is re-
produced. The temperature-velocity-correlation of granular
convective motions is an essential ingredient for reproduc-
ing the observed 6 A away from disc centre. This is a sign that
the basic picture of magnetic flux tubes and of their relation
to the surrounding gas, as outlined in Sect. 1, is correct.

4. Velocity fields in the non-magnetic environment are able
to quantitatively reproduce not only the observed Stokes V'
area asymmetry (§A4) of Fe I 5250.22 A at disc centre, but
also its centre-to-limb variation, including the sign rever-
sal of the asymmetry around p = 0.4 (6 ~ 60°). The 6A
of Fe 15083.3 A, a stronger line, can also be qualitatively
reproduced, but we were unable to find any model, within
our limited set of calculations, which can simultaneously
reproduce the CLV of the § A of both lines in a quantitative
manner. This suggests that some important feature is still
missing in the models.

5. The calculated line profiles do not show any shift of the
zero-crossing wavelength at any position on the disc (as
long as no macro-turbulence is introduced), in agreement
with the observations of Stenflo et al. (1987), Pantellini et
al. (1988), and Wiehr (1987, private communication). This
is a direct result of the fact that the present models do not in-
clude any velocity within the magnetic features. As proved
by Grossmann—Doerth et al. (1988, 1989), such a segrega-
tion of velocity and magnetic fields always leaves the zero-
crossing wavelength of the V' profiles unshifted, irrespective
of the geometrical details. However, we do foresee possi-
ble problems for mechanisms which make use of velocities
within the flux tubes to produce a non-zero §A and rely
on special geometries to keep the zero-crossing shift small
(e.g. Sanchez Almeida et al. 1988, 1989, and 1990), since
the geometry of the field and of the velocity along the line
of sight is strongly dependent on 6. For example, near disc
centre the main contribution to the Stokes V' signal comes
from rays which remain completely within the magnetic fea-
tures (Solanki 1989), whereas near the limb every ray passes
at least partially through the non-magnetic atmosphere (cf.
Fig. 5).

6. The modelled “granular” flows also produce an asymme-
try, 6a, between the amplitudes of the Stokes V' profiles.
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The synthetic 6a values generally follow the § A values rel-
atively closely, while the observed da values are in gen-
eral more positive. Thus the observed da of most Fe I lines
barely changes sign near the limb (Pantellini et al. 1988)
whereas the synthetic a become strongly negative. Fol-
lowing Solanki (1989) we conclude that an additional source
for the amplitude asymmetry, probably a velocity within the
flux tubes, is required. Since dasynm < daqps at all f—values
the missing velocity must have both a vertical and horizon-
tal component. For the vertical component nonlinear waves
(Grossmann-Doerth et al. 1991) and siphon flows (Degen-
hardt & Kneer 1992) have been proposed. The nature of
the horizontal velocity component within the flux tubes is
still unclear. To explain excess, non-thermal, non-magnetic
widths of Stokes V' profiles, Pantellini et al. (1988) proposed
the presence of kink mode and torsional Alfvén mode waves
in small flux tubes. These, and horizontal flux-tube motions
(due to buffeting by the granulation), appear to be the main
contenders for changing the §a near the limb as well.
Finally, let us consider possible improvements for the future.
One major shortcoming of the present model is the too simple
representation of granulation. Examples of model components
which are missing in the present contribution are: a) the inver-
sion of the temperature-velocity correlation in the upper half of
the photosphere (Stein & Nordlund 1989, Karpinsky 1990), b)
localized high velocities (i.e., supersonic velocities and the as-
sociated shocks, e.g. Cattaneo et al. 1990, Malagoli et al. 1990,
Steffen & Freytag 1991), c) a more realistic geometry of the
granulation. The inclination of the flux tubes may also be of
relevance. Solanki et al. (1987) showed that for a number of
observed regions the flux tubes were inclined to the vertical by
more than 10°. It does not appear to be feasible to overburden
the present model by introducing these additional components,
particularly since then the already large number of free parame-
ters will increase further. Progress in this field will have to await
self-consistent models of granulation in the presence of small
magnetic flux tubes.
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