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Summary. Strokes profiles of four spectral lines with widely
different properties are calculated in a two dimensional flux tube
model of a solar magnetic element. The model satisfies pressure
balance and has empirically derived temperature and magnetic
field strength values within the magnetic element. Various model
parameters (e.g. internal and external temperatures, velocity
amplitudes and gradients, flux tube geometry etc.) are varied and
their influence on the Stokes V' asymmetry and other line
parameters is studied. The asymmetry is the Stokes V line
parameter most strongly affected by the non-magnetic part of the
atmosphere. Other Stokes ¥ parameters are much less affected by
the details of the external atmosphere, e.g. the absolute areas or
amplitudes of the Stokes V' wings respond only mildly to changes
in the external temperature. Furthermore, the Stokes V width is
almost independent of external stationary and non-stationary
velocities, so that velocity amplitudes previously derived from the
Stokes V line width (e.g. Solanki, 1986) must refer to mass-motions
within the magnetic elements. This makes the Stokes ¥ asymmet-
ry an important diagnostic of the close surroundings of magnetic
elements. It is also a valuable diagnostic of mass-motions inside
magnetic elements.

The considered model can reproduce the blue-red Stokes V
asymmetry along with other line parameters observed near disk
centre in solar active region plages and the network if it
incorporates the following three features: 1) A downflow of
0.5—1.5kms™ ! in the immediate surroundings of the flux tube
(but not inside it). 2) A 250-350 K lower temperature in the
downflowing non-magnetic atmosphere than in the average quiet
sun. 3) A longitudinal wave-like or oscillatory motion with an
amplitude of between 1 and 3kms™! within the magnetic
element. Thus the Stokes ¥ asymmetry is seen to be a natural
outcome of the current picture of magnetic elements embedded in
cool downflowing intergranular lanes. The model calculations
also provide strong observational evidence for the presence of
relatively large amplitude non-stationary mass motions within
magnetic elements and may suggest that the temperature in the
upflowing and the downflowing phases is not the same, possibly
due to radiative damping.

These results are discussed in the context of investigations
published in the literature. Their implications for 1-D models of
magnetic elements and the Stokes profiles calculated therewith
the elucidated. It is shown that although for some aims the Stokes
V profiles resulting from 1-D models are sufficiently accurate, the
1-D approximation is totally inadequate for the quantitative
analysis of Stokes V' asymmetry.

Key words: The Sun: magnetic fields — photosphere — faculae —
Stokes profiles

1. Introduction

The stokes V profiles observed in active region plages and in the
quiet solar network exhibit a pronounced asymmetry (e.g. Stenflo
et al, 1984; Wiehr, 1985). Near solar disk centre almost all
spectral lines have Stokes V profiles whose blue wings are
stronger than their red wings (e.g. Solanki and Stenflo, 1984,
1985), i.e. 6A>0 and da>0. JA4 is the relative area asymmetry
defined as d4=(4,—A4,)/(4,+ A4,) with A4, and 4, being the
unsigned areas of the blue and red wings of Stokes V. da is the
relative amplitude asymmetry defined as da=(a,—a,)/(a,+a,),
where a, and g, are the unsigned blue and red Stokes V
amplitudes.

Until recently the source of this asymmetry has been rather
enigmatic. Although various mechanisms have been proposed to
explain these observations, none has so far reproduced the data
consistently within the framework of a physically reasonable
model. The mechanisms can be grouped into two basic categories:
those involving velocity gradients (e.g. Illing et al., 1975; Auer and
Heasley, 1978) and those based on atomic orientation in cases of
thermodynamic non-equilibrium (i.e. NLTE, Kemp et al., 1984;
Landi Degl'Innocenti, 1985). Due to its great complexity, the
atomic orientation model has never been applied quantitatively
to the solar case.

The velocity gradient scheme exists in numerous variants. The
simplest of these is based on a steady flow inside a 1-D model of
the magnetic elements. One of the naturally expected properties
of V profiles calculated using such models is that their zero-
crossing wavelengths should be shifted by the steady flow, in
contrast to recent observations which find no such shifts (e.g.
Stenflo and Harvey, 1985; Solanki, 1986; Solanki and Pahlke,
1988). However, it has been shown that for a magnetic field
strength B increasing with height and a downflow velocity v
decreasing with height asymmetric Stokes V profiles with small
zero-crossing shifts can be produced (Sanchez Almeida et al.,
1988). Unfortunately, such a field strength variation conflicts with
both MHD force balance (e.g. Deinzer et al., 1984a, b; Steiner et
al., 1986; Knolker et al., 1987; Steiner and Pizzo, 1989) and
observational data (Stenflo et al., 1987b; Zayer et al., 1989). For
physically reasonable magnetic field (i.e. a field strength decreas-
ing with height) and velocity structures this scheme has been
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demonstrated by Solanki and Pahlke (1988) to produce profiles
which conflict with the observed zero-crossing wavelengths. In
another paper Sanchez Almeida et al. (1989) show that it is, in
principle, possible to reproduce the absolute area asymmetry
(A, — A,) of multiple spectral lines with such a model, if the rest of
the line parameters are ignored. In contrast, Solanki and Pahlke
(1988) have found that such models, with empirically derived
temperature structures, cannot simultaneously reproduce the
asymmetries of spectral lines having widely different excitation
energies or strengths in the magnetic element (i.e. different
amounts of saturation). In summary, the situation with models
based on the gradients of stationary flows within magnetic
elements is unclear. They appear to be workable if a free choice of
model parameters is allowed, but when a little more realism is
introduced by restraining atmospheric parameters to physically
and observationally acceptable values, they do not work. It
appears extremely difficult to reconcile all the observed Stokes V'
parameters with the results of these models, and I shall not
consider them further in the present paper. The work of Sanchez
Almeida et al. (1989) is valuable, however, in that it suggests, that
in one form or another velocity gradients do lie at the heart of the
Stokes ¥ asymmetry.

Another variant of the velocity gradient scheme is due to Van
Ballegooijen (1985b), who pointed out that downflows outside
magnetic elements can also produce a Stokes V' asymmetry
having the correct sign of 64 if the expansion of the magnetic
elements with height is taken into account. An expansion with
height is a feature of all models of magnetic elements incorpora-
ting MHD force balance and flux conservation. Grossmann-
Doerth et al. (1988, 1989b) have shown that in this model, when B
and v are nowhere cospatial, Stokes ¥ profiles can be asymmetric
without exhibiting any zero-crossing wavelength shift at all, thus
overcoming one of the key observational hurdles without com-
promising physical consistency. However, no attempt was made
by the above authors to quantitatively reproduce, e.g., the
asymmetry of more than one Stokes V profile, or the correct
ration of da to 0 4. In the present paper I, therefore, attempt a first
simple quantitative fit to the data with this promising model.

Non-stationary mass-motions within the magnetic elements
have also been proposed as a source of the Stokes ¥ asymmetry
(e.g. Solanki and Stenflo, 1984), but their influence has never been
studied quantitatively. Since, additionaly, there are strong theor-
etical ground for expecting such motions, I also explore how they
create Stokes ¥ asymmetry with the help of a simple two time-
components model of wave-like or oscillatory motions. Particu-
lar emphasis is placed on studying the combined effect of
oscillations within the magnetic elements and downflows external
to them. Such combined models are able to remove the main
remaining discrepancies between the observations and the model
with downflows outside the magnetic elements only.

Any successful attempt to reproduce the observed asymmetry
with the help of model calculations also provides additional
information on the magnetic elements and their surroundings, i.e.
the Stokes V' asymmetry serves as a diagnostic of solar magnetic
elements. The exploration of these diagnostic capabilities at solar
disk centre, which promise to provide exciting new insight into
the physical structure of the atmosphere inside and in the
immediate surroundings of solar magnetic elements, is the other
major topic of the present paper.

Since most of the calculations are carried out within the
general context of simple flow fields within and outwith the

magnetic elements, they must be considered exploratory in nature
and the results somewhat preliminary. In general, I shall discuss
only the Stokes V profile. The potentially equally interesting
Stokes I asymmetry (line bisectors) is not discussed further, since
the present model does not incorporate an upflowing region
outside the magnetic elements (granule centres), without which no
reasonable Stokes I line shapes can be produced.

2. Model, method and data
2.1. Simple hydromagnetic model

The model is composed of a magnetic flux tube which expands
with height. It is surrounded by and partly overlies a down-
flowing non-magnetic atmosphere.

The magnetic field strength, B, within the flux tube is calcu-
lated by imposing exact horizontal pressure balance, i.e. using the
thin tube approximation (e.g. Defouw, 1976; Roberts and Webb,
1979; Parker, 1979), with a horizontally constant field strength
and gas pressure within the flux tube and a sharp boundary to the
non-magnetic atmosphere (cf. Schiissler, 1986; Kndlker et al.,
1988, and Zayer et al., 1989, for arguments and evidence in favour
of relatively sharp boundaries with thin current sheets). For small
magnetic elements and realistic temperatures, a model based on
the thin tube approximation differs only slightly from models
including magnetic tension (Pneuman et al.,, 1986; Knolker et al.,
1988; Steiner and Pizzo, 1989). It is also complies well with the
most sensitive observational field strength indicators in the lower
and middle photosphere (Zayer et al., 1989). B=2000 G has been
chosen at T=1 within the flux tube, in accordance with various
observational diagnostics (Solanki et al., 1987, 1989; Zayer et al.,
1989). Since the field strength decreases approximately expo-
nentially with height, the area F of the flux tube must increase
approximately exponentially with height, since flux conservation
in the thin tube approximation demands BF to be constant.
Except for a few test calculations, for which a slab geontetry is
assumed, a cylindrically symmetric model is used. In this model
the radial component of the field, B,, is calculated from the
vertical component using

_ r 0B,
T 20z

All calculations in the present paper refer to solar disk centre, so
that the diameter of the vertical thin flux tube model need not be
explicitely specified.

The atmosphere outside the magnetic element is initially
represented by a model of the quiet sun, the HSRASP (Gingerich
et al,, 1971; Spruit, 1974; Chapman, 1979), modified such that the
temperature in the chromospheric layers is parallel to the
Holweger and Miiller (1974) model (LTE approximation). Later,
other temperature profiles are also used. These are constructed by
increasing or decreasing 7(t) of the modified HSRASP, without
changing the temperature gradient. T signifies the continuum
optical depth at 5000 A. Thus a series of models is created which
possess 71(t) profiles parallel to those of the modified HSRASP.
These models are not self-consistent, since the other physical
parameters of the HSRASP are left unchanged. For the simple
exploratory calculations presented here such an approximation
appears reasonable. The temperature structure inside the flux
tube is generally taken to be the empirically derived network flux
tube model of Solanki (1986). Other temperature structures have
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also been used. Examples are, the plage flux tube model of
Solanki (1986), or models with 7{(t) parallel to the temperature
stratification of the HSRASP, which are constructed similarly to
the models of the non-magnetic atmosphere described above.
B(r=1)=2000 G in all the flux tube models.

The flow outside the flux tube is assumed to be purely vertical
and is directed downwards in almost all the calculated examples.
A purely vertical velocity is not unduly restrictive, since at solar
disk centre the line profiles are not affected by horizontal flows.
The usual sign convention is used and downflows are represented
by positive velocities. Three different depth profiles are tried for
the flow velocity. It can either be independent of height, change
linearly with height throughout the non-magnetic atmosphere, or
change linearly within a “boundary layer” of a given vertical
thickness near the walls of the flux tube and remain constant
farther away. For most calculations a constant microturbulence
of 0.8 km s ™! both outside and inside the flux tube is assumed, but
some calculations have also been carried out with other micro-
turbulence values.

A provision is made for allowing flows inside the flux tube.
The influence of internal waves and oscillations is modelled in a
very simple manner by assuming a two time-component model,
one each for the upflow and the downflow phases. The velocity is
kept constant for the duration of each phase and is also assumed
to be independent of height in the atmosphere. Both phases have
equal but opposite velocities. None of the other atmospheric
parameters is changed. Once more, such a treatment is physically
not completely self-consistent, but it allows a simple and efficient
determination of basic influences on the Stokes V profile shape.
Models with two or three velocity-components have been used
extensively in the past to model the solar granulation (e.g. Keil,
1980; Immerschitt and Schréter, 1989). The influence on Stokes
profiles of flux tube waves modelled in a more physically realistic
manner is the subject of a separate investigation.

2.2. Radiative transfer

Once the hydromagnetic part of the model is determined it is
intersected at various distances from the symmetry axis (or for
slab geometry, the central plane) by a number of vertical rays or
lines of sight. Along each of these the continuum optical depth is
determined and the Stokes profiles are calculated numerically in
LTE, using a greatly modified and extended version of the code
described by Beckers (1969a, b; more details are given by Solanki,
1987c). The code includes a scheme by which the 7 intervals are
decreased in those parts of the atmosphere where the Stokes
absorption coefficients become large or when changes in the
transfer equation coefficients, induced by changes in the atmos-
phere, become significant. Such a procedure gives stable Stokes
profiles in the overwhelming majority of the cases at considerably
smaller computational cost than using standard techniques (e.g.
repeating runs with two different ¢ intervals). Some form of
numerical stabilisation is necessary, due to the strong gradients in
the atmospheric parameters at the flux tube boundary. Next, each
constituent profile is weighted according to the area represented
by the ray along which it is formed. Then, the average is
calculated of all the profiles formed within a given radius from the
centre of the flux tube. For symmetry reasons, it is sufficient to
consider only the rays passing through half a plane at solar disk
centre. Finally, the average Stokes V profile is divided by the
average continuum intensity, before being compared with the
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observations. A 2-D model and the averaging over many rays is
essential due to the limited spatial and temporal resolution of the
observational data. Generally 12-15 rays have been chosen. For
test purposes, some calculations with more rays have also been
carried out. The results are sufficiently similar to warrant taking
the more economical number, although the calculations with the
smaller number of rays tend to produce larger asymmetries.

In the present model only the Stokes V profiles formed along
rays which pass through the flux tube boundary have an area
asymmetry A4 #0. In the following I shall call this outer part of
the flux tube the “canopy”, while the inner part, where the Stokes
V profiles have 64=0, is named the “central cylinder”. 1-D
models generally represent only the central cylinder. Note that
when moving downwards along one of the canopy rays there is a
sharp drop in B and a sharp rise in v when it passes through the
canopy boundary. The “canopy” defined here should not be
confused with the larger and generally higher structures so named
by Giovanelli (1980) and reviewed by Jones (1985).

2.3. Selected spectral lines

For the present analysis I have selected four of the spectral lines
used in an earlier study of Stokes V' asymmetry by Solanki and
Pahlke (1988). The lines and some of their atomic parameters are
listed in Table 1. g, is the excitation potential of the lower level of
the transition, g, is the effective landé factor in LS coupling, and
log g*f is the logarithmic, statistically weighted oscillator
strength. The Landé factors obtained from laboratory measure-
ments are very close to the LS coupling values for all four lines
(Solanki and Stenflo, 1985). log g*f values are taken from
laboratory measurements by Blackwell et al. (1979a, b) for the
three Fe 1 lines and from a compilation of values by Phillips (1979)
for the Fe 11 line. The damping constants, calculated using the
Unsold (1955) formula, are enhanced by factors ranging from 1 to
2.5 in accordance with Holweger (1979) and Simmons and
Blackwell (1982). The three Fe 1 lines have similar (low) excitation
potentials, but widely different equivalent widths in the quiet sun,
so that they are greatly weakened by higher temperatures and
exhibit very different amounts of saturation. The Fe 11 line, on the
other hand, reacts quite differently to temperature due to its much
higher combined ionisation and excitation energy. Solanki and
Pahlke (1988) failed to even remotely reproduce the Stokes V
asymmetry of these four lines with 1-D models which were
'otherwise consistent with observations. This gives me confidence
that the 64 values of this set of lines are sufficiently sensitive to
atmospheric structure to distinguish between at least some
models. Although using more lines has its advantages, I have
preferred to concentrate on investigating as wide a variety of
model parameters as possible, leaving the study of more lines to a
future investigation.

Table 1. Atomatic data of selected lines

Ion X Xe ger  logg*f
(A) (V)

Fel 5083345 096 125 -—2.958

Fel 5127684 005 1.0 —-6.125

FeI15197.574 323 0.7 —-2.380

Fel 5250.217 0.12 3.0 —4 938
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2.4. Observational data

The calculated line parameters are compared with observations
obtained near solar disk centre using the Fourier transform
spectrometer (FTS) and the McMath telescope in 1979. Stenflo et
al. (1984) give a detailed description of the data. The observed
values of the relevant line parameters are listed in Table 2. The
upper row for each spectral line lists line parameters derived from
an active region plage, while the lower row lists data obtained in
an enhanced network element. The exception to this rule are the
solar wavelength, 1, (from Pierce and Breckinridge, 1973), and
the Stokes I equivalent width, W,(I) (from Solanki and
Steenbock, 1988), for which quiet sun values are given. 64 is the
relative area asymmetry of Stokes V, da/d A is the ratio of relative
amplitude asymmetry to 04, a, and A, are, respectively, the
unsigned amplitude and unsigned area of the blue Stokes V wing.
vp (I'v), the half width of the I, or integrated V profile, is a measure
of the width of Stokes V. Throughout this paper, the half width of
aline profile is defined following Stenflo and Lindegren (1977), i.e.
it is given by the Doppler width of a Gaussian which has the same
width at half minimum as the line profile. In a 1-D 2-component
model Iy can be interpreted as an approximation to the Stokes I
profiles formed inside the magnetic feature. It has the advantage
that it can be parameterised in exactly the same way as Stokes I
(cf. Solanki and Stenflo, 1984, 1985). The I, width correlates well
to the wavelength difference between the blue and red Stokes V
peaks, an alternative parameter for describing the width of Stokes
V. In the last column of Table 2 W, (Iy), the equivalent width of
the Iy profile, normalised to an average field of 100 G, is listed.
This normalisation does not affect the W, (Iy) of one line relative
to another in a given region and also leaves trends with the
temperature etc. unaltered. The Stokes V zero-crossing wave-
length of the individual lines has not been listed. Solanki (1986)
was able to set an upper limit of +250 ms~! on any such shifts.
Note, that the error bars given in Table 2 refer only to the
statistical error and in some cases the uncertainties may be larger
due to other factors, e.g. blends (cf. Sanchez Almeida et al., 1989).

Noise is a problem when determining éa and 64 of Fe 1
5127.7 A. The line profile itself looks quite symmetrical in the
plage data (cf. Fig. 3 of Solanki and Pahlke, 1988), but is unusable
in the network data. Note also that da/5A can vary considerably
from one line to another, but tends to be 2 2 for the three stronger

Table 2. Observed Stokes I and V parameters

lines for which reliable values are available. The asymmetry
values of the chosen spectral lines are roughly representative of
other lines of similar strength and excitation potential. The
amplitude and area of the blue Stokes ¥ wing, a, and A, listed in
Table 2 have been scaled by a factor of 2 following Stenflo and
Harvey (1985). However, this scaling in no way affects the
conclusions of the present paper.

3. Results of models with flows outside the magnetic elements only

In this section only those models are considered which have no
velocities within the magnetic elements (i.e. v;, = 0). Initially, in
Sect. 3.1, I consider a basic model which has a constant flow
velocity outside the tube (i.e. v, =constant), a Ty, (z2) = Tuspasp
(2) and a T,,, (z)=T (z) of the network flux tube model. Only
results for Fe15250.2 A are discussed, but they are analysed in
considerable detail to obtain a better insight into the processes
involved in producing asymmetric Stokes V profiles within the
context of a 2-D model. Later, in Sect. 3.2, some unsuccessful
attempts to improve the match to the data by changing various
model parameters and assumptions are described. Finally, in
Sect. 3.3 I present the results of model calculations with various
T.,, which enhance the fit to the data.

3.1. Results of the basic model

Figure 1 shows various Stokes ¥ line parameters of Fe 1 5250.2 A
calculated with the basic model. In Fig. la the relative area
asymmetry 64, and in Fig. 1b the relative amplitude asymmetry
da are plotted vs. radius r. The 64 and da values plotted at a given
r belong to the area weighted mean Stokes ¥V of all the profiles
formed along rays between the flux tube axis and r. The scale of
the horizontal axis can be set arbitrarily, since, for the thin tube
approximation, the true diameter of the magnetic element is
irrelevant for the resulting line profiles. I have chosen to set r=1
at the point where the canopy starts for Fe 15250.2 A, so that 64
=0 for r<1. To help compare the results of the present model
with the generally used two-component model I introduce the
filling factor, a, which denotes the fraction of the local solar
surface covered by the magnetic field at a given height in the
atmosphere. Here this height is taken to be just slightly above =1
in the flux tube. The horizontal axis (for r>1) can then also be

Ion \o 5A 8a/8A ay Ay vp(ly)  WA(D) Wi(1y)
(A) (%) A kms™')  (mA) (mA/100G)

Fel 5083.345 535+084 364+062 6.6x10"2 3.6 x1073 436 111.0 140.2
679+2.05 349+1.06 15x1072 88 x10~* 4.12 33.6

Fel 5127.684 —2.06+4.14 —179+498 6.0x10"3 2.7 x10~* 237 143 7.3
242042238 1.04+1.17 13x107> 44 x10~5 193 0.8

Fe I 5197.574 4434097 4174098 35x%x1072 19x1073 406 79.0 133.8
450+352 667+432 82x1073 46 x10"* 429 329

Fel 5250.217 521+042 184 +022 65x1072 44 x10~> 385 65.0 62.1
8214191 235+05 13x1072 86 x10™* 3.80 11.8
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10 " 1 L 1 " 1 1 1

8A of V averaged between 0 and r (%)

Fig. 1a. Relative area asymmetry, 64, of Fe1 5250.2 Ain % vs. r, the
distance from the axis of the flux tube in units of the radius of the “central
cylinder” of the flux tube. The §4 values plotted at any given r in the figure
belong to the average of the Stokes V profiles formed between the axis of
the tube and r. The four curves represent results for the following, height
independent, external downflow velocities, v,,, =0.5 kms ™! (open circles),
1kms™! (filled circles), 1.5kms~! and 3kms™! (open squares), and
2kms~! and 2.5kms™! (filled squares). The basic model is used, ie.
internal temperature is given by the network model of Solanki (1986), with
B (t=1)=2000 G, no internal velocity is present and the HSRASP
represents the external atmosphere

15 i 1 1 1 " 1 N 1

10

8a of V averaged between 0 and r (%)

Fig. 1b. Relative amplitude asymmetry, da, of the averaged Stokes V
profiles of Fe 15250.2 A in % vs. r for the basic model. The symbols refer
to the same v,,, as in Fig. 1a. However, now the curves for v,,,=2.5 kms™!
and 3kms™! are plotted separately (dashed) with smaller symbols to
distinguish them from v,,,=2 kms~' and 1.5 kms ™", respectively

interpreted as representing 1/\/ o. As r increases the filling factor
(as defined above) must decrease, since the fraction of the surface
area covered by the magnetic element at a given height decreases
compared to the total surface area within r. Also, with increasing r
the Stokes ¥ amplitude decreases, as expected for decreasing
filling factor (Fig. 2a).

0A is shown for four values of v,,,, namely 0.5 kms™! (open
circles), 1.0 kms ™! (filled circles), 1.5 kms™! (open squares) and
2.0 kms™! (filled squares). 54 values have also been determined
for models with v,,,=2.5 kms™ ! and v,,,=3.0 kms~! which give
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20 L 1 " A 1 1 - ]

a, of V averaged between O and r (%)

Fig. 2a. a,, the amplitude of the blue wing of the averaged Stokes V
profile of Fe 15250.2 A in % vs. r. Solid curve and filled circles: a, resulting
from the 2-D basic model with v,,,=0.5 kms ™. Dashed curve and open
circles: g, from a 1-D, 2-component model, where the magnetic com-
ponent is represented by the “central cylinder” of the basic model flux
tube and the nonmagnetic component by the HSRASP. The difference
between the two curves is mainly due to the contribution from the
“canopy” (a small part is due to the different asymmetry of Stokes V'

o
100 - -
80 - i
60 - r
201 !

20 B

Fraction of A, + A, from inside r (%)

Fig. 2b. Fraction of the summed absolute values of the Stokes ¥ blue and
red wing areas, A, + A,, coming from inside the radius r for Fe 15250.2 A
in % vs. r. The Stokes V profiles are weighted according to the area they
represent and then added together (without averaging). The basic model is
used, with v, =1.0kms™!. Other values of v,,, give almost identical
curves

almost the same 04 as v,,,=2.0kms™! and v,,=1.5kms™ !,

respectively. Thus, 4 increases steadily with v,,, up to v,, ~2.25,
but decreases for larger v,,,. This suggests that there is a maxi-
mum JA of approximately 10% for this line, produced by the
basic model, irrespective of the downflow velocity.

Note that 2-2.5kms™! corresponds to the width of the
Stokes V profiles (i.e. the half width of the I profiles) formed in
the canopy of the flux tube. Thus the present calculations are in
agreement with the results of Grossmann-Doerth et al. (1989b),
who show that da and A are largest when v,,, ~ Doppler width of
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the line profile for the case when the Zeeman splitting is not too
large.

JdA also increases with increasing r (i.e. decreasing filling
factor). For Fe 1 5250.2 A the main contribution to 54 comes in
the range of radii between 1 and 2, reaching approximately 80%
of the 64 value at large r by r=2. At a greater distance from the
flux tube axis the contribution of any individual ray to Stokes V'is
extremely small, despite the large area represented by that ray,
and 6A4 becomes essentially constant. It is gratifying that even
with reasonable values of vy (0.5 S vy S1.5kms™ 1) 64 values
comparable to the observations are produced, although only the
canopy profiles are asymmetric. These results are compatible with
unpublished calculations by Van Ballegooijen (private communi-
cation). '

As can be seen from Fig. 1b, a shows a qualitatively similar
behaviour to dA4. For all the calculated cases da> d A4, but the ratio
daj6A decreases markedly as v,,, is increased, being 1.42 for
0. =0.5kms™!, but only 1.17 for v.,,=3.0 kms~!. The major
part of this decrease in da/dA4 occurs above v, =15kms™ .
Consequently da for v,,, = 2.5 and 3.0 km s~ * do not coincide with
da for v,,,=2.0 and 1.5kms~!, respectively, and are plotted
separately in Fig. 1b as the dashed curves (small filled squares:
2.5kms !, small open squares: 3.0 kms™1).

Since the da and A4 values increase as the “filling factor”
decreases, it would appear at first sight that the model directly
predicts an increase in 54 and da with decreasing a. To judge the
relevance of this result for the observations, the r corresponding
to the observations must be found, which is best done by
comparing the amplitude of the blue Stokes V" wing, a,, directly
with the observations. In Fig. 2a the g, resulting from the basic
model is represented by the upper curve (plotted solid). As
expected, g, remains constant within the central cylinder and
decreases with r in the canopy. The lower curve (dashed) results
when the influence of the canopy rays is suppressed, i.e. only the
contribution of the central cylinder is retained. As expected, a,
decreases like 1/o in this simple two component case. One
interesting, but again not too surprising, conclusion which may
be drawn from this figure is that in the 2-D case the filling factor
(near T=1), which give rise to a given " amplitude is considerably
smaller than in the 1-D case. The observed g, values may be
obtained from Table 2. It follows that for comparison with the
network region data the asymptotic values of 64 and da (r— o0)
should be used, while for the active region plage, the slightly
smaller values near r=2.5 are of interest, although the asymptotic
result may also be taken. Any real difference there might be
between the asymmetry measured in the two regions cannot be
explained directly by the difference in filling factor in this model.
Since the observed plage region shows rather strong Stokes V'
profiles and other signs of a high flux density (compare with
Schiissler and Solanki, 1988), this means that the models predict
similar da and 04 for all non-sunspot and non-pore magnetic
regions, as long as the other atmospheric parameters remain
independent of a.

Although they are asymmetric, all the Stokes V' profiles
calculated in this section, where velocity within the tube is zero,
have zero-crossing wavelengths corresponding to their rest wave-
lengths. This result has been rigorously proved by Grossmann-
Doerth et al. (1988, 1989b).

Figure 2b shows the total area of the V profile, 4, + 4,, if all
the contributions from the axis of the flux tube out to r are added
together, vs. r. The surface area represented by each profile is used

100 i 1 L | " 1 " |

§A and Sa of V formed atr (%)

—T
0 1 2 3 4 5

Fig. 3. 64 (solid)and a (dashed) of Fe 15250.2 A V profiles formed along
the individual rays at distances r from the flux tube axis vs. r. Open
Circle: v,,=0.5kms™!, filled circles: v.,=1kms™!, filled squares:
Veye=2 kms ™!, Basic model. For r24 the very small Stokes V profiles
(a,+a,<107*) may be slightly affected by numerical inaccuracies. The
small wiggles beyond r=3.5 may, therefore, be of numerical origin

as a weight, but the final profiles are not averaged, in contrast to
those in Fig. 1. The curve is normalised such that its maximum is
exactly 100. These profiles were calculated with v, =1kms™ !,
but the curves for other v, values are practically identical.
Approximately 60% of the contribution to the total ¥ profile
comes from the central cylinder of the flux tube, suggesting that at
solar disk centre for some applications 1-D models are a reason-
able, but not perfect, approximation. Even if 2-D calculations are
carried out, for many purposes it should be quite sufficient to
consider no rays from r>2 or perhaps even r> 1.5, since the
contribution to A, + A, has reached 97%, respectively 90% of the
asymptotic value by then for this line. For the asymmetry,
however, rays out to at least »=2.5 should be considered. For
example, at r=1.5 both 4 and da of the averaged profile have
reached only approximately 40% of their values at large r (Fig. 1).

Note that unlike Stokes ¥V, which receives more than half of its
contribution from the central cyliner irrespective of the filling
factor, Stokes I gets an increasingly smaller fraction from there as
the filling factor decreases. The Stokes I profiles of Fe 152502 A
formed along individual rays at r>2 all are rather similar to the
Stokes I profile in the quiet sun, since the canopy boundary is by
then so high that the magnetic atmosphere gives little contribu-
tion to the I profile. The averaged Stokes I profile, however,
differs from the quiet sun line profile even at considerably larger r,
due to the still significant contribution of the central cylinder of
the flux tube.

The relatively small contribution of the canopy to the
averaged Stokes V profile also implies that the Stokes V profiles
produced in parts of the canopy must be extremely asymmetric.
The contribution of the individual rays (or rather the concentric
cylindrical shells they represent) to 64 and da of Stokes V of
Fe15250.2 Aisillustrated in Fig. 3 (the symbols are the same as in
Fig. 1). This figure shows that the individual Stokes V profiles can
have 84 and da values of over 80% (for Fe 15083.3 A 54 values of
well over 90% are seen). Such profiles are almost completely
composed of only one Stokes V' wing. Therefore, a very steep
gradient in v and B extending over a short height range (ie. a
jump in these quantities) appears to be more efficient in produc-
ing a Stokes ¥ asymmetry than a more gradual change extending
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over a larger height. Also, the efficiency of a given jump in
magnetic field strength and velocity in producing a Stokes V'
asymmetry increases with increasing height in the atmosphere.
This result is not an artefact of the decrease in field strength with
height, since a series of 1-D test calculations with fixed B and v
magnitudes, but a varying height at which the jumps in B and v
occur, shows precisely the same effect.

Since 6A (or da) cannot become larger than 100%, the
averaged Stokes V profile of any line cannot have a 4 (or da)
larger than a certain value corresponding to the relative contribu-
tion of the “canopy” profiles to the average. In general this
contribution depends on the run of the internal and external gas
pressure and on the magnetic tension effects (Pneuman et
al., 1986; Steiner and Pizzo, 1989), and on the properties of
the spectral line. In the model used here this limit corresponds
to 30-40%. However, as can be seen from Fig. la, this limit
is far too conservative for Fel 5250.2 A for the basic model.
In practice, only 4 and da values well below this limit are
expected.

Another interesting feature may not be so readily visible from
Figs. 1 and 3. The da/dA ratio of the averaged profiles is always
larger than of any of the profiles formed along the individual rays.
Thus for some of the profiles resulting from individual rays, da/6 A
is smaller than unity, while for all averaged profiles da/6A4 > 1.
This difference in the da/dA ratio is to be attributed to the fact
that da, unlike 64, does not require a velocity gradient along the
line of sight for its production. For example, if two (or more)
antisymmetric Stokes V profiles, which are shifted with respect to
each other, are superposed then the resulting profile will also have
04 =0, but not necessarily da=0. da can also be enhanced (or
diminished) relative to 44 if at least one of the superposed Stokes
V profiles is already asymmetric, even if the profiles are not shifted
with respect to each other. The latter is the case when combining
the antisymmetric ¥ coming from the central cylinder of the flux
tube with the asymmetric profiles from the canopy. The da value
is always enhanced relative to d4 in the considered cases
(although it is smaller than the da of most of the canopy profiles
alone).

Let me now turn to the width of Stokes V (represented by the
half width of the I, profile, cf. Sect. 2.4). For Fe1 5250.2 A thereis a
clear tendency for the width to decrease with increasing r. This
has at least partly to do with the larger Zeeman splitting in the
central cylinder, because the stronger field strengths in the lower
part of the tube are only present there. For the other three lines
this decrease in line width is smaller, but is generally still present.
However, the more important effect is that with increasing v.,, the
line width consistently shows a small but distinct decrease for all
four lines. For example, the I, width of Fe 15250.2 A decreases by
almost 0.2kms™! between v, =0 and 3kms~'. For a given
change in v,,, the decrease in line width is larger for stronger lines,
suggesting that it is a saturation effect. I shall return to a
discussion of line widths in Sect. 3.2.

How do the Stokes ¥ profiles calculated so far compare with
observations? Although the observed d4 and zero-crossing wave-
length of a single Stokes V profile may be reproduced very simply
with the “basic”’model used so far, the 64 of the four chosen lines
cannot be reproduced by a single reasonable v, value. In
addition, the calculated da/6A ratios for Fe 1 5083.3, 5250.2 and
Fell 5197.6 A are too small, as are the widths of the average
Stokes V profiles of all four lines. Obviously the model must be
modified if it is to explain the observations quantitatively.

231
3.2. Modifications to the basic model

In this section I briefly describe various attempts to improve the
fit to the data. Although they are all unsuccessful, they do provide
insight into how the Stokes ¥ asymmetry reacts to changes in the
model. Such calculations are necessary before the Stokes V
asymmetry can be used as a diagnostic. One modification which is
not considered is changing B (z=1), since this quantity is rather
well determined by the observations. The calculations presented
by Grossmann-Doerth et al. (1989) suggest that changing the
magnetic field strength within reasonable limits may slightly
change the results quantitatively, but not qualitatively. Unless
otherwise stated, the results considered from now on (i.e. in Sects.
3.2, 3.3 and 4) are derived from Stokes V profiles averaged
between r=0 and r=4. The results are not expected to depend
significantly on the outer boundary for the averaging as long as it
is larger than r=2.5 (cf. Figs. 1 and 2).

As the first modification I let v,,, have a vertical gradient, i.c. a
linear vertical velocity profile is chosen throughout the non-
magnetic atmosphere. This modification is unable to bring the § 4
values of Fe 15083.3, 5250.2 and Fe 11 5197.6 A significantly closer
together. It appears that the flanks of the four lines used here are
either not formed sufficiently far apart in the atmosphere for them
to see very different velocities, or the velocity gradients considered
here are too small. The largest velocity gradient I have tried gives
[Vexe (T=1)— ¢y, (t=10"%)|~5 kms ™. However, note that since
the asymmetry is produced almost exclusively in a relatively thin
ring round the flux tube (two thirds of the total 4 are produced
within a height range of 100 km), the vertical velocity gradient
would have to be very large indeed to show a sizeable effect. The
line widths and the da/d A ratios are not increased by this measure
either.

A similar modification is to introduce a “boundary layer”
around the flux tube, such that far from the flux tube boundary
the flow velocity remains constant, but closer to the flux tube it
decreases linearly towards the boundary. There are physical
reasons for expecting the presence of a boundary layer, e.g. the
finite viscosity of the solar gas. Some models have also been
calculated in which the velocity remains zero out to a certain
distance from the flux tube boundary before assuming a constant
non-zero value. Neither modification solves any of the outstand-
ing problems, but the results are instructive from a general point
of view. They show to what distance from the flux tube boundary
the sensitivity of the Stokes ¥V profile to velocity extends. Obvi-
ously, the broader the zero-velocity region around the flux tube,
the smaller are the 64 and da produced. Any variation in the
velocity farther away from the boundary than the width of the
contribution function of the ¥ profile is not felt at all. Also, a steep
gradient in v,,, close to the boundary, but leveling off to a
relatively small constant value of v,,, gives a similar 4 as a vy,
with a small initial gradient but a larger final constant value.

Next, I have changed the geometry of the model flux tube by
considering a flux slab instead. The main differences for the model
calculations are that the “diameter” (or rather width) of the slab

increases as 1/B (instead of 1/\/ B for the tube) and the individual
rays now all have the same weight. The results are similar to those
of the cylindrical case. None of the problems present with the
original model are removed or reduced. For the rest of this paper
I, therefore, revert to the cylindrical flux tube model.

Another possibility is based on the fact that da/6A4 of the
profiles formed along individual rays varies (for a constant v.,,)
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with r. Therefore, one way of increasing da/6A4 of the averaged
Stokes V profile may be to concentrate the downflows into a thin
cylinder around the flux tube (i.e. a small range of r values), where
da/éA is maximal. One problem with this approach is that the
dependence of da/dA4 on r is itself a function of various par-
ameters. Although it is more common for da/dA to decrease with
increasing radius, the opposite dependence is also observed. It is
difficult to obtain da/6A>2 in this manner, and I have been
unable to achieve values greater than 2.5, as are observed for e.g.
Fe15083.3 and Fe 11 5197.6 A. One reason for the failure of this
attempt at a solution may be that if the downflow is concentrated
into a thin ring, then the flow must be stronger and locally Stokes
V' must have a §4 value approaching 100% to compensate for the
smaller fractions of light which results in asymmetric Stokes V
profiles. However, since da also cannot be greater than 100%, the
da/d A ratio for these profiles then approaches unity again and the
advantage is lost. Even the fact that summing the profiles from the
central cylinder and the canopy generally enhances da/dA4 cannot
compensate for this loss.

A further question one can ask is: Can velocities outside the
magnetic element explain the non-thermal, non-magnetic broad-
ening of Stokes V profiles observed by Solanki (1986) and
Pantellini et al. (1988)? To answer this question I have also
calculated some models with an upflow in the surroundings of the
magnetic elements and added the averaged profiles from the
upflowing and downflowing models together. Although Stokes I
resulting from this procedure is strongly broadened, the Stokes V'
width is left practically unchanged. For example, if v,,=
+2 kms™, then the width of Stokes I of Fe 15250.2 A is almost
doubled, while the width of Stokes V' remains constant to within
20ms~!. Therefore, velocities and velocity gradients outside
magnetic features cannot broaden Stokes V profiles. The non-
thermal, non-magnetic line broadening of the Stokes ¥ profiles
must have another source, the most obvious candidate being
velocities within the magnetic elements. To check whether the
da/dA value is affected by the combination of external up- and
downflow I have also given different weights to the V profile
resulting from the model having v, <0 with respect to the V
profile from the model with v, >0. da/6A remains practically
unchanged.

As another test the temperature inside the magnetic elements
is changed. First, instead of the network model, the slightly cooler
plage model of Solanki (1986) is used. Due to the small tempera-
ture difference between the plage and network models the
influence on d4 is small and no principle difference is found
to the original 64. Next, models with temperature structures
parallel to that of the HSRASP, as described in Sect. 2.1, are
used. Figure 4 shows 64 of Fe 1 5083.3 A (squares) and 5250.2 A
(diamonds) vs. AT, for v.,=1kms™'. AT,,,=0 corresponds
to the HSRASP temperature structure. 4 of both lines in-
creases rapidly with decreasing temperature over the complete
temperature range. 64 of 5083.3 A always remains significantly
larger than that of 5250.2 A, which is contrary to the
observations.

The basic reason for the behaviour of 64 exhibited in Fig. 4 is
the strengthening of the spectral lines inside the flux tube with
decreasing AT;,. As pointed out by e.g. Solanki and Pahlke
(1988), the associated increase in saturation produces a larger
asymmetry. Thus, WA (Iy), the equivalent width of the I profile
(Iy is the integrated V profile, cf. Sect. 2.4), changes between
38.1 mA (100 G)"! at AT,,,= + 600 K and 247.3 mA (100 G)~ ! at

20 1 N BT | L
15 =
g
< 10 -
<
5 -
0 T T T T T -r T -
-600 300 0 300 600
AT (K)

Fig. 4. 5A (in %) of the Fe 1 5083.3 A (squares) and 5250.2 A (diamonds)
V profiles averaged between r=0 and 4, vs. AT}, the difference between
the temperature inside the magnetic element and the HSRASP. AT;,, <0
signifies that the magnetic element is cooler than the average quiet sun.
The external atmosphere is given by the HSRASP and v,,,=1kms™*.
B (t=1)=2000 G and no internal velocity is present

—600K for Fe1 5250.2 A. W, (Iy) of Fe1 5083.3 A varies by a
similar amount.

da exhibits a similar behaviour to §4 and no clear trend is seen
in da/dA. In particular, no da/0A values greater than 1.8 are
observed, which is clearly inadequate to explain the observed
dajdA of eg. 5083.3 A. In addition, a change in temperature
within the flux tube has a very strong influence on the ratios of the
Stokes ¥ wing areas of one line to another. Such ratios are used to
diagnose the temperature within solar magnetic elements and
their observed values set relatively narrow limits on AT;,. In
summary, this modification is, like the others before it, unable to
overcome the existing problems.

3.3. Modification of the temperature in the surroundings

In this section I study the effect of changing the temperature of the
surroundings of the model flux tube in the manner described in
Sect. 2.1. A series of models with AT,,, values ranging from
—600 K to +300 K are calculated. AT,,, is zero for the tempera-
ture structure of the HSRASP. The resulting 64 of all four lines
are plotted as a function of AT,,, in Fig. 5a for v,,=1 kms ™! (Fe 1
5083.3 A: open squares, Fel 5127.7 A: solid diamonds, Fe 11
5197.6 A: solid squares, Fe 15250.2 A: open diamonds). 54 of each
of the lines has a distinctive dependence on AT,,. The most
interesting point is near AT,,= —300K. There Fe1 5083.3,
5250.2 and Fen 5197.6 A have relatively similar A4 values, in
accordance with the observations. Therefore, it is possible to
remove one of the main shortcomings of the current model with
this measure, and it is worth looking at the influence of AT,,, on
these lines in greater detail.

A change in AT,,, mainly affects the level populations in the
non-magnetic part of the atmosphere and thus the strengths of
the Stokes I profiles formed there. Since the amount of saturation
in the spectral profiles entering the tube is one of the strongest
factors influencing 64 and da, it is natural that these parameters
are also strongly affected by AT,,,. As it is not so straightforward
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Fig. 5a. 64 in % of V profiles averaged between r=0 and 4 of Fe1
5083.3 A (open squares), 5127.7 A (filled diamonds), Fe 11 5197.6 A (filled
squares) and Fe1 5250.2 A (open diamonds) vs. AT,,, the temperature
difference between the non-magnetic atmosphere surrounding the magne-
tic elements and the HSRASP. v,,,=1kms™!, the network flux tube
model with B (t=1)=2000 G represents the atmosphere inside the flux
tube
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Fig. 5b. dain % of the same Stokes V profiles are represented in Fig. 5a
(denoted by the same symbols) vs. AT,,,

to analyse the profile entering the flux tube canopy, I have settled
for plotting the emergent Stokes I, which gets its main contribu-
tion from outside the tube under the canopy (due to the higher gas
density and generally lower temperature and correspondingly
higher neutral iron level populations there).

Figure 5b shows da vs. AT,,,. The similarity to Fig. Sa is
evident and suggests that da/dA is not significantly affected by
changing AT.,,,. It remains smaller than two for all four lines and
the considered temperatures.

In Fig. 6a W, is plotted as a function of AT,,,. §4 correlates
only partially with W, (I) of the average Stokes I profiles.
Whereas 64 increases rapidly with increasing W, (I) for W, (I)
<70 mA, it decreases again as W, (I) increases beyond this value.
A qualitatively similar effect has previously been suspected by
Skumanich and Lites (1987) and has been quantified by Sanchez
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Fig. 6a. The equivalent width of the Stokes I profiles, W, (I), in mA vs.
AT.,,. The same line profiles are represented as in Fig. 5a
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Fig. 6b. The equivalent width of the I, or integrated ¥ profile, W, (Iy), in
mA, normalised to an average field of 100 G vs. AT,,,. The same line
profiles are represented as in Fig. 5a

Almeida et al. (1989) in the framework of analytical solutions of
special cases of the transfer equations for polarized light (magne-
tic field parallel to the line of sight, Milne-Eddington atmos-
phere). It is also in general agreement with the observations (e.g.
Solanki and Stenflo, 1984; Pantellini et al., 1988). A heuristic
explanation of the qualitative behaviour of 4 as a function of W,
has been given by Grossmann-Doerth et al. (1989b). The behav-
iour is due to the line width which, for sufficiently large W,
increases rapidly with increasing W, while the saturation in the
line flanks (where Stokes V is maximal) remains essentially
unchanged. Since the relation between line width and line
strength is somewhat different for the four lines (due to different
gor values, damping constants and heights of formation), the
relation between 64 and W, (I) is also not unique, although
similar.

Keeping the above change in the trend of 4 vs. W, (I) in mind,
the behaviour of d4 of the four lines can be easily understood as a
consequence of their respective oscillator strengths and excitation
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potentials. Fe 1 5127.7 is a very weak line showing practically no
saturation at AT= + 300 K and consequently having practically
no 84 or da either. As AT,,, decreases this low excitation line
becomes stronger and its 64 and da increase proportionally.
Fe15250.2 A is stronger (larger log gf), thus having a larger 64 at
all AT,,, values, but shows a behaviour qualitatively similar to
Fe15127.7 A, it also being a low excitation line. The Fe 11 line at
5197.6 A, being relatively temperature independent, has a 64 and
da which are not greatly affected by AT,,,. Furthermore, its W, (I)
varies in a range where the change in sign of the dependence of 64
on W, takes place is it being somewhat stronger than Fel
5250.2 A. Finally, as expected for a strong low excitation line, Fe 1
5083.3 A shows a decreasing 64 and da but an increasing W, (I)
with decreasing AT, '

Although AT,,, strongly affects the equivalent width of Stokes
I, its influence on Stokes V, rather small. This is illustrated in Fig.
6b, where the equivalent width of the Iy profile, W, (Iy), is plotted
vs. AT,,,. The I profile has been arbitrarily normalised to an
average field of 100 G. Consider, for example, the highly tempera-
ture sensitive line Fe 15127.7 A. The equivalent width of its Stokes
I changes by a factor of approximately 10 between AT= + 300 K
and —600 K, while W, (Iy) changes by less than 30%. Only the
Fe 11 lines may be considered an exception to this rule. The reason
for its anomalous behaviour is not understood. Other tempera-
ture sensitive Stokes V parameters (e.g. A,+ A4, and a,+a,) are
also only slightly affected by AT.,,,. In general, at solar disk centre,
if its asymmetry is ignored, the Stokes V profile is mainly sensitive to
conditions within the magnetic features, even if many lines of sight
pass partly through both the magnetic and non-magnetic parts of
the atmosphere. However, Stokes ¥ is not completely insensitive
to the external atmosphere and future 2-D empirical models of
magnetic elements based on Stokes V profiles will have to take
this effect into account. There are two reasons for the relative
insensitivity of Stokes V to T,,, (excluding the V' asymmetry).
Firstly, Stokes V feels the external temperature only through
saturation effects. The Stokes V profile does not directly react to
changes in the level populations outside the magnetic element in
LTE. Secondly, as can be seen from Fig. 2b, for any filling factor
more than half of the contribution to the Stokes V profile
averaged over the whole magnetic element comes from the central
cylinder of the flux tube and, in LTE, does not feel the conditions
in the non-magnetic atmosphere at all. This dilutes any effect of
the external atmosphere on the averaged profile.

A comparison of Fig. 4 with Fig. 5a leads to the question why
e.g. 64 of Fe 15083.3 A behaves so differently in the two figures. In
particular, why does A4 keep increasing as AT,,, is decreased,
right down to AT, = —600 K? One reason for the difference is
that the variation in W, (I) for a given change in T}, is smaller
than for the same change in 7,,. However, the line shape must
also play a role, because the W, (I) partly overlap in the two series
of test calculations and even in these overlapping ranges the
dependence of 64 on W, (I) is quite different. A change in T},
mainly affects the line core of the profiles formed in the canopy,
since only the upper part of the atmosphere is changed, and
conversely when T.,, is varied it is mainly the line wings which are
affected. Consequently vy, (I), the Stokes I line width at half
minimum increases rapidly with decreasing T,,, but much more
slowly with T7;,. The effect on the profile shapes produced by
varying T, (solid curves) and T.,, (dashed curves) is illustrated in
Fig. 7, where vy, (I) is plotted vs. W, (I) for Fe 1 5083.3 A (squares)
and 5250.2 A (diamonds). This figure actually underestimates the

6 1 1 L 1 " 1 1 —_ 1
. o L
5 . -‘_-' =
1 Lo -
—: 47 D_{%'a:—n-ﬂ -
5 T o
. ,©
= 31 0 ™
s M |
2 4 B
1 v 1 ' 1 o I v 1 T 1 T
25 50 75 100 125 150 175
Wi(I) (mA)

Fig. 7. The width at half minimum of the Stokes I profile, v, (I), in
kms~! expressed as the Doppler width of a Gaussian having the same
half-width as the line, vs. W, (I) in mA. Fe15250.2 A is represented by
diamonds, Fe1 5083.3 A by squares. The curves produced by varying
AT.,,, are plotted dashed, those resulting from a variation of AT}, are
drawn solid. To enhance clarity symbols have not been plotted at all the
calculated points

difference in profile shapes, since it also includes profiles from the
central cylinder, which are the same for both series of calculations.
Canopy profiles are (generally) narrower in the T}, series, than in
the T,,, series. More importantly, their width remains almost
unaffected by AT;,,, so that the main mechanism for causing 64 to
decrease with increasing W, (I) does not come into play. Thus, the
difference between Figs. 4 and 5a is in line with the heuristic
explanation of the 4 (W,) dependence given by Grossmann-
Doerth et al. (1989b).

Let me now turn to a comparison with the data. First, for all
AT,,, values tried, the 64 values of the three strong lines lie much
closer to each other, and thus closer to the observations, than for
the 1-D calculations of Pahlke and Solanki (1986) and Solanki
and Pahlke (1988). One reason for this improvement is that in the
2-D model the amount of saturation in the surroundings also
decides the asymmetry. Another reason may have to do with the
abrupt changes in B and v in the present model, compared to the
more gradual gradients used in the previous investigations. The
best fit of 04 of all four lines to the data (within the observational
uncertainty) is obtained for AT, between approximately
—250 K and —350 K, i.e. when the surroundings of the magnetic
elements are rather cool compared to the average quiet sun. This
agrees well with the picture that magnetic elements are mainly
found in dark intergranular lanes (Dunn and Zirker, 1974;
Mehltretter, 1974; Muller, 1983; Title et al., 1987). Since the
amplitudes or wing areas of Stokes V are only slightly affected by
changes in T, the temperature diagnostics based on Stokes V'
are not strongly affected by T.,,. Even if T, is changed slightly to
better reproduce such diagnostics, 4 of one line relative to
another is hardly affected (cf. Fig. 4) and the results of this section
should remain valid. Thus, lowering the external temperature
has solved one of the outstanding problems. Additionally, the 64
values of multiple lines provide a relatively sensitive diagnostic of
the temperature and flow velocity in the surroundings of magne-
tic elements. Its value is enhanced if traditional Stokes V" based
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temperature diagnostics (e.g. ratios of amplitudes or wing areas of
lines of different temperature sensitivity) are used to set some
constraints on the internal temperature.

When deriving AT,,, it is generally not sufficient to limit the
calculations to a single v,,, value, as I have done so far, since the
form of the 64 vs. T, curve of a given line also depends on v,,,.
Consequently I have repeated the AT,,, series of calculations
using different v,,, and find that v, derived from the present
model for the plage data lies between 0.5—1.0 kms™!. Calcu-
lations using v,,,=0.5 kms ™! show quite a similar behaviour of
JA as a function of T, as for v, = 1.0. In particular, the data are
also best reproduced for —350< AT, < —250 K.

As pointed out by Solanki and Pahlke (1988), one problem
with 1-D models is that, on the one hand, the observed asym-
metry tends to be slightly larger in the network, while on the other
hand, the higher temperature derived for network magnetic
elements (e.g. Solanki, 1986; Keller, 1988) means that Fe I lines
calculated for the network are less saturated and therefore in
general considerably less asymmetric. This problem is greatly
mitigated in the present 2-D model, since the temperature outside
the magnetic elements now plays an important role. However, a
larger 04 in the network still implies that the downflow velocity
around the network elements is larger than around the plage
elements (1.0—1.5kms™1).

This conclusion does not necessarily contradict the observ-
ations of Brandt and Solanki (1989), who note that the parts of the
Stokes I line bisectors near the continuum are more redshifted in
regions with larger magnetic filling factars. For example, if the
granular downflow is enhanced by the presence of magnetic
features (e.g. by an additional baroclinic flow around the mag-
netic elements, as predicted by Deinzer et al., 1984b), then the 3—4
times larger filling factor in the active region implies that Stokes I
observations there will see much more of the enhanced downflow
than in the network. Even a simple decrease in the temperature
contrast between granule centres and the intergranular lanes
(abnormal granulation, Dunn and Zirker, 1974) can readily
explain the Stokes I line bisector observations, without affecting
the Stokes V results. This is an example of how Stokes I and V
differ in their diagnostic content, since they sample the light
produced in an active region quite differently. Therefore, the
combined study of Stokes I and V asymmetry may provide more
information on the interaction of the magnetic field with con-
vection, than may otherwise be obtainable.

4. Results of models with velocities inside
and outside the magnetic elements

The model constructed so far has had some marked success: It
can reproduce the 4 and zero-crossing wavelengths of lines with
widely different properties using a physically plausible magnetic
structure and reasonable values for B, T, T.,, and v.,,. But two
problems remain. The calculated Stokes ¥ width and the da/d6A4
ratio are both too small as compared to the observations. The
most obvious remaining extension of the model is the introduc-
tion of non-stationary mass motions within the magnetic ele-
ments. These are a means of broadening the Stokes V profiles and
should resolve at least one of the problems. In addition, there is
observational evidence for the notion that internal motions may
be responsible for a considerable fraction of da. From an analysis
of observed profiles Solanki (1985, 1986) found a strong correla-
tion between Stokes V' broadening velocity and the absolute
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amplitude asymmetry, a,—a,, suggesting an at least partially
common cause for da and Stokes ¥ width. The investigation of
the influence of such motions on the Stokes V' asymmetry in
combination with motions outside the magnetic elements is the
subject of the present section. Throughout it only models with
AT,,,= —300 K are considered, in agreement with the results of
Sect. 3.

4.1. Models incorporating micro- and macroturbulence

Until now the influence of non-stationary mass-motions on
Stokes V profiles has generally been modelled by broadening the
calculated profiles with a mactoturbulence velocity distribution,
or a combination of macro- and microturbulence (e.g. Solanki,
1986; Solanki et al., 1987; Lites et al.,, 1988). Although this is a
highly idealised approximation and the physical interpretation of
a macroturbulence broadening of Stokes ¥ in a 2-D model is
unclear, to say the least, it has been successful in reproducing the
observed line widths in 1-D models. Therefore, I have convoluted
the calculated Stokes V profiles with various Gaussian macro-
turbulence distributions, here denoted by their e-folding width,
the macroturbulence velocity &,,,.. Various values of the micro-
turbulence & ;. both inside and outside the tube have also been
tried.

As expected, the Stokes ¥ widths increase with increasing
turbulence velocity and can be made to reproduce the data
arbitrarily accurately by convoluting each line with a macro-
turbulent velocity of the appropriate magnitude. The influnce on
the Stokes ¥ asymmetry has already been discussed in detail by
Solanki and Stenflo (1986), since a Gaussian macroturbulent
velocity distribution acts in formally the same manner as broad-
ening by a Gaussian instrumental profile of the same width. As
their results show, with increasing &.,. dA increases, da/dA
decreases (for ¢&,,. values which do not produce too broad V
profiles) and the zero-crossing wavelength is shifted increasingly
towards the red. A simple macroturbulence alone improves the fit
to the line width, but worsens it to the da/dA4 ratio and must,
therefore, be rejected.

In general, increasing & ;. strongly reduces 64 and da. Since
¢mic mainly broadens the line profile, this counts as further
support for the result of Grossmann-Doerth et al. (1989b) that 54
for weakly Zeeman split lines decreases when the line width
becomes large compared to the velocity induced shift of the
absorption coefficients. Also, the microturbulence outside the
magnetic elements appears to have a larger effect on the Stokes V'
asymmetry than the &,  inside. This can be explained by recalling
that & ;. outside the magnetic element mainly broadens the line
flanks, where Stokes V is largest, while the internal ¢ ;. mainly
affects the line core. Values of & ;. which result in realistic widths
of Stokes V profiles (ie. &, $3.0kms™!) cannot improve the
correspondence of da/d4 to the observations.

The inability of ;. and &, to improve the correspondence
with the data suggests that not all of the non-thermal, non-
magnetic broadening of Stokes ¥ observed outside sunspots can
be truly turbulent in nature.

4.2. A simple oscillatory or wave-like model

In a next step I have constructed a very simple two time-
component model of a flux tube wave or oscillation, whose basics
are described in Sect. 2.1. For the calculation of the line profiles
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the same atmosphere is used in both phases. However, when
adding the two phases together to produce the time-averaged
Stokes V (which is the proper Stokes V profile to compare with
time averaged or low spatial resolution data), the profiles result-
ing from the two phases can be weighted differently to reflect, in a
crude manner, e.g. differences in thermal structure between the
upflowing and downflowing phases. Such differences could arise
through, for example, radiative damping of longitudinal tube
waves or overstable oscillations (e.g. Webb and Roberts, 1980,
Hasan, 1985). The extreme case when the weight of one of the
phases becomes zero corresponds to a pure stationary up- or
downflow. The approach outlined above is not self-consistent. It
would be physically more realistic to keep the weights of both
components fixed and instead vary their temperatures, but this
would increase the computational requirements by an order of
magnitude. Since a more comprehensive treatment of flux tube
waves involving the solution of the linearised MHD equations is
currently underway, no strong reason for this additional compli-
cation is felt.

Although this model is primitive, it does contain some of the
main features of the influence of waves on Stokes ¥ profiles in flux
tubes. Note also that the two components (or phases) of the
present simple model need not reflect two different times, al-
though for simplicity this will generally be assumed in the present
paper. Since many magnetic elements are present within the
resolution element of the FTS observations, the model can also be
interpreted in terms of two different flux tubes, one harbouring a
stationary upflow, the other a stationary downflow. On
average the total mass flux must be close to zero in reality. This
condition is fulfilled by e.g., siphon flows (Hasan and Schiissler,
1985; Thomas, 1988; Montesinos and Thomas, 1989).

In the rest of this section I investigate the influence on Stokes
V of such “two component waves” in the flux tube with different
velocity amplitudes and with different weightings of the up- and
downflow phases. These waves are considered on their own and
in combination with downflows outside the flux tube. As pointed
outin Sect. 3.1, adding two unequally weighted and shifted Stokes
V profiles can easily produce a resulting Stokes V profile with a
significant da, even if both the original profiles are antisymmetric.
The type of calculations presented in this section should therefore
influence da considerably. However, introducing a velocity in the
tube (even a velocity independent of height) generally also leads to
the creation of an area asymmetry of Stokes V, due to the
presence of the jump in B and v,,,, at the boundary of the flux tube
canopy. In contrast to the case of an external flow, for an internal
velocity 4>0 is produced by an upflow (cf, e.g, Eq. (2) of
Solanki and Pahlke, 1988) and the Stokes V zero-crossing
wavelength is shifted. When an external downflow is also present
then it is the difference between the two velocities which is
responsible for 64 and a part of da.

Some of the results are illustrated in Figs. 8, 9 and 10. In
Fig. 8a the ratio da/64 of Fe15250.2 A is plotted vs. the weight,
w,, given to the Stokes V profile resulting from the upflow phase.
w, is normalised such that the sum of the weights of both phases is
always unity. For the four curves plotted in the figure the “wave
amplitude” is kept fixed at 1 kms™!, ie. v;,,= + 1 kms™!, while
v, varies, being 0.0 kms~! (squares), 0.5kms™! (triangles),
1.0 kms ™! (circles) and 1.5 kms™! (diamonds), respectively. The
curves have only been plotted for those values of w, for which
0a/6A>0 and §4>0. As can be seen, all da/6A4 values below
approximately 2.7 can be produced with this v;,. The da/éA

Wy

Fig. 8a. The ratio da/64 of the Stokes ¥ profile of Fe 15250.2 A averaged
between r=0 and r=4 vs. w,, the weight of the internal upflow velocity
component. w, =1 signifies that only an upflow is present, while w,=0.5
means that up- and downflows have equal weight. The atmosphere within
the flux tube is represented by the network model with B (t=1)=2000 G,
while AT,,,= —300 K. v;,,= +1kms™! for all the plotted curves, while
Ve =0kms ™! (squares), 0.5 kms~! (triangles), 1.0 kms~! (circles) and
1.5kms™! (diamonds). Only those points have been plotted for which
both da and 54 are positive. Note that for v,,, =0, da/dA4 is undefined at
w,=0.5. The horizontal dashed lines represent the observations

"

6a/6A

Fig. 8b. The same as Fig. 8a for Fe15083.3 A

variation can easily be understood. Since a height independent
i has been chosen, only the canopy rays give a contribution to
the 04 of the averaged Stokes V profile, whereas the profiles
formed along all rays contribute to the average da for w, #0, 1.
Therefore the influence of the “wave” on da is considerably larger
than on 4, so that the da/d A ratio of the spatially and temporally
averaged Stokes V profile can be strongly altered. Fig. 8b shows
the same parameters as Fig. 8a for Fe 1 5083.3 A. Both lines show
qualitatively the same behaviour, although da/84 of Fe 15083.3 A
can be enhanced much more than of Fe1 5250.2 A, in general
agreement with the data. Interestingly, the larger 6a/6A4 values are
always produced when the upflow component is more strongly
weighted.

The observations lie between the two horizontal dashed lines.
For the illustrated v;,, the calculations fall into this area only for
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relatively small v,,, values (< 0.5 kms™?). The da/d A observations
of both lines can be approximately reproduced by the model with
V.q=0.5kms™! between w,~0.55 and w,~0.65 and by the
model with v,,,=0 for 0.7<w,<0.8. The case of v,,=0 is
particularly interesting, since it is the case of a pure wave or
oscillation. By studying this case the suggestion made by Solanki
and Stenflo (1984) can be tested that waves or overstable oscil-
lations inside magnetic elements are the dominant source of the
Stokes V asymmetry. But first, let me briefly discuss the influence
of the two time-component wave on the Stokes ¥ zero-crossing
wavelength and the line width.

Unfortunately, the zero-crossing wavelength is no longer
conserved when the up- and downflow phases are not equally
weighted. Zero-crossing wavelength shifts are minute when the
weighting of the two phases is nearly the same and have exactly
the value of v,,, when only one of the two phases is present,
irrespective of v,,. This result can be proved for a height
independent v,,, with a similar argument as used by Grossmann-
Doerth et al. (1988, 1989b) to prove that flows outside magnetic
elements do not shift Stokes V.

The zero-crossing wavelength shifts of Fe1 5083.3 A and
5250.2 A in velocity units, v; = c (Ady — 40)/40, are plotted vs. w, in
Fig. 9 for v,,,=0. Not surprisingly the averaged V profiles are
unshifted for w,=0.5. Also, all four cases plotted in Fig. 8 (v,
=0.0, 0.5, 1.0 and 1.5) give rather similar v, curves. Only one
curve for each spectral line has been plotted, since it is unclear
whether the minor differences between the curves of the four cases
are real or only numerical artefacts. Due to the antisymmetry of
these two curves around w,=0.5 only half of the w, range has
been plotted. As can be seen from Fig. 9 the observational upper
limit of +250 ms ™! on v, (marked by the horizontal dashed line)
implies that only calculations with w, values between approxi-
mately 0.4 and 0.6 need be considered further, as far as a
comparison with the observational data is concerned. The fact
that the observed da/dA values are better reproduced when the
upflow is more strongly weighted means that the resulting Stokes
V proriles are somewhat blueshifted. For Fe1 5250.2 A the
blueshift of the profile with the da/6A value closest to the
observations is approximately 150-250 ms ™! (v, =0.5 kms™1),
and lies just below the upper limit set by the observations (e.g.,
Solanki, 1986). For Fe 1 5083.3 A, the blueshift of the correspond-
ing profile is considerably smaller (50-100 ms™?).

The width of the I profile as a function of w, is plotted in
Fig. 10 for Fe15250.2 A and for three different v,,, values: v;, =
+0.5kms™! (squares), +1.0kms~! (circles) and +1.5kms™!
(triangles). v,,,=0.5 kms ™! for all three curves. vy, (Iy) is largest
close to w,=0.5, i.e. when up- and downflow are given almost, but
not necessarily quite equal weight. As expected, the Stokes V line
widths increase with increasing “wave” amplitude. w, = 1.0 (pure
internal upflow) forms an exception, with vy, (Iy) decreasing as v;,,
is increased. A similar effect was noted for a purely external flow
(Sect. 3.1). For v;,,= + 1.5 kms ™! the largest I, width agrees well
with the observed value (this is also true for the Fe1 5083.3 A
width for the same model). Note that some difference is expected
between this v,,, value and the £, values obtained from fits to
Stokes V or Iy, since a ¢, velocity distribution generally has a
Gaussian or Voigt profile form with a large weight being given to
small velocities. To achieve the broadening produced by a given
Ui @ larger £, value is required.

Let me now return to the case of v,,,=0. It follows from Fig. 8
that the calculated da/d A ratio is much too large for both lines in
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0.6 0.7

w,

Fig. 9. The Stokes V zero-crossing shift, v, in km s~ vs. w,. v, =c(dy
—Ao)/Ao, Where Ay is the Stokes ¥ zero-crossing wavelength, 4, is the
unshifted standard wavelength of the line and ¢ is the speed of light.
Squares: Fe1 5083.3 A, diamonds: Fe1 52502 A. The atmospheric
parameters are the same as in Fig. 8a, with v,,,=0. Other v,,, values give
similar curves. Due to the antisymmetry of these curves only w, >0.5 has
been shown. The observational upper limit on |v,| is represented by the
dashed line

vp(ly) (kms™')

Wy

Fig. 10. Line width of the Iy profile, vy (Iy) of Fe 15250.2 A,inkms™!vs.
w,. For the plotted curves v,,=0.5kms™*, while v, has the values
0.5kms™! (squares), 1.0 kms™! (circles) and 1.5 kms™? (triangles). Note
that although for most w, values vy, (Iy) increases with increasing v,,,, for
w, =1 (i.e. a pure upflow in the magnetic element) the opposite is the case.
The observations are represented by the horizontal dashed line

the w, range allowed by the zero-crossing wavelength
(0.4 S w, $0.6). In addition, 44 itself is much too small in this w,
range for v;,,=1kms~!. Considerably larger v, are required to
match the observed values of 54, but these then increase the zero-
crossing shifts and the line widths at a given w,. These calcu-
lations therefore suggest that a model with a wave or oscillation
in the tube alone would have great difficulty in reproducing the
data, without the additional presence of an external downflow.
Conversely, as shown in Sect. 3, an external downflow alone is not
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sufficient either. Consequently, a combination of an internal
wave-like motion and an external downflow is necessary.

In summary, it has been possible to greatly enhance the fit to
both da/é6A4 and to vy, (Iy) by combining appropriate v,,, and v;,,
values. An external downflow of approximately 0.5—1.0 kms™*
and an internal wave of amplitude between 1kms™' and
1.5 kms ™! with a weight of the upflow phase, w,, of 0.55-0.6 are
required to reproduce of the plage data. The network data may
require larger v,,, amplitudes. The smaller S/N in that dataset
makes the determined values more uncertain. However, despite
the success of the model, there are still some problems. For
example, the parameters which reproduce the data for Fe 1 5250.2
and 5083.3 A, do not enhance da/34 of Fe 11 5197.6 A sufficiently.
It only reaches a value of approximately 3 instead of the observed
4-6. The blueshift of Fe15250.2 A is also somewhat uncomfort-
able. A simple possible solution of this last problem makes use of
a finite flux tube boundary. In all the models considered here the
boundary of the flux tube was made extremely thin and care was
taken that v,,, and B do not overlap in this layer. In reality, this
need not be so. A boundary layer of approximately 10 km
thickness is expected to be present (see Schiissler, 1986), over
which B and v,,, may overlap, leading to a slight redshift of
Stokes V. Whether this effect is sufficiently strong to counteract
the blueshift, remains to be seen, since it acts on the canopy
profiles only. Of course, the remaining problems may simply be a
result of the primitive “wave” model used in the present study.

4.3. Two-dimensional vs. one-dimensional models

The present calculations demonstrate the importance of 2-D
models and line profile calculations along multiple rays for any
attempt to quantitatively reproduce the observed Stokes V
asymmetry observed outside sunspots. The importance of 2-D
models for the broad-band circular polarization observed in
sunspots is already well established (e.g., Landmann and Finn,
1979; Henson and Kem'ﬁ, 1984; Makita, 1986; Skumanich and
Lites, 1987). However, despite this and the pioneering efforts of
Caccin and Severino (1979), Rees and Semel (1979) and Van
Ballegooijen (1985a), most line profile calculations in magnetic
elements have been carried out using 1-D models. 1-D flux tube
models, like those of Solanki and Pahlke (1988) and Sanchez
Almeida et al. (1988, 1989), miss one of the major sources of
Stokes ¥ asymmetry in magnetic elements, namely the large B
and v gradients at the lower boundary of the canopy. This reflects
unsuitably on the reliability of results obtained by 1-D models
even if only velocities inside magnetic elements are assumed to be
present in the model!

As an illustration I consider an upflow within a flux tube with
the classical field geometry (expansion with height). Let, for
simplicity, the upflow velocity be constant with height and let
Ve =0. In the typical 1-D model, which takes the axis of the flux
tube to be representative of the whole structure, the Stokes V'
profiles will be shifted by an amount corresponding to this
upflow, but they will remain exactly antisymmetric. In a proper 2-
D model, the Stokes V profile averaged over multiple rays (or
multiple lines-of-sight) show a substantial asymmetry, due to the
combined B and v;, gradients at the canopy boundary. For
example, if v;,,=—1kms™, v,,=0 and AT,,,= —300K, then
for Fe15250.2 A and 5083.3 A, 84 values of around 8-9% are
obtained. These values are of the order of the observed 4 or even
somewhat larger. The presence of a flux tube boundary obviously

has a major effect on the asymmetry of the Stokes ¥ profile and its
neglection makes the results of 1-D calculations of, at the most,
qualitative interest.

5. Discussion and conclusion

In the present paper the origin of the Stokes V asymmetry
observed near disk centre in solar active regions and in the quiet
network is studied with the help of a 2-D flux tube model of solar
magnetic elements. The model incorporates the expansion of the
magnetic field with height. It is shown that the observed relative
area and amplitude asymmetry, the zero-crossing wavelengths
and the widths of four Fe 1 and 11 Stokes V profiles belonging to
lines with widely different properties can be reproduced relatively
well within the framework of this model if it incorporates the
following three features. Firstly, a downflow is present in the
immediate sprroundings of the magnetic elements. Secondly, this
downflowing region is cooler than the quiet sun. Thirdly, an
oscillatory or wave-like motion is present within the magnetic
elements. Since the thermal and magnetic structures of the model
are empirically derived, this implies that the same model effec-
tively also reproduces a host of other line parameters (e.g.
magnetic and thermal line ratios, Zeeman splitting of infrared
lines etc.).

The sensitivity of the Stokes ¥ asymmetry to the thermal and
velocity structure in and around solar magnetic elements is also
demonstrated. It has revealed itself to be the Stokes V' line
parameter most sensitive to the atmosphere in the vicinity of
magnetic elements. When combined with other diagnostics, like
the Stokes V line width and zero-crossing wavelength, it also
becomes a powerful diagnostic of the mass-motions inside the
magnetic elements. This diagnostic capability has been used to
derive, for the first time, values of the temperature and velocity in
the immediate surroundings of magnetic elements at the height of
line formation. It is found that this region is approximately
250-350 K cooler than the average quiet sun and contains a
downflow of 0.5—1.5kms™ ! near the walls of the magnetic
elements. Information on regions further away from the magnetic
element cannot be derived from Stokes V. The present analysis
also provides, to my mind, the strongest observational support so
far for the presence of large amplitude waves or oscillations inside
magnetic elements. A velocity amplitude of 1—1.5kms™?! is
derived for the oscillatory or wave-like motion within the tube on
the basis of a simple two time-component model. It is expected
that the true wave amplitude is larger, since it must compensate
for the larger weighting of small velocities in a sinusoidal wave, so
that the true wave amplitude possibly lies between 1 and
3 kms™ 1. The observations also suggest that the temperature in
the upflowing and downflowing phases is probably not the same.
Such a difference may be produced, for example, by radiative
damping of the wave. These results must be considered prelimi-
nary, since most of the calculations carried out here are ex-
ploratory in nature and I have often been satisfied with repro-
ducing the data only approximately.

Steep gradients in magnetic field strength, B, and velocity, v,
extending over a short height in the atmosphere are found to be
very efficient in produeing 64, more efficient than gentler
gradients extending over larger heights, which have generally
been studied in the past. Consequently, the success of the 2-D
model also provides further (indirect) support for current sheet
bounded flux tube models of solar magnetic elements (e.g. Spruit,
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1976; Deinzer et al., 1984b; Steiner et al., 1986; Knolker et al.,
1988; Steiner and Pizzo, 1989), as opposed to models with a
gradual horizontal decline in field strength and often no fixed
boundary (e.g. Solanki, 1982; Osherovich et al., 1983; Steiner et
al., 1986). This is in agreement with the empirical results of Zayer
et al. (1989) and Solanki et al. (1989).

One consequence of the current analysis is that it shows the
importance of 2-D models, at least as far as the Stokes V'
asymmetry is concerned. As pointed out earlier by Van Balle-
gooijen (1985a, b), the true influence of the atmosphere, and in
particular the velocity, outside the magnetic elements on the
Stokes V profile can only be judged in 2-D models. In addition, it
is demonstrated in Sect. 4.3 that a 2-D model is essential for obtain-
ing the quantitatively correct Stokes V' asymmetry, even if only
velocities within the magnetic elements are considered. Neglect-
ing the expansion of the field and the steep gradients in B and v at
its boundary to the external medium, as has generally been done
in the past (e.g. Solanki and Pahlke, 1988; Sanchez Almeida et al.,
1988, 1989) seriously affects the results, so that 1-D calculations of
the Stokes ¥ asymmetry are of qualitative value only. However, in
many other respects Stokes ¥ shows itself to be rather insensitive
to conditions outside the magnetic elements. For example, Stokes
V width reacts only mildly to external velocity amplitudes,
distributions and gradients. Also, the Stokes ¥ wing amplitudes
and areas, as well as the I, equivalent width, react relatively
feebly to the external temperature, compared to their reaction to
the internal temperature. This suggests that for some purposes,
for which F asymmetry is unimportant and the Zeeman splitting
is not too large (cf. Zayer et al., 1989; Grossmann-Doerth et al.,
1989a), 1-D models may serve a useful role at solar disk centre.
However, it is important to realise that if } profiles of lines formed
at different heights are to be compared with each other in a 1-D
model, then generally a B independent of height must be chosen,
or incorrect results may be obtained (since ¥ is proportional to
the magnetic flux at the height of line formation, which, for small
Zeeman splitting and a 1-D model, is in turn proportional to the
field strength).

Let me now list some of the advantages and successes of the
present model.

— An area asymmetry (6A4) of the observed magnitude can be
reproduced with reasonable values of the downflow velocity in
the surroundings of the magnetic elements (0.5—1.5kms™1),

— Near disk centre, the detailed form of the velocity profile is
not very important as long as the boundary of the magnetic
element is relatively well defined and the velocity has, on average,
the right value within a distance of a contribution function width
from the flux tube boundary.

— In contrast to models with stationary flows within the flux
tubes, mass conservation is no problem, and the proper area
asymmetry can be reproduced without any zero-crossing shift if
only downflows outside the model are considered (Grossmann-
Doerth et al., 1988, 1989b). The zero-crossing shifts can still be
kept to a reasonably small value, even if a sizeable part of the
amplitude asymmetry is produced by motions within the magne-
tic elements.

— The present calculation of Stokes V" asymmetry in magne-
tic elements is the first which takes the conservation of magnetic
flux explicitely into account.

— The field strength and temperature stratifications within the
model flux tube have not been chosen in an adhoc manner, but
are based on comparisons with other Stokes V' parameters
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(Solanki, 1986; Solanki et al., 1987, 1989; Zayer et al., 1989). The
present model, therefore, fulfills a wide variety of observational
constraints.

— The information on the structure of the magnetic elements
and their surroundings derived from the present analysis agrees
well with the knowledge obtained from magnetograms, filter-
grams and white light images. Thus, the correlation between
magnetograms, Dopplergrams and continuum pictures seen by
Title et al. (1987) led them to conclude that magnetic elements are
preferrably located in dark and downflowing intergranular lanes.
Earlier, various authors had noted the correlation between
filigree and dark intergranular lanes (e.g. Mehltretter, 1974; Dunn
and Zirker, 1974) and between continuum bright points and dark
lanes (Muller, 1983; Von der Liihe, 1989). In contrast to the
above observations the Stokes V' asymmetry is a quantitative
diagnostic, i.e. it can be used to derive the temperature and
downflow velocity in the intergranular lanes close to the magnetic
elements.

The present results also strengthen the observational case for
the presence of oscillations or waves within magnetic elements.
Earlier observational evidence has been somewhat equivocal.
Direct observations have been restricted to either 5 minute
oscillations, or small amplitude waves excited by these oscil-
lations (Giovanelli et al., 1978; Wiehr, 1985; cf. Roberts, 1983), so
that line broadening has previously constituted the only (indirect)
evidence for large amplitude non-stationary mass motions
(Solanki, 1986). The large Stokes V 0a/0A ratio provides
additional evidence for the presence of non-stationary mass
motions, since it explicitly reqdires up- and downflow phases,
and cannot be explained simply by turbulent broadening.

— The picture of solar magnetic elements emerging from the
present use of the Stokes 7 asymmetry as a diagnostic is highly
appealing, since it fits in very well with out present theoretical
understanding of such structure (cf. e.g. Spruit, 1983; Spruit and
Roberts, 1983; Schiissler, 1986, 1987; Solanki, 1987b, for reviews).
Theoretically, a magnetic element expands with height and the
granular flow field is expected to concentrate field lines into the
intergranular lanes (cf. Nordlund, 1983, 1986). This is also the
most suitable place for the initial downflow leading to a con-
vective collapse and the resulting kG field strengths (e.g. Parker,
1978; Webb and Roberts, 1978; Spruit, 1979, Hasan, 1985). A
cooling of the flux tube surroundings is expected directly due to
the influx of radiation into the tube (Deinzer et al., 1984b;
Grossmann-Doerth et al., 1989a; Steiner, 1989). This cooling also
drives a baroclinic flow, which is mainly a downflow in the
vicinity of the magnetic elements (Deinzer et al., 1984b). Finally,
oscillations and waves within magnetic elements have often been
proposed on theoretical grounds. Flux tube waves are among the
main contenders to heat the chromosphere and the corona (e.g.,
Cram .and Damé, 1983; Herbold et al, 1985; Zahringer and
Ulmschneider, 1987; Rammacher and Ulmschneider, 1989; cf.
Spruit and Roberts, 1983, for a review). Waves have been
calculated in flux tubes by a number of authors (for reviews see
e.g. Roberts, 1984, 1986, Thomas, 1985; Ulmschneider and Muc-
hmore, 1986). Overstable oscillations have also been considered
in detail theoretically. They are expected to be produced auto-
matically as the final stage of the convective collapse (Spruit,
1979; Hasan, 1984, 1985).

The present model calculations also have some weaknesses.
For example, a considerably larger number of lines must be
considered if more accurate values of Ty, v, €tc. are to be
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derived. Very probably T.,, (7) is not parallel to Tygra (%) as has
been assumed here. Even T, (7) is not entirely certain (cf. e.g.,
Solanki, 1987a; Keller, 1988) and other models will also have to
be considered in future. Furthermore, in the present models a
temperature-jump is present at the flux tube boundary which is
artificial and may affect the results. However, the main short-
coming is the rather simple treatment of the non-stationary mass-
motions inside the magnetic element. A two component, height
independent velocity probably constitutes only a rudimentary
description of nature, and a more physically consistent model is
required. Calculations with longitudinal tube waves (cf. Roberts
and Webb, 1979; Webb and Roberts, 1980; Roberts, 1983), whose
amplitudes depend on height form an important next step.
Indeed, our knowledge of the influence of waves in general on the
Stokes profiles (other than Stokes I) is practically non-existent.
Such an investigation is currently underway and will be the
subject of a future publication. The present model and the low
spatial resolution FTS data also cannot decide between truly
non-stationary motions or a distribution of stationary up- and
downflows (e.g. siphon flows, as studied by Thomas, 1988). In
view of these shortcomings and the fact that the calculations
carried out here must in many ways be considered exploratory, it
is hardly surprising that not all the line parameters of all the lines
are equally well reproduced. For example, the calculated da/dA
value of Fe 11 5197.6 A still falls somewhat short of the observed
value.

It must also be noted that the properties derived from the
asymmetry of relatively low spatial resolution Stokes V profiles
refer only to some average over an ensemble of magnetic
elements. The velocities in and around individual elements may
depart considerably from this mean. Also, the relative insensitiv-
ity of the asymmetry to the details of the external velocity
constitutes a disadvantage as far as the diagnosis of the same
detailed external velocity structure is concerned.

There are still a number of questions left unanswered by the
present analysis. Some of them concern our basic understanding
of how the Stokes ¥ asymmetry is produced in a complex 2-D
situation. One question which has not been addressed at all in the
present paper is the striking centre to limb variation (CLV) of the
Stokes V asymmetry. 4 and da both change sign near the limb
(Stenflo et al., 1987a; Pantellini et al., 1988). At least three different
mechanisms come to mind whereby the sign of the asymmetry can
be reversed near the limb without contradicting the disk centre
results of the present model. The CLV may be a result of seeing
higher in the atmosphere near the limb. This can change the sign
of 64 if the external flow velocity changes sign at greater heights
(i.e. it becomes an upflow closer to the temperature minimum
level). Another feature which may produce the observed effect is a
horizontal component of the velocity (e.g. an inflow towards the
magnetic element). Finally, the CLV of 4 may to a large extent
simply be due to the different angle between the field and the line
of sight near the limb (cf. Auer and Heasley, 1978; Skumanich and
Lites, 1987).
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