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Abstract. Stokes I and V profiles of 1.56um lines are observed
in sunspots and their surroundings near the solar limb. An anal-
ysis of these observations confirms that the magnetic field of
the sunspots continues beyond their visible boundaries in the
form of an extensive, low-lying (superpenumbral) canopy. We
also find that the V profiles, which are only formed above the
canopy base, exhibit the Evershed effect with line shifts of 0.5—
2 km s~!, while the non-magnetic material below the canopy is
at rest. The deduced geometry of the flow outside the sunspot
suggests a resolution of the long standing dispute about the ex-
istence or not of an Evershed flow outside the visible sunspot. In
addition, the low density of the gas above the canopy base im-
plies that the mass flux in the magnetic canopy is much smaller
(= 10%) than the mass flux in the penumbra, where the 1.5 yum
lines exhibit wavelength shifts of approximately 4 km s~!. The
present observations cast doubt on the standard interpretation
of the photospheric Evershed effect in terms of a steady flow, in
particular if it is driven by the siphon-flow mechanism.

Key words: sunspots — Sun: magnetic fields — Sun: activity —
Sun: infrared

1. Introduction

The Evershed effect, i.e. systematic shifts and asymmetries of
spectral lines in sunspot penumbrae (e.g. Evershed 1909; St.
John 1913; Maltby 1964; Schroter 1965; Bhatnagar 1967), re-
mains one of the more enigmatic phenomena related to sunspots.
It is generally thought to be produced by a steady horizontal out-
flow of material in the photospheric layers of penumbrae (e.g.
Meyer & Schmidt 1968; Montesinos & Thomas 1993; Thomas
& Montesinos 1993). Recently, the discovery that the penumbral
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field is uncombed, i.e. organized in filaments of different incli-
nation (Degenhardt & Wiehr 1991; Schmidt et al. 1992; Title et
al. 1993; Lites et al. 1993) has provided a natural solution for
the problem that the field lines are, on average, inclined while
the flow is almost horizontal. Other problems associated with
the Evershed effect still await a definitive solution. For exam-
ple, a number of investigators present convincing observations
suggesting that the Evershed effect ends abruptly at the sunspot
boundary (e.g. Brekke & Maltby 1963; Wiehr et al. 1986; Wiehr
& Balthasar 1989; Schroter et al. 1989; Title et al. 1992, 1993;
Wiehr & Degenhardt 1992; cf. Fig. 5 of Johannesson 1993),
while others argue equally convincingly that it continues be-
yond the visible sunspot boundary (e.g. Sheeley 1972; Kiiveler
& Wiehr 1985; Dialetis et al. 1985; Alissandrakis et al. 1988,;
Dere et al. 1990; Borner & Kneer 1992).

Practically all previous observations have been restricted to
visible spectra in unpolarized light. An exception is the investi-
gation of McPherson et al. (1992), who detected Evershed line
shifts at 1.56 pm, but did not analyse them in detail. Although
Title et al. (1993) do analyse magnetograms, they determine line
shifts from unpolarized filtergrams.

In the present paper we introduce two new aspects to the
observational study of the Evershed effect; we analyze both
Stokes I and V' spectra and we investigate two lines at 1.56
pm in detail (namely the Landé g = 3, Fe I 1.5648 pm and
gett = 1.53, Fe I 1.5653 pm lines; see Solanki et al. 1992a,
Paper II of the present series, for details). Due to the extremely
high Zeeman sensitivity of the g = 3 line (three times larger than
of the most sensitive lines in the visible), it is possible to follow
the magnetic field beyond the visible sunspot in the V' profiles
and to search for the associated Evershed effect. Our data not
only allow us to resolve the above-mentioned controversy, they
also give us the opportunity to compare the mass flux in the
penumbra and the superpenumbra. Another advantage of the
chosen lines is their low height of formation in the penumbra,
at a level at which the Evershed signal is largest.

The present observations are, however, restricted to a single
slice through the sunspots and thus susceptible to asymmetries
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Fig. 1. Detail of the Kitt Peak magnetogram for 11th Oct, 1990 showing
the observed sunspots and the direction of the slice

present in the Evershed flow field. Nevertheless, we do not ex-
pect such asymmetries to qualitatively affect our conclusions.

2. Observational data and method of analysis

Stokes I + V of the two lines near 1.565 pm were obtained at a
time of reasonably good seeing on 11th Oct, 1990 with the Mc-
Math telescope, vertical spectrograph and Baboquivari detector
along a slice passing almost radially through two sunspots near
the south-eastern solar limb (1 = cos 8 varied between approxi-
mately 0.6 and 0.5 in the two sunspots). Both spots had the same
polarity. They were leading spots of active region NOAA 6314.
A magnetogram of the observed region, with the positions of the
two sunspots and the direction of the slice indicated, is shown
in Fig. 1.

We reduced the data by determining Stokes / and V' from
the observed spectra, removing the I to V' cross-talk and
Fourier smoothing the oversampled spectra. The wavelength
was calibrated using a weak, telluric doublet at 15654.49A and
15654.76A (Bhatnagar, private communication, cf. Livingston
& Wallace 1991). L. Wallace (private communication) has iden-
tified the two lines with water vapor transitions. Additional de-
tails on the instrumentation, observing procedure and data re-
duction are given by Livingston (1991) and in Paper II. Profiles
were attributed to the umbra, penumbra or the non-spot sur-
roundings by noting the position of the entrance aperture at the
time of observation. Later we tested and confirmed this classifi-
cation by considering the depth of the Fe I 15646.24 line in the
various spectra. The depth of this line increases almost linearly
with decreasing temperature (except at very low temperatures,
Montavon 1992; cf. Figs. 4-6 of Solanki et al. 1992b, hereafter
called Paper V).

Stackplots of the observed Stokes I and V profiles are shown
in Fig. 2. The profiles exhibit the usual features of these lines

S.K. Solanki et al.: Infrared lines as probes of solar magnetic features. VII

observed in sunspots, e.g. the very large splitting of the g = 3
line and the appearance of molecular blends to the g = 1.53
line in the umbra (spectra 510 and 16-19), or the presence of
weak V profiles well outside the visible boundary of the sunspot
(e.g. spectra 23-27). In addition, there are some features which
are due to the proximity of the limb, e.g., polarity inversions
(profiles Nos. 10~12 in the limbside penumbra of the 1 =~ 0.6
spot, hereafter referred to as Spot 1, and profiles Nos. 18-19 in
the umbra of the i1 =~ 0.5 spot, referred to as Spot 2) or highly
asymmetric Stokes I profiles in the penumbrae (see, e.g., the
¢ = 3 line in spectra 15 and 21). This asymmetry is the most
obvious sign of the Evershed effect. The positions of the polarity
inversions are consistent with the measured field inclinations in
sunspots (e.g. Kawakami 1983; Lites & Skumanich 1990; Adam
1990, Paper V; cf. the compilations by Solanki 1990 and Solanki
& Schmidt 1993).

Cross-talk into Stokes V' due to the telescope is small, as can
be judged by considering profile No. 18, at the apparent polarity
inversion line in the sunspot umbra: Although the V profile is
small, it is antisymmetric. The other Stokes parameters are all
symmetric and, for magnetic inclination angle v = 90°, consid-
erably larger than V (particularly for the g = 3 line, see Paper
II). A significant cross-talk would thus immediately introduce
a large symmetric component into V. We estimate that the total
uncompensated cross-talk into Stokes V' is less than 5% of the
v/ Q% + U? signal.

We determine magnetic field strength and inclination, veloc-
ity shift and broadening, non-magnetic stray-light and tempera-
ture from these data using an inversion technique, i.e. by fitting
the observed profiles with synthetic profiles that are solutions of
the Unno-Rachkovsky equations in realistic atmospheres. The
inversion code used here is similar to the ones described by
Keller et al. (1990) and Ruiz Cobo & Del Toro Iniesta (1992)
in that it makes no assumptions regarding the line formation
(except for LTE) and can return complex stratifications of the
velocity, magnetic vector, temperature, etc., if the correct param-
eterization is chosen. This is in contrast to the Milne-Eddington
based models, which can either return only longitudinally aver-
aged quantities (Skumanich & Lites 1987), or linear gradients
(Landolfi 1987). Thus, for example, it is possible with the cur-
rent code to carry out an inversion for a canopy-type field (hori-
zontal field lines overlying a non-magnetic atmosphere) and de-
termine the height of the canopy base. See Paper V and Solanki
& Emonet (in preparation) for more on the inversion procedure.
The largest difference compared to the inversion carried out in
Paper V is that the temperature is now a free parameter of the
inversion. Due to the presence of the 1.5653 pm line, the present
data contain more information on the temperature than the data
set analysed in Paper V (see Paper II).

The temperature, T', as a function of continuum optical
depth, 7, is determined by interpolating between the 7°(T) val-
ues of two prescribed model atmospheres (see Emonet 1992 or
Solanki & Emonet, in preparation, for details). After consider-
ing various model combinations we finally used only the quiet
sun model of Maltby et al. (1986), which we call MALTQ, and
their umbral model ‘M’, which we call MSPOTM. All the pro-
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Fig. 2a-d. Observed Stokes I and V profiles of Fe I 15648A and 15653 A along a slice lying perpendicular to the limb and passing through a
sunspot at i = cos § &~ 0.6 (a and b, called Spot 1) and p = 0.5 (c and d, called Spot 2). The uppermost spectra were obtained closest to the
limb. Two consecutive spectra are separated by & 3"/, except spectra Nos. 27, 29 and 31 which are separated by 6" from their neighbours
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Fig. 3a and b. Stokes I and V profiles observed in the superpenumbral canopy of the sunspot; a on the limbward side, b on the discward side of
the spot. Note the wavelength shift of the V' zero-crossing relative to the Stokes I line core. The wavelength scale is not calibrated to an absolute

value in this figure

files observed in the sunspots could be reasonably reproduced
by linearly interpolating between the 7'(7) of these two atmo-
spheres and taking into account stray light.! In contrast, we
found that the penumbral model of Ding & Fang (1989) gives
line profiles near the limb whose depths and equivalent widths
differed from the observed penumbral profiles by a factor of 2.
The temperature gradient of this model between logT ~ —1
and O is apparently too small.

3. Results of the profile fits
3.1. The superpenumbral canopy

Most of the spectra observed outside the visible contours of the
sunspot still show non-vanishing V' profiles. They have oppo-
site polarities on the two sides of the spots and their amplitudes
and Zeeman splittings decrease steadily with distance from the
sunspot boundary (between the two spots no, or at the most very
weak, V profiles are visible). Following Paper V we interpret
these profiles in terms of a canopy of horizontal magnetic field
overlying a non-magnetic atmosphere. This interpretation is in
line with the observations and analyses of Giovanelli (1980),
Giovanelli & Jones (1982), Adams et al. (1993), Bruls et al.
(1993, Paper VIII of the present series), Riiedi et al. (1993) and
Lites (private communication 1993). All the currently available
data point to the existence of extensive horizontal canopies, with
a base in the middle/upper photosphere, surrounding sunspots.
One of the most intriguing aspects of the superpenumbral data
is the wavelength shift between the Stokes I and V' profiles.
Whereas the I profiles have roughly the same (calibrated) wave-
length in the limbward and discward superpenumbrae, the V'
' The rest of the atmospheric variables were self-consistently
determined using the electron pressure and continuum absorp-
tion coefficient calculated by the routine package of Gustafsson
(1973).

profiles are red- and blueshifted, respectively. This relative shift
is illustrated in Fig. 3. To analyze this and other aspects of these
profiles more quantitatively, we apply our inversion code. We
determine the following parameters: the field strength, B, the
canopy base height, z, the velocity in the canopy, v, the macro-
turbulence, £mac, and the temperature 7'(77.¢ = 0.1). We require
that all parameters are the same for both lines. The origin of the
height scale is the 795 ,m = 1 level in the quiet sun. The best-fit
parameters are listed in Table 1. r — 7, is the distance from
the edge of the sunspot. Profile No. 24 is discussed separately
later. The magnetic inclination angle to the line-of-sight, v, is
prescribed in the first step. It is later obtained from +/, the incli-
nation angle relative to the surface normal, which is determined
iteratively following the procedure described in Paper V. This
procedure demands that the lower boundary of the canopy is
a field line. Since the canopy base height changes very slowly
with 7 — 7, o' close to 90° are obtained with great accuracy,
much more accurately than direcly from the profiles. The veloc-
ity v is assumed parallel to the field lines. Positive v is directed
away from the observer. When determining v, we assume that
the I profiles are at rest. If the I profiles are everywhere shifted
by the same amount due to, e.g., the granulation, then this shift
will have to be subtracted from the v values in Table 1. Note,
however, that a constant Stokes I shift leaves the difference in v
between the limb- and centre-side superpenumbrae unchanged
and in no way affects the conclusions of this paper.

The canopy base height, 2, is plotted vs. distance from the edge
of the sunspot, 7 — rp, in Fig. 4. The results for this parameter
are in excellent agreement with those of Papers V and VIII. The
temperature (not listed) is only certain to within + 250 K, and
scatters around the quiet-sun value within this range. Note that
we have not included the effects of possible ‘polarized stray
light’ from the sunspot into the superpenumba. The effect of
this stray light is to increase the Stokes V' signal and thus lead
to a too low canopy base in our analysis. Consequently, the 2.
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Table 1. Parameters derived from fits to the superpenumbral profiles

225

Profile T—"Tp B Zc "YI v gmac(v) &mac(I)

No. (km) (G) (km) ©) (kms™)  (kms™Y)  (kms™}
500t 100 50 0.5 0.4 0.5 0.5
1 7000 400 290 88.7 -2.0 5.0 3.2
2 3500 1000 210 87.6 -1.7 49 4.0
23 4200 500 270 86.0 0.8 3.7 33
24 8400 400 300 89.7 0.6 2.0 2.0
1000 15 * 2.0 2.0
25 16800 <300 340 89.7 0.6 2.6 2.6
27 25200 < 300 360 89.9 0.9 3.4 3.1

* A line-of-sight velocity of 3 km s~

not aligned with the almost vertical field of the flux-tube component.

t The numbers in this row signify estimated errors.
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Fig. 4. Base height of the superpenumbral canopy, z., vs. distance from
the outer penumbral boundary, r — r,. Solid line: z. on the limbward
side of spot 2, dashed line: z. on the discward side of spot 1

values for the profiles closest to the penumbrae (Nos. 2 and 23,
and to a lesser extent 1 and 24) must be considered to be lower
limits within the context of the simple model of the canopy used
by us.

The parameters derived from Stokes V' generally also repro-
duce the corresponding I profile, except for the line shift (and to
a lesser extent the line width). Figure 5 shows observed (solid)
and synthetic profiles calculated using the best-fit V' parameters.
The figure confirms that the whole observed V profile, and not
just its core, is shifted relative to Stokes 1.

The difference between the shifts of the V' and I profiles
is explained by noting that the contributions to the Stokes I
profiles of both lines peak well below the height of the canopy
base, even atline centre. Consequently, the I profile wavelengths
respond dominantly to velocities below the canopy. The V' pro-
files, of course, are only formed in the magnetic portion of the
atmosphere, i.e. above the canopy, so that the V' profile shifts

is found, but this is probably a horizontal velocity,
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Fig. 5. Observed (solid) and synthetic (dashed) profiles of Fe I 15648A
in the superpenumbral canopy (same spectrum as in Fig. 3a). Upper
frame: Stokes I, lower frame: Stokes V. The synthetic curves were
calculated on the basis of the best-fit parameters to Stokes V'

reflect flows above the canopy base. For example, the Stokes I
contribution function calculated using the quiet sun model and
a horizontal field of 400 G forming a canopy with a base at
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Fig. 6. Relative area asymmetry §A of the Stokes V' profile of the
g = 3 line vs. distance from the outer penumbral edge,  — r,. Solid
line: limbward side of spot 2 (. =~ 0.5), dashed line: discward side of
spot 1 (4 = 0.6). The ‘error bars’ indicate the difference between the
6 A of two profiles obtained at the same spatial position

z = 300 km, peaks at z = 150 km in the line core, while the
Stokes V' contribution function (at the wavelength of Stokes V'
maximum) peaks at the canopy base and has a sharp lower edge.

Thus, our data exhibit an outflow in the superpenumbral
magnetic canopy, but no such flow under the canopy. In sum-
mary, the Evershed flow continues at a speed of 0.5-2 km s~1
beyond the outer boundary of the sunspot, but only above the
base of the magnetic canopy.

Other signs of a velocity in the superpenumbral canopy
are the large £nac values (according to Table 1, the V' pro-
files often require more macroturbulent broadening than the
I profiles) and the V' asymmetry. In Fig. 6 we plot the rela-
tive area asymmetry of the V' profiles of the g = 3 line in the
penumbra and the superpenumbra. Although the scatter is large,
6A =(Ap — Ar)/(Ap + Ar) < 0 in the penumbra (A < 0 im-
plies that the red-lobe area, A, is larger than the blue-lobe area,
Ap). It is gratifying to see that the sign of § A is compatible with
the broad-band circular polarization observed in sunspots (cf.
Séanchez Almeida & Lites 1992; Solanki & Montavon 1993).
The V profiles in the canopy are also asymmetric, but the § A
values are less reliable. In particular, although §A < O for the
limbward profiles, the sign of § A is less clear for the profiles in
the discward superpenumbra.

Finally, consider profile No. 24 on the limbward side of the
spots. This profile distinctly shows the presence of two magnetic
components and was fit manually using a horizontal canopy
component (covering a fraction 0.9 of the surface; the param-
eters of this component are given on the first line referring to
profile No. 24 in Table 1) and an almost vertical flux-tube com-
ponent (covering the remaining fraction of the surface; second
line in Table 1). The observed and synthetic profiles are com-
pared in Fig. 7. The flux-tube component, which has the same
polarity as the spots, exhibits a surprisingly large line-of-sight
velocity of 3 km s™! directed towards the spots. Obviously this

S.K. Solanki et al.: Infrared lines as probes of solar magnetic features. VII

I
Stokes I

15654

Stokes %

15650 15652 15654

Wavelength [4]

Fig. 7. Observed (solid) and synthetic (dashed) Stokes I (upper frame)
and V' (lower frame) profiles of the 1.56 pm lines (Spectrum No. 24).
The synthetic profiles are based on a model with two magnetic com-
ponents

velocity cannot be a continuation of the Evershed flow down the
flux tube. Furthermore, it is unlikely that this velocity is field
aligned, since the flux tube is almost perpendicular to the line-of-
sight, so that a field-aligned flow would have to be supersonic.?
We propose that the observed velocity is a horizontal velocity
directed towards the sunspot. Magnetic features of the same
polarity, flowing towards a sunspot are often associated with
the growth of young sunspots (e.g. Vrabec 1974; Zwaan 1992).
The flux tube parameters derived from spectrum No. 24 are less
reliable than the other entries in Table 1.

3.2. Penumbra

A profile each from the limbward and discward penumbra of
Spot 2 (u = 0.5) is plotted in Fig. 8. Note the relative shift
between the spectra and the large asymmetry of the g = 3 Stokes
I profiles.

The profiles in the penumbra are fit by a 2-component
model composed of a stray-light component, approximated by

2 We derive v of the flux tube component by simultaneously

fitting the I and V profiles and requiring that the filling factors
of canopy and flux tube must together give unity.
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Fig. 8. Stokes I (upper frame) and V profiles (lower frame) observed
in the penumbra. Solid curves: discward penumbra (spectrum No. 15),
dashed curve: limbward penumbra (spectrum No. 21)

the quiet-sun atmosphere, and a penumbral component. The
free parameters for the inversion are B, vy, a, T, &mae and vios,
where « is the filling factor of the magnetic component (i.e.
1 — a is a measure of the amount of unpolarized stray light)
and v s is the line-of-sight velocity restricted to the magnetic
component. Best fits are obtained for 800 G < B < 1600
G, 4800 K S T (116 = 0.1) $ 4900 K, 40° < v < 175°
(corresponding to 55° < 4/ < 85° for the negative polar-
ity spots, under the assumption that the field is untwisted),
€mac & 4km s~! (excepting one profile which required 7.5 km
s71), @ 2 0.65-0.80and 2kms~! < |vros| < 4km s~!.> Fora
horizontal Evershed flow (Maltby 1964; Johannesson 1993) this
gives 2.5km s™! < |v| < 4.5km s™!, with an average value
of 3.6 km s~

Figure 9 shows, as an example, the fit to one of the observed
spectra plotted in Fig. 8. The excess width of the observed I
profile of the g = 3 line is due to the presence of a weak blend in
each wing. The blend in the blue wing is easily identified as such
in this figure, while the blend in the red wing is better visible in
the solid profile in Fig. 8 (discward penumbra). The width of the

3 Note that due to the considerable velocity shift of the true

penumbral profiles relative to the ‘stray-light’ profiles it is pos-
sible to distinguish between o and «, even though the I profiles
do not show a clear separation between 7 and o components.
For data showing no velocity shifts, on the other hand, o and
v can only be separated if the spectral line is completely split
(Paper V).
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Fig. 9. Observed (solid) and best fit (dashed) line profiles. The observed
spectrum is No. 21 from the limbward penumbra of Spot 2

g = 3 Stokes V profile lobes (which is not increased by blends),
as well as the widths of the I and V profiles of the geg = 1.53
line are well reproduced, in support of the above conclusion.

The B, T and ' values obtained from the inversion are un-
remarkable. The &, values are larger than obtained in Paper V
close to disc centre (1-2 km s~!), but are similar in magnitude
to the broadening of the canopy profiles close to the sunspot
(spectra 1, 2, 23, see Table 1). Velocity broadening in the hori-
zontal direction is obviously larger than in the vertical direction
(cf. Johannesson 1993).

The line shifts of the magnetic component relative to the
quiet sun are large, considering the relatively low spatial reso-
lution. In the visible typically measured velocities are 1-2 km
s~'at similar spatial resolution (e.g. Ichimoto 1987; Wiehr &
Degenhardt 1992). The 1.56 um lines are formed below the
7 = 0.1 level, deeper than most lines in the visible.

These comparisons confirm the belief that the strength of
the photospheric Evershed effect increases in magnitude with
depth (e.g. St John 1913; Maltby 1964; Borner & Kneer 1992).
Schroéter et al. (1989), however, extrapolate from visible lines
to v(r = 1) = 2 — 2.5km s~!, which is still smaller than the
values we find. The unexpectedly large infrared value may be
due to an increase in the vertical velocity gradient at the deepest
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layers (Degenhardt 1993), but may also reflect horizontal inho-
mogeneities in the Evershed effect. For example, if the velocity
is larger in dark fibrils, then we expect a larger total line shift in
the infrared, since the dark fibrils give a greater contribution to
the signal due to the decreased sensitivity of the Planck func-
tion to 7" in the infrared. For the same reason, infrared lines
are also expected to be broader. This may also explain the large
macroturbulent velocity derived from the 1.56 ym data.

The large asymmetry of the Stokes I profiles of the g = 3
line is not the result of a longitudinal velocity gradient. Test cal-
culations showed that even a gradient as large as dv/dlog T =
5km s~! produces a totally insufficient asymmetry of the I pro-
file (see Montavon 1992 for details). On the other hand, the
introduction of an unshifted stray-light component into Stokes
I very easily produces the correct profile shapes, as indicated
by Fig. 9. Thus, at least for the 1.56 pm lines, the asymmetry
of Stokes I is not due to the vertical gradient of the Evershed
velocity, but rather to the presence of a stray-light component.
This conclusion is supported by the fact that the V profiles,
whose shapes are insensitive to unpolarized stray light, are far
less asymmetric than Stokes I.

We have also inverted the umbral spectral profiles, but the
results are of no consequence for the conclusions of this paper.
We, therefore, refrain from presenting any details.

4. Does the evershed flow continue beyond the visible
penumbra?

As pointed out in the introduction, it is still controversial
whether the Evershed effect stops at the visible boundary of
the sunspot or continues beyond it. Some published observa-
tions show a sudden decrease of the line shift at the sunspot
boundary, while others of equal quality show line shifts contin-
uing well into the ‘quiet” photosphere surrounding the sunspot.
‘We believe that the key to resolving this discrepancy lies therein
that the Evershed flow continues outside the sunspot only above
the base of the magnetic canopy, as described in Sect. 3.1.

The previously published measurements were restricted to
Stokes I, which is ill suited to decide this question. For example,
a line with a low formation height detects no flow outside the
sunspot (since the flow is present only above the canopy base),
while a line formed at greater photospheric heights will detect
a flow. Also, investigations measuring the shift of the line core
are more likely to see an extension of the photospheric Ever-
shed effect beyond the sunspot than those measuring the shift in
the line flanks or those considering the Stokes I line asymme-
try. For strong lines this asymmetry changes sign at the sunspot
boundary, mainly because the vertical velocity gradient seen by
these lines changes sign. The apparent velocity amplitude in-
creases with depth in the penumbra, but increases with height in
the superpenumbra (a flow is seen only above the canopy). The
asymmetry of lines with a low formation height also changes at
rp. Outside the penumbra these lines are formed mainly below
the canopy, so that their asymmetry is due to the granulation
and again differs from the asymmetry in the penumbra.
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Consider two recent investigations coming to opposite re-
sults regarding the Evershed effect beyond the sunspot bound-
ary. Wiehr & Degenhardt (1992) regarded the complete Ever-
shed effect to be composed both of a line shift and line asymme-
try. Due to the change in line asymmetry at the sunspot boundary
they concluded that the Evershed effect stops there. Bérner &
Kneer (1992), on the other hand, observed numerous spectral
lines, but only analyzed the core shift. They clearly saw an ex-
tension of the core shifts, particularly of the lines formed in
the upper photosphere, and concluded that the Evershed effect
does not disappear at the outer sunspot boundary. Our proposal
that the Evershed effect continues outside sunspots only in the
magnetic canopy is consistent with both observations.

5. Mass conservation

It is clear from Sects. 3.1 and 4 that the Evershed line shifts
continue into the superpenumbral canopy. In this section we
demonstrate that if the Evershed effect is due to a steady mass
flow, then the mass flux directed outward through the canopy is
only a small fraction of the mass flux in the penumbra.

The mass flowing outwards through a unit horizontal angle
per time interval, Fy,,, can be expressed by the integral over
height of the product of gas density, p, and (horizontal) velocity,
v, over height,

zu(r)
Frn(r)=T(r)

z1(r)

p(z,7) ve(z,7) dz .

Here, v, is the radial component of the velocity (only it con-
tributes to the net mass flux), z and z, are the bottom and
top boundaries of the height range containing the photospheric
Evershed effect. I' ~ r/r;, is a factor taking into account the
azimuthal expansion of the cross-sectional area of the flow with
increasing r /r;, [any changes in the vertical direction are already
taken care of by 2;(r) and z,(r)]. Since we are only interested
in the Fy, value at r/r, = 1.4 relative to Fi,(r/rp = 1), we
simply use I = 7 /7.

To estimate F,,, within the penumbra we assume that z; is
identical to the lowest atmospheric level to which the 1.56 um
lines are significantly sensitive. From test calculations we judge
this level to be 50 km above 7, = 1; the two spectral lines are
sensitive to velocity changes affected at this height. This level
is not far below the height at which the I and V' profiles obtain
their largest contribution, which turns out to be z = 80 km for the
g = 3line atatypical penumbral temperature and a field strength
of 1000 G. In fact, at z = 50 km the contribution function still
has 75% of its maximum amplitude.

In the superpenumbra we set 2; = 2., where 2. is the height
of the canopy base. Since the outflow is seen only in Stokes V'
this is a reasonable lower limit. Recall that shifts in the Stokes
V zero-crossing can only be produced by flows in the magnetic
part of the atmosphere (Grossmann-Doerth et al. 1988, 1989;
Solanki 1989). We assume 2, ~ 700 km at all r/rp, since
observations referring to greater heights predominantly show an

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://cdsads.u-strasbg.fr/abs/1994A%26A...283..221S

FT992A&A. © Z2837 T 21T

S.K. Solanki et al.: Infrared lines as probes of solar magnetic features. VII

inflow (e.g. Borner & Kneer 1992). The choice of z,, is uncritical
for the determination of Fi,,.

In the penumbra p(z) is taken from a typical atmosphere
producing good fits to penumbral profiles [T'(7 = 1) = 4800 K],
while in the superpenumbra p is taken from a standard quiet-sun
model (Maltby et al. 1986).

Our best estimate is based on the following parameter val-
ues. Superpenumbral canopy (i.e. r/rp = 1.4): z; = 270 km,
2y = 700 km, v = 1.4km s~! (independent of height) and
I" = 1.4 (values for a distance of =~ 5000 km from the bound-
ary of the sunspot). Penumbra (i.e. 7/rp = 1): z; = 50 km,
2, =700km, T = 1,v = 3.5kms~! at z = z, decreasing
linearly to O at z,,. The resulting Fy, ratio is:

Fo(r/rp = 1.4)

Fu(r/rp = 1) ~ 6%

A conservative upper limit on Fy,(r/r, = 1.4) is obtained by
assuming z; = 200 km, 2z, = 1000 km and v = 2km s~! (again
independent of height). Using these values we find

Fn(r/rp = 1.4)

Fou(rfrp = 1) S 13%.

We see only one way of increasing the mass flux in
the canopy, namely by lowering z.. This is best achieved
by introducing an azimuthal twist into the field. For an az-
imuthally twisted magnetic field the line-of-sight velocity be-
comes smaller than the true velocity and, of particular impor-
tance, the V' amplitude is also decreased. Judging from vector
magnetograms (e.g. Adams et al. 1993) and H, images, az-
imuthal angles of the magnetic vector as large as 45° to the ra-
dial direction are rarely reached at /7, < 2. Assuming a twist
of 45° at r /1, ~ 1.4, while keeping the twist = 0° at /7, = 1
we still obtain an increase in Fp,(r/r, = 1.4) of less than a
factor of 1.5, so that our conservative upper limit becomes:

Fo(r/rp=1.4)

Frn(r/rp=1) s 20%.

For our best estimate we use a more typical value of ¢ =~
10 — 30°, which is also consistent with the results of e.g. Alis-
sandrakis et al. (1988) and Dere et al. (1990), who find that the
gas propagates almost radially even at r /7, =~ 1.5. Their con-
clusion is supported by the data of Bérner & Kneer (1992). Note
that the velocity in the canopy which we measure is of the same
magnitude as that observed by the above investigators, which
supports the absence of a sizeable twist in our data set as well.
For our best estimate we finally obtain

Fo(r/rp,=1.4)
Fo(r/rp=1)
One uncertainty is caused by the unknown azimuthal twist of

the sunspot’s magnetic field. A larger twist than assumed should
raise the limit on Fy,(r/r, = 1.4)/Fp(r/rp = 1). On the

~6—8%.
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other hand, we have neglected the polarized stray light from
the sunspot itself. The inclusion of this stray light should raise
the derived z. and thus lower Fi,(r/rp = 1.4)/ Fp(r/1p = 1).

6. Nature of the evershed effect: Is it due to a steady flow?

In Sect. 5 we saw that if we interpret the Evershed effect as

a steady flow in a simple geometry, then we have difficulty

conserving mass. Before drawing any conclusions on the nature

of the Evershed effect we consider two possible scenarios for
reconciling a stationary flow with the present observations and
mass conservation.

a) Return flux: Could the matter flow mainly along field lines

that disappear below the surface inside or less than 3" — 4"
outside the outer penumbral boundary? 1.5 pym and 12 pym
spectra can follow the field well beyond the visible sunspot.
They provide no evidence for return flux in the immedi-
ate surroundings of a sunspot (Paper V, Hewagama et al.
1993; see Bruls et al. 1993 for a more detailed analysis of
their spectra). Solanki & Schmidt (1993) support this con-
clusion, based on a more careful analysis of the 1.5 yum data.
Similarly, the high-resolution images of Title et al. (1993)
and spectra of Lites et al. (1993) show no sign of systematic
return flux within the penumbra or just outside it.
Let us assume, against the evidence, that some magnetic
flux does return to the solar interiour within the penumbra.
Could such a geometry support a stationary Evershed flow?
The siphon flow mechanism is usually invoked to explain
the Evershed effect in terms of stationary flows (e.g. Meyer
& Schmidt 1968; Degenhardt 1991; Montesinos & Thomas
1993; Thomas & Montesinos 1993). Under realistic condi-
tions (i.e. for finite viscosity) this mechanism always pre-
dicts a flow along a loop from the footpoint of smaller field
strength to the footpoint with larger field strength. Since
the field strength in the penumbra drops rapidly outwards
at roughly equal gravitational potential (Wilson & Cannon
1968; Wittmann & Schréter 1969, Solanki et al. 1993, Paper
VI of the present series), for purely penumbral loops these
models predict a flow directed towards the umbra, contrary
to the observations.

b) Field-free channels: Could the flow be concentrated in field-
free channels within the penumbra? This scenario, if correct,
would provide an elegant solution to the problem at hand,
since, upon reaching the outer edge of the visible penum-
bra, the outflowing material can simply spill out into the
non-magnetic atmosphere and disappear into the solar in-
teriour. In Paper V we determined that in the lower layers
of the penumbra at the most 5% of the gas is field free.
Deming et al. (1991) and Hewagama et al. (1993) set even
tighter limits on the amount of field-free gas in the upper
photospheric layers of penumbrae. These limits imply that
the entire Evershed flow would have to be concentrated into
less than 5% of the available volume, so that in order to pro-
duce a spatially averaged Evershed velocity of 1 km s~!,
the true velocity within the field-free channels would have
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to be greater than 20 km s~!. A velocity so far in excess of
the sound speed does not appear likely.
In addition, as Figs. 8 and 9 clearly demonstrate, the Stokes
V profiles exhibit shifts that are entirely consistent with the
Stokes I shifts. Since V' profile zero-crossing shifts only
result from mass motions in a magnetized gas, this obser-
vation rules out that the Evershed effect is due to flows in
field-free channels.
Neither of the scenarios discussed above appears to provide a
satisfactory solution to the mass conservation problem. Conse-
quently, a steady outward flow of matter faces grave problems
in explaining the current observations of penumbrae without
conflicting with conservation principles. The most straightfor-
ward alternative is to consider the Evershed effect to be due to
a time-dependent velocity or to convective motions. Candidates
for such motions are: Convection, either in the form of rolls (e.g.
Danielson 1961) or of flux-tube exchange (Jahn 1992), unsteady
flows along ‘fallen flux tubes’ (Wentzel 1992), or waves (Maltby
& Eriksen 1967; Biinte et al. 1993). The mechanisms based on
waves and convective motions involve no net mass transport
and depend on temperature-velocity or pressure-velocity corre-
lations to produce line shifts and asymmetries. None of these
three mechanisms has been sufficiently analyzed and so far ob-
servations have not been able to distinguish between them.

7. Conclusions

We have analysed Stokes I and V spectra of lines at 1.56 pum ob-
served in and around sunspots located near the solar limb. These
lines exhibit the Evershed effect in both the sunspot penumbrae
and the superpenumbral canopies. The most important result is
that although the line shifts associated with the Evershed effect
are clearly seen beyond the visible outlines of the sunspot, they
are restricted to heights lying above the base of the magnetic
canopy. Since the gas density at these heights is an order of
magnitude smaller than at the height at which the largest Ever-
shed shifts are measured in the penumbra, the mass flux in the
canopy is also an order of magnitude smaller than in the penum-
bra (under the assumption that the Evershed effect is caused by
a steady outflow of matter).

Thus, the current limits set by observations cast serious
doubt on steady flows as the source of the Evershed effect. In
particular the siphon flow mechanism does not appear to satisfy
the observational constraints. Nevertheless, we feel that it is im-
porant to carry out further observations with the highest possible
spatial resolution in different spectral lines in the visible and at
1.5 pm to look for any loopholes in the current observational
material that may allow outflowing mass to return to the solar
interiour unnoticed. One quantity which must be better con-
strained in future investigations is the azimuthal component of
the magnetic field in the superpenumbra. Improved modelling
of the canopy should also be aimed at. In parallel, alternatives
to the current steady-flow interpretation should be explored.
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