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Abstract. The need for a simple but quantitative diagnostic of
upper chromospheric magnetic fields is keenly felt. We develop
the He I 10830 A line as such a diagnostic. An application to ob-
servations of an active region allows us to compare the magnetic
field in the upper chromosphere with the field in the underlying
photosphere. In general, the magnetic field in the chromosphere
is found to be significantly more homogeneous. We find that
dB/dz in the umbra of a large sunspot (0.4-0.6 G km™!) is
similar to other determinations of this quantity over an equiva-
lent height range. Also, dB/dz decreases outwards in the spot.
Thus, in the outer penumbra it has dropped to 0.1-0.3 G km ™!,
A comparison of these values with the results of dB/dz mea-
surements in the photosphere suggests that dB/dz decreases
with height. We also find evidence for magnetic canopies near
sunspots and for the conservation of magnetic flux with height
in solar plages when averaged horizontally over a few arc s.
Observations of complex Stokes V' profiles at the neutral line
in a sunspot penumbra (crossover effect) suggest that the up-
per chromospheric penumbral magnetic field is not fluted to the
same extent as the photospheric field. The large line broadening
of He I (up to 10 km s~1) is found to be due to motions which
are largely field aligned.

Key words: Sun: magnetic fields, sunspots, chromosphere —
techniques: polarimetric

1. Introduction

Magnetic fields dominate the structure and the energetics of
the outer solar atmosphere, but in the vast majority of cases
they have been measured only in the photosphere. A number
of diagnostics do exist for the measurement of chromospheric
and low-coronal magnetic fields. Examples are the Ca II 8542
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A, Ha and Hg lines for the chromosphere (e.g. Giovanelli &
Jones 1982; Jones 1985; Wang & Shi 1992; Dara et al. 1993),
the C IV emission line for the transition region (e.g. Tandberg-
Hanssen et al. 1981; Henze et al. 1982; Hagyard et al. 1983;
Henze 1991) and microwave emission from the corona (e.g.
Gelfreikh & Lubyshev 1979; Schmahl et al. 1982; Kundu &
Alissandrakis 1984; Kriiger et al. 1986; Brosius et al. 1992;
Lee et al. 1993a,b; Gary & Hurford 1994; see Klein 1992 for a
review). The reason most of these diagnostics have been only
moderately used, in particular for quantitative studies, is that
they are all affected by significant drawbacks, such as the need
for satellite observations and moderate Zeeman sensitivity for
the C IV lines, the complicated line formation mechanism and
splitting pattern, as well as the large line formation height range
(He, HP), or the often low temporal and spatial resolution and
sensitivity. Another promising diagnostic, in particular of weak,
inclined fields, is the Hanle effect, which has been used to detect
magnetic canopies in the lower chromosphere (Faurobert-Scholl
1992, 1994).

In this paper we develop the He I 10830 A line as a quantita-
tive diagnostic of the magnetic field in the upper chromosphere.
This line can overcome most of the problems cited above. It
was pioneered as a qualitative magnetic diagnostic by Harvey
& Hall (1971), who obtained magnetograms in it. There is also
a rich literature on the response of the unpolarized profile of
He 1 10830 A to solar activity, i.e. finally to the solar magnetic
field (e.g. Namba 1960, 1963; Thompson et al. 1993; Harvey &
Livingston 1994; Harvey 1994). We present the first results ob-
tained from Stokes I and V' spectra observed in active regions
and compare them with photospheric measurements. Stokes [
signifies unpolarized, Stokes V' net circularly polarized light.

2. The He 1 10830 A line as a magnetic diagnostic

The advantages of the He I 10830 A line for the measurement of
upper chromospheric magnetic fields, are summarized below:
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— The He I line can be observed from the ground with normal
CCD’s or other standard detectors, at a reasonable spatial
resolution.

— Auvrett et al. (1994) and Fontenla et al. (1993) showed that
in standard atmospheric models this line is formed entirely
in the upper chromosphere (formation height: 1600 to 2200
km above the quiet sun unit continuum optical depth value
Tc = 1), with no contribution at all from the photosphere,
which greatly simplifies its interpretation.

— Itis prominent over both sunspots and active region plages,
so that the magnetic field throughout active regions can be
determined easily down to a limiting strength of roughly 50
G (whereby this value represents the field strength averaged
over the spatial resolution element).

— The He I line is in general optically thin or at the most
marginally optically thick outside filaments (Giovanelli &
Hall 1977; Avrett et al. 1994), so that no complicated radia-
tive transfer calculations or details of the line formation are
required for the measurement of the magnetic field.

—  Vector polarimetry of this line should be straightforward.
In addition — due to its optical thinness — if the four Stokes
parameters are measured, then the full magnetic vector can
be easily derived.

— Photospheric lines are present in the nearby spectrum, al-
lowing simultaneous and cospatial measurement of the pho-
tospheric magnetic field.

Unfortunately, the He I line is not free of disadvantages.

— It has a limited Zeeman sensitivity and does not split suf-
ficiently to allow a direct and model independent measure-
ment of the intrinsic chromospheric magnetic field strength.
This may not be such a major disadvantage, since the upper
chromospheric field is expected to be relatively homoge-
neous over a few seconds of arc (but see Sect. 5.6).

— The sensitivity of CCDs and infrared detectors (InSb) at
10830 A is relatively small.

— The blending between different He I transitions must be
taken into account (see below).

— The strength of the He I line is much reduced over less active
areas (e.g. Harvey & Livingston 1994), which renders the
measurement of the magnetic field outside active regions
difficult.

He I has three different transitions near 10830 A, all from the

same lower level having an excitation potential of 19.73 eV,

which is populated by recombination (Fontenla et al. 1993;

Avrett et al. 1994). The wavelengths A of these transitions, their

effective Landé factors gegr and relative oscillator strengths f

are listed in Table 1. The f values have been normalized such

that summing over the multiplet ), f; = 1.

We are mainly interested in the two strong components,
blended together at 10830.4 A. Since the line is rarely sig-
nificantly saturated outside filaments, and never reaches large
depths in our observations, this blending does not pose a prob-
lem for the analysis. There is a minute water vapor blend co-
inciding with the wavelength of the two strong components
(Giovanelli & Hall 1977), but it is negligible in our observa-
tions which were recorded at a time of low water content of the
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Table 1. Line parameters

Relative
Line A Transition gett  Osc. Strength
(Al f
Hel 1082899 2s3S;-2p 3P, 2.000 0.111
Hel 1083038 2s3S1-2p %P 1.750 0.333
Hel 10830.38 2s 3S,—-2p 3P, 0.875 0.556
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Fig. 1. Umbral and penumbral contours of the analysed active region.
The small circles mark the positions at which spectra were obtained.
Beginning and end spectrum number are marked

earth’s atmosphere. We judged this from the strength of other
water vapor lines in the nearby spectrum. A CaIline at 10829.3
A (4p 3F? —6d *D,, gesr = 1.0) completely distorts the weakest
He I component and slightly affects the blue wing of the strong
component at 10830.38 A . Therefore we place somewhat more
weight on the analysis of the line centre and red wing of this
component than on its blue wing.

3. Observations

The observations analyzed in this paper were obtained using
the McMath-Pierce telescope on Kitt Peak and the main spec-
trograph with the new infrared grating. The spatial resolution is
dominated by seeing and is estimated to be 3"-5". The spec-
tral resolving power is approximately 180 000. Stokes I £+ V'
were recorded consecutively at each wavelength. 12 wavelength
scans were coadded in order to average out seeing-induced dis-
tortions of the spectrum. The rms noise is approximately 10731,
where I is the continuum intensity. Since the spectra are highly
oversampled, we enhanced the S/N ratio of the data by Fourier
filtering.

The bulk of the observations were carried out on 23rd April
1993 in an active region not too far away from disc centre. They
sampled different features such as plage, umbra, penumbra and
superpenumbral canopy. Here we restrict ourselves mainly to
the discussion of one large active region at (u = cos 6 = 0.94).

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


http://cdsads.u-strasbg.fr/abs/1995A%26A...293..252R

FTIOLARA © Z 293 ZZ52R0

254

Figure 1 shows the contours of the sunspots of the region as
well as the positions at which the spectra were obtained (small
circles). The observations were carried out in the order of in-
creasing spectrum number. Note that the different umbrae of
the leader spot had different brightnesses. The westernmost one
was the darkest.

The covered wavelength range was approximately
10826.0-10831.5 A, which, in addition to the chromospheric
He 1 10830 A line, also contains a photospheric Si I line
(\ = 10827.14 A, transition: 4s 3P2° —4p 3P27 Xe = 4.93,
gee = 1.5, log gf=0.53). This log gf value was determined
from a fit to a quiet-sun Fourier transform spectrometer (FTS)
spectrum obtained by Delbouille et al. (1981).

A sample observation of these two lines in an active region is
shown in Fig. 2 (solid curves). Note that the extended red wing
of the He I profile is probably not due to a blend, but rather
reflects a velocity-induced line shift and asymmetry, since there
are spectra in which the spectral line is narrow and symmetric
with no absorption at these wavelengths.

Two FTS spectra, recorded in a plage (1 = 0.65) and an um-
bra (u = 0.52), enabled us to check some of the results obtained
from the above observations by using other, better suited pho-
tospheric diagnostic lines. These FTS data, covering the wave-
length range 1.03-1.48 pm, are described in detail by Riiedi et
al. (1994).

4. Method
4.1. The He 1 line

The method presented here rests on the fact that we are observing
an optically thin line, which, due to its large non-magnetic width,
is still in the weak-field regime. Inside filaments the line does be-
come optically thick, however (Harvey & Livingston 1994). The
validity of the assumption of a weak field was confirmed with the
help of explicit model calculations. The weak-field approxima-
tion was found to be an excellent representation for B < 1500—
2000 G. These values are never exceeded in the chromospheric
layers of the active region studied here (Sect. 5). This allows us to
write V = AX H%ﬁl, where I, is the intensity profile produced
in the magnetic component of the atmosphere. The Zeeman
splitting A) 7 is given by AXg = 4.67 x 1073 gex A2 B cos 7y,
where g is the effective Landé factor, A the wavelength in A,
B the magnetic field strength in G and v is the angle between the
magnetic vector and the line of sight. Assuming a filling factor
of 1, i.e. a homogeneous field covering the spatial resolution el-
ement of the observation, the scaling factor between the Stokes
V profile and the derivative of the observed Stokes I profile
delivers the longitudinal magnetic field strength B cos . Ne-
glecting for the moment that the He I line is a blend of different
components, we can write

V =4.67 x 107 BggA?Bcos ’y%, )]

where I now is the observed Stokes I profile. Due to the optical
thinness of the He I line Eq. (1) can be generalized to Stokes
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@ and U using the second derivative of Stokes I (Stenflo 1985;
Solanki et al. 1987; Landi Degl’Innocenti 1992) and the trans-
verse components of the magnetic vector may be obtained if the
respective Stokes profiles are observed.

When fitting the observed profiles, we do take into account
that the He I profile is composed of multiple components. We
first reproduce the observed Stokes I profile by fitting it with
a superposition of Voigt profiles weighted with the respective
oscillator strengths of the different transitions (Table 1). The
synthetic Stokes I profile I; has the form

L) _

T =Ue—hD_ fiia, A, A/, ©)

j=1

where I is the continuum intensity, j runs over the three line
components (see Table 1), ¢; is a Voigt profile, a its damping
constant (a free parameter), AAp the Doppler width (also a free
parameter) and the ); are the central wavelengths of the three
line components. Z;ﬂ A; /3 is a free parameter, but the relative
wavelength shifts between the three components are kept fixed.
Finally, A is a factor determined by the fit to the observed line
depth.

To obtain the Stokes V profile we first multiply each syn-
thetic Stokes I line component by its respective Landé factor
and then apply Eq. (1) which gives the Stokes V profile for a
single line component. The total Stokes V profile is the sum of
these individual components. The synthetic Stokes V profile,
Vs, is therefore given by

Vs _
I~

_13Bcosy 3 doi(a, AAp, Aj)
4.67 x 10 ‘3I—ch(; geff,jfj,\g_a__ja__f_). 3)
The scaling factor between the observed Stokes V' profile and
this synthetic profile supplies the longitudinal magnetic field
strength B cos . An example of a fit is shown in Fig. 2 (dashed
line).

We believe that the main assumption underlying our anal-
ysis — homogeneity of the magnetic field over the resolution
element — is on the whole reasonable. For example, we ex-
pect the field lines of the magnetic elements to have diverged
enough by this height so that the field should fill the entire
available space (Solanki & Steiner 1990; Solanki et al. 1991).
This assumption is supported by the fact that the chromospheric
magnetic field is observed to be more homogeneous than the
photospheric field (Sect. 5, Harvey & Hall 1971; Giovanelli
1980; Giovanelli & Jones 1982). Nevertheless, some stray light
(mainly due to seeing) is inevitably present, particularly in
sunspots, so that the quantity actually obtained from Eq. (1) or
(3)is aB cos y+(1 —a)Bs cos s, where « is the fraction of light
coming from within the resolution element and (1 — «) is the
stray light fraction introduced into the observations. B cos s
is the longitudinal component of the magnetic field in the solar
surface elements from which the stray light is coming. In the
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Fig. 2. Measured (solid) and synthetic (dashed and dot-dashed) profiles
of umbral Stokes I (upper panel) and Stokes V' (lower panel). These
profiles correspond to the spectrum numbered 207 in Figs. 1 and 4

following we assume that Bgcos~y, = 0, i.e. the stray light is
non-magnetic.

4.2. The Si 1 line

In addition to the chromospheric He I line, the simultaneously
observed photospheric Si I line was also analyzed in order to
compare these two layers. The inversion code described by
Solanki et al. (1992, 1994 Papers V and VII of the present
series) was used to fit the Si I line. Le. the observed Stokes
I and V profiles of this line were reproduced by carrying out
LTE radiative transfer calculations through a two-component
model atmosphere composed of a non-magnetic part and a mag-
netic part. The latter contains a height-independent magnetic
field. The non-magnetic component is described by the quiet
sun model of Maltby et al. (1986). For the magnetic compo-
nent model we chose one of the Kurucz (1991) or Maltby et
al. (1986) models when fitting spectra observed in sunspots and
the Solanki & Brigljevi¢ (1992) plage model in the plages. The
Si I line is unfortunately not an ideal tool for measuring pho-
tospheric fields, since it is insufficiently Zeeman sensitive and
relatively temperature-sensitive. The low Zeeman sensitivity is
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Fig. 3. Measured (solid) and synthetic (dashed) profiles of umbral FTS
Stokes I (upper panel) and Stokes V' (lower panel) of Fe I 10896 A

mainly due to the considerable strength and strong saturation of
this line, which increases its non-magnetic width to the extent
that it is larger than the Zeeman splitting for most photospheric
field strengths. Thus the intrinsic field strength B could be de-
termined only for a minority of profiles (mainly in umbrae) and
even then only with relatively low accuracy. In the rest of the
cases we only obtained a.B cos v, i.e. a similar quantity to what
we obtained in the chromosphere. In Fig. 2, the best fit to the
SiIline is indicated by the dot-dashed curve.

4.3. The Fe I lines

For the FTS spectrum of the umbra we have used the two Landé
g = 1.5 Zeeman triplets Fe I 10783.07 A (transition: ¢ 3Py—
z 3P, xe = 3.11, log gf=-2.60) and 10896.32 A (transition:
¢ 3Py -z %P5, xe = 3.07, log gf=-2.73) to accurately measure
the photospheric field (recall that g = 1.5 at 1.1 um produces
a Zeeman splitting corresponding to that of the g = 3 line at
5250 A). Due to their small non-magnetic width, these lines are
completely split, in contrast to the Si I line. The Stokes I and V/
profiles of Fe I 10896 A line are plotted in Fig. 3. The field was
derived using the inversion code employed earlier to invert the
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Si I line. Since these Fe I lines are completely split in sunspot
umbrae it is possible to determine B and « cos vy separately.

5. Results

Although we analyzed a number of spatial scans, we concentrate
here on the results obtained along the part of the west to east
scan shown in Fig. 1. These results are summarized in Fig. 4.

The top panel portrays the spatially averaged longitudinal
field strength, @B cosy, as derived from both the He I line
(crosses) and the Si I line (diamonds). In the middle panel,
the He I line depth (dashed line), as well as its width at half
minimum is plotted (solid). Both quantities refer to Stokes I.

The bottom panel shows the intrinsic magnetic field strength
B, obtained from the He I line (crosses) and the Si I line (dia-
monds) in the umbra and in a light bridge, where the Si I line
was split by a sufficient amount to allow accos<y and B to be
determined individually. We took this parameter as an indicator
of non-magnetic stray light and corrected the helium and sili-
con values by the same amount even though the helium line is
probably less affected by stray light due to the more homoge-
neous structure of the field at its height of formation. The larger
homogeneity of the field in the chromosphere relative to the
photosphere is one of the most striking features of the measure-
ments. Whereas the chromospheric a.B cos «y changes only by a
factor of 4 over the length of the spatial scan, the photospheric
aB cosy varies by a factor of 30. Gaps in the field strength
in Fig. 4 are left by spectra to which no reasonable fits with
antisymmetric, single component Stokes V' profiles could be
obtained due to either too small or highly asymmetric observed
Stokes V' (see Sect. 5.6).

5.1. Umbral magnetic fields

It follows from Fig. 4 that the magnetic field above the umbra
is approximately 700-1000 G stronger in the photosphere than
in the chromosphere. This difference can be explained by the
divergence of the umbral field with height inherent to all MHD
models of sunspots (e.g. Pizzo 1986; Jahn 1989). We estimate
the height difference between the two layers to be around 1500—
2000 km by comparing the line depression contribution function
(Magain 1986) of the Si I line with the number density of the
He I atoms in the 25 39 state given by Avrett et al. (1994). The
resulting gradient of the field strength d B /dz lies between 0.35
and 0.67 G km™!, which is in good agreement with gradients
determined over a similar or larger height range by other authors
(Abdussamatov 1971; Henze et al. 1982; Lee et al. 1993a, b).

The results obtained from the short N-S scan shown in Fig. 1
give similar results. The aB cos -y values are higher by 100-150
G, while dB/dz values are almost identical.

We obtained similar results from the umbral FTS spectrum
where the values of «cos~y and B could be determined much
more precisely in the photosphere by fitting two better suited
Fe I lines (cf. Sect. 4.3). The observed and best-fit profiles of
one of these lines are shown in Fig. 3. From this spectrum we
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derive B = 2580 G in the photosphere and 1830 G in the chro-
mosphere by assuming that the chromospheric stray light is non-
magnetic, as in the photosphere, and that a cos -y is the same in
both atmospheric layers. The corresponding vertical B gradient
is 0.38-0.5 G km~!, in good agreement with the results of the
other sunspot, discussed above.

There is a broad light bridge between the two sections of
the umbra at the left of Fig. 4 (spectra 197 and 199). In the
photospheric layer a.B cos v in the light bridge appears to be
reduced relative to the umbrae. In the chromosphere the differ-
ence is more significant and of opposite sign: the field strength
appears to be higher in the light bridge than in the neighbouring
umbra. It is in principle also possible that the field is less in-
clined in the light bridge than in the neighbouring umbra in the
chromospheric layer, but not in the photosphere. Note that in B
alone, the light bridge is not visible at the photospheric layer,
although this point must be considered open until observations
with a more magnetically sensitive line (e.g. Fe I 1.5648 pm)
have been carried out.

5.2. Penumbral magnetic fields

In the penumbra d(aB cos )/dz is smaller than in the umbra,
but this is partly due to the fact that the field becomes increas-
ingly more horizontal near the outer penumbral boundary. We
can estimate the intrinsic field strength B at the measured posi-
tions in the photospheric layers of the penumbra from values in
the literature (see, e.g., the compilation by Solanki & Schmidt
1993). Consequently the ratio of this literature value of B / Bax
to the aB cos 7y / Bmax value obtained from the Si I line gives an
estimate of & cos v in the photosphere. Here By, is the largest
field strength at any location in the sunspot. If we assume that
the chromospheric a.cosy value is the same as the o cos«y in
the photosphere, then we have obtained an estimate of B in
the chromosphere above the penumbra as well. Comparing the
photospheric with the chromospheric B values gives dB/dz =
0.15-0.35 G km ™! in the outer penumbra. This value is smaller
than the dB/dz obtained in the umbra. In the inner penumbra
the dB/dz is much closer to the umbral value. The large range
of possible penumbral dB/dz values reflects uncertainties in
the height of formation of the He I line and possible deviations
of this sunspot from the standard B(r)/Bpax distribution used.
Note that in the above procedure we have assumed that « cos v is
the same in the photosphere and the chromosphere. In reality we
expect this product to be somewhat larger in the chromosphere.
After taking this into account, our best estimate of dB/dz in
the outer penumbra becomes 0.1-0.3 G km™!.

The trend of decreasing dB/dz with increasing distance
from the centre of the sunspot is in good agreement with the re-
sults of Bruls et al. (1994, Paper VIII of the present series), who
compared the field strength at two heights in the photosphere. It
is also consistent with the trend reported by Lee et al. (1993a),
but it is opposite to the result of Abdussamatov (1971) who
found a larger dB/dz for smaller B. Although the magnitude
of our gradients agrees well with dB/dz derived over a similar
heightrange (e.g. Hagyard etal. 1983), in both the umbra and the
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Fig. 4. Top panel: Spatially averaged longitudinal magnetic field strength a.B cos «y along the W-E scan shown in Fig. 1 measured in the Si I
line (diamonds) and in the He I line (crosses). Middle panel: Line depth (dashed) normalized to the continuum intensity, and full width at half
minimum in A (solid) of the He I line. The ordinate scale is valid for both parameters. Bottom panel: Intrinsic magnetic field strength B

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


http://cdsads.u-strasbg.fr/abs/1995A%26A...293..252R

FTIOLARA © Z 293 ZZ52R0

258
0.008 T T
0.004 |
S
> -
©  0.000F
X .
°
[%2]
[
~0.004
-0.0080 . . o 1., L

10827.0 10828.0

Wavelength A [A]

10826.0

Fig. 5. Measured canopy profile (solid), as well as a fit with a mag-
netic canopy (dashed) and one with a vertically homogeneous fields
of strength 150 G (dot-dashed). Over most of the Stokes V' profile the
dashed curve is indistinguishable from the solid. This profile corre-
sponds to the Stokes V' spectrum numbered 235 in Figs. 1 and 4

penumbra the d B /dz derived here is much smaller than the gra-
dients obtained from purely photospheric lines (Wittmann 1974;
Balthasar & Schmidt 1993; Bruls et al. 1994). This comparison
suggests that throughout sunspots dB/dz is largest in the pho-
tosphere and is considerably smaller in the chromosphere.

5.3. Sunspot canopies

At some positions outside the penumbral boundary the chromo-
spheric a.B cos 7 is actually larger than the photospheric value
(e.g. spectra 235 and 237). These positions are further marked
by their proximity to sunspots, small a.B cos v values and Si I
Stokes V' profiles with particularly narrow peaks and a small
peak separation. This is consistent with a superpenumbral mag-
netic canopy. The fit to such Si I spectra without a magnetic
canopy produces Stokes V profiles with too strong wings and
too large a peak separation even for very low field strength (see
the fit by the dot-dashed curve, B = 150 G, to the solid curve
in Fig. 5). Good fits require the presence of a magnetic canopy
located roughly 300 km above the unit optical depth, 7, = 1,
surface. Only the core of the SiI line obtains a significant con-
tribution above the canopy base, so that the Stokes V' profile
formed in the presence of such a canopy is considerably nar-
rower than the Stokes I profile, much of whose width is due to
saturation. Such a Stokes V' profile (dashed curve in Fig. 5) can
reproduce the observations satisfactorily. Thus the shape of the
Si I Stokes V profile on its own already suggests the presence
of a magnetic canopy surrounding the sunspots. The Stokes V
profile shapes of saturated lines may quite generally constitute
a new diagnostic of the base heights of magnetic canopies.

In addition, the helium line gives an aB cos ¥ value consis-
tent with that obtained from the Si I line in the magnetic canopy
scenario, buta too large a.B cos -y value if the magnetic field seen
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by Si I is allowed to continue to the bottom of the photosphere
(it is these latter values which are plotted in Fig. 4). Conse-
quently, all the evidence points to a low-lying canopy, in good
agreement with previous observations of sunspot surroundings
based on other diagnostics (Giovanelli 1980; Giovanelli & Jones
1982; Solanki et al. 1992, 1994; Adams et al. 1993).

5.4. Plage magnetic fields

In the plages (cf. spectrum Nos. 241-255) aB cosy is almost
the same at both heights, as expected for spatially unresolved
fluxtubes expanding with height and filling all the space at the
formation level of the helium line. In other plage regions, lo-
cated further away from sunspots, we observed an even closer
correspondence between the two values, which were of the order
of 150 -~ 300 G. This is also true for the FT'S plage spectrum.

The difference between the He I and the Sil a.B cos -y found
for spectra 249-255 is significant. This is the only example of
a plage region in which He I shows a significantly weaker field.
One possible explanation of the difference is the interaction
between the vertical small flux tubes forming the plage and the
almost horizontal field of the superpenumbral canopy — recall
that these profiles lie just outside a spot; see Fig. 1. The Si Iline
has a significant contribution from below the magnetic canopy
and mainly detects the vertical flux-tube field which, due to
cosy = 1, gives a large a.B cos 7. Higher up the magnetic field
of the flux-tubes has merged with the sunspot canopy and has
probably been bent to a large degree, thus lowering the a B cos y
visible in the He I line. In any case, we expect the magnetic
configuration at such locations to be complex and not easily
predictable.

5.5. He 1 line depth and width

The central frame of Fig. 4 shows the depth and width variations
of the helium line along the W-E spatial scan. The plotted line
depth 1 —I; /1. is normalized to the continuum intensity I,.. I; is
the rest intensity in the line core. The variation of the line depth
does not appear to be correlated with the magnetic field strength.
In particular, the He I line is weakest in the dark part of the
sunspot umbra and in the light bridge where the chromospheric
field is largest. In addition, the variation of the line depth (it
varies by a factor of 2.7 in the plotted region) is slightly smaller
than the variation in aB cos y derived from He I (factor of 3.5
over the figure). The He I line width varies by a factor of 1.6
over the length of the scan.

Interestingly, the Stokes I and V profiles of the He I line
are particularly broad there where the Stokes V profile of the
Si I line is particularly narrow, i.e. at the location of the super-
penumbral canopy. The He I line is also most strongly shifted
relative to the Si I profile at these positions. The shift of 300—
400 m s~ ! is consistent with the signal of the inverse Evershed
effect seen in the He I line. Outside the sunspot we do not expect
the Stokes I profile of Si I to show such a sizable shift caused
by the photospheric Evershed effect since this line is mainly
formed below the magnetic canopy and the Evershed effect is
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Fig. 6. Complex Si I and He I Stokes V' line profiles probably exhibiting the crossover effect. Plotted are the spectra numbered 261, 263 and
265 (from left to right) observed near the apparent neutral line in a sunspot penumbra (see Fig. 4)

only visible above the canopy at such locations (Solanki et al.
1994). We can estimate the broadening velocity by comparing
with the He I line width at the neutral line; the line width is
smallest at that location (marked by the vertical arrow in Fig. 4)
and corresponds to 7.8 km s~!. The largest width that the He I
line reaches in the plotted data is 12.9 km s~!, which corre-
sponds to a broadening velocity of 10.3 km s~! relative to the
width at the neutral line. This broadening velocity is a lower
limit, since the He I line width at the neutral line may partly be
due to a velocity broadening as well.

This difference in line width suggests that the major part
of the velocity broadening is due to field aligned motions. The
large excess broadening velocity may be related to the chro-
mospheric inverse Evershed effect. In this case either there are
sizable small-scale velocities that are much larger than the large-
scale inverse Evershed flow, or these small-scale velocities are
much more inclined to the horizontal (recall that we see no line
shifts larger than 300400 m s~!). In either case, the Evershed
effect would be highly inhomogeneous. The other possibility is
that the excess broadening velocity is a signature of unresolved
waves or oscillations, e.g. running penumbral waves, (Zirin &
Stein 1972; Giovanelli 1972; Lites et al. 1982; see review by
Lites 1992). Of course, both effects may contribute. The extra
broadening is unlikely to be purely thermal, since a line width of
13 km s~! corresponds to a temperature of over 40 000 K. Even
the width of the narrowest profile corresponds to T ~ 16000
K. Thus, if we assume that the He I line is formed at a more
nearly ‘normal’ chromospheric temperature of 6 000-12 000 K,
then we find that even at the neutral line the profile is veloc-
ity broadened by 4-6 km s~!. This velocity may still be field
aligned, even at the neutral line due to the possible presence of
uncombed field, i.e. magnetic field with different inclinations
in bright and dark penumbral filaments (see Sect. 5.6).

5.6. Complex profile shapes at the neutral line

In the silicon line spectra Nos. 260 to 270, located in the limb-
ward penumbra of the following spot, we observe complex pro-
files suggestive of the crossover effect (Grigorjev & Katz 1972;

Golovko 1974), which is best explained by a combination of
magnetic and velocity gradients along the line of sight (e.g.
Sanchez Almeida & Lites 1992; Solanki & Montavon 1993).
Three such spectra (Nos. 261, 263, 265) are shown in Fig. 6.
Before we discuss these profiles further we must first make cer-
tain that these strange profile shapes are really solar and not too
heavily influenced by the instrument.

In principle, it is possible to produce spectra of this shape
through instrumental cross-talk from Stokes @ or U into V
(the I to V cross-talk was removed during data reduction).
To test the possible importance of cross-talk we calculated the
Miiller-matrix of the McMath-Pierce telescope for the appro-
priate times and wavelength assuming unpolutted aluminium
mirrors. The largest cross-talk term contributing to Stokes V
is found to be from Stokes U and is roughly 20% or less. We
can judge the maximum effect of the cross-talk by assuming
the worst-case: v = 90°, x = 45°, U — V crosstalk of 20%
and no non-magnetic stray light. Even under these conditions
the maximum Stokes V' amplitude produced by the crosstalk
is approximately 0.011 (for B=1500 G, a typical field strength
in the mid-penumbra), which is below 1/3 the amplitude of the
observed Stokes V profiles at and near the neutral line. Thus
the observed Stokes V' profiles cannot simply be a product of
the cross-talk. Could the cross-talk sufficiently distort ‘normal’
Stokes V profiles observed near the neutral line? To test this
we added the worst-case U — V cross-talk profile to a nor-
mal Stokes V profile, chosen such that the resulting amplitude
of the composite Stokes V' profile equals the observed Stokes
V amplitude. Although the final Stokes V' profile can be quite
asymmetric (an extreme example is shown in Fig. 7), it never
shows the three-lobed structure seen in Fig. 6. We conclude that
the observed complex shapes of the Si I Stokes V profiles near
the neutral line are mainly due to the solar crossover effect.

What about the He I profile? Although the Stokes I line
depth is above normal and its flanks are steep, both of which
conditions are conductive to strong Stokes V' profiles, the ob-
served Stokes V' is small. Its amplitude is 7-9 times weaker than
that of the Si I Stokes V profile. This should be compared to
the normally observed ratio of 3—4. These weak He I profiles
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Fig. 7. Most asymmetric synthetic Stokes V' profile of the Si I line that
can be produced by cross-talk from Stokes U and Q) into-V'

do show the typical signature of the crossover effect, but may,
due to their weakness, be more easily affected by cross-talk.
On the other hand, the reduced field strength at the chromo-
spheric level means that Stokes U is reduced relative to Stokes
V for otherwise the same parameters as in the photosphere. We
again tested whether the He I shapes may be strongly affected
by cross-talk in a similar manner as we described earlier for the
Si I line. The worst case (B = 800-1000G) gives a Stokes V
amplitude of 0.0014 produced by U — V cross-talk. As in the
case of the Si I line, such cross-talk cannot sufficiently distort
the observed Stokes V' profile. Consequently, the He I line pro-
file also show the crossover effect. Noise, however, begins to
become a problem for such weak profiles.

The weakening of the He I Stokes V' profile relative to the Si I
Stokes V profile already suggests that either the chromospheric
magnetic field is more homogeneous than the photospheric, or
that the chromospheric velocities are smaller. The observed line
width suggests that the latter is not the case, so we conclude
that the small-scale inhomogeneity of the penumbral field (un-
combed field), which best explains the crossover effect (Solanki
& Montavon 1993), is reduced in the upper chromosphere but
apparently not absent.

6. Conclusions

We have developed the He I 10830 A Stokes V profile as a

quantitative diagnostic of upper chromospheric magnetic fields

and have presented the first results obtained from Stokes I and V'

profiles of this line. It fills a gap between photospheric magnetic

diagnostics and radio observations of the corona.

The results of the present investigation can be summarized as

follows:

— The present observations enable us to measure chromo-
spheric magnetic fields down to ~ 100 G, but it should be
possible to lower this limit to 50 G or less using observations
with a lower noise level.

I. Riiedi et al.: Infrared lines as probes of solar magnetic features. X

— The magnetic field distribution at scales larger than 3" is
considerably more homogeneous in the upper chromosphere
than in the photosphere. This is consistent with Harvey &
Hall’s (1971) observation that the magnetic field in the chro-
mosphere is more diffuse than in the photosphere. Nonethe-
less, the spatially averaged strength of the longitudinal chro-
mospheric magnetic field is found to vary by a larger amount
than the He I 10830 A line depth, at least within the observed
active region.

— In plages the magnetic flux through a surface element of

2-3" in size is equal in the photosphere and chromosphere.
This speaks against the presence of significant flux in long
low-lying loops (restricted to below the chromosphere) as
proposed by Degenhardt & Kneer (1992) to explain the
Stokes V' asymmetry of photospheric lines (e.g. Solanki &
Stenflo 1984). If such loops were common, then the amount
of flux seen in the Si I line would be significantly larger than
in the He I line, which is not the case in normal plage.

— The vertical magnetic field strength gradients dB/dz we

observe in umbrae, 0.35-0.6 G km~!, are compatible with
those derived by other authors from comparisons of chro-
mospheric, transition region or coronal with photospheric
field strengths (Abdussamatov 1971; Tandberg-Hanssen et
al. 1981; Henze et al. 1982; Hagyard et al. 1983; Lee et al.
1993a), but are much smaller than values obtained from the
comparison between lines formed at different levels in the
photosphere (Wittmann 1974; Balthasar & Schmidt 1993;
Bruls et al. 1994).

— The vertical magnetic field strength gradient drops to 0.1-

0.3 G km™! in the outer penumbra. This trend is in good
agreement with the measurements of Bruls et al. (1994),
based on photospheric lines (Hewagama et al. 1993). The
value of dB/dz derived here, however, is again much
smaller than values measured in the photospheric layers
(Bruls et al. 1994; Balthasar & Schmidt 1993). We conclude
that the vertical magnetic gradient throughout sunspots, but
in particular in the penumbra, is largest in the photosphere
and decreases with height. In the penumbra this is consis-
tent with the explanation for the large photospheric gradient
given by Solanki & Montavon (1993) and Bruls et al. (1994).
In the umbra this behaviour is qualitatively expected from
theoretical models.

— The vertical gradient dB cos+y/dz is significantly smaller

over a broad light bridge than over the umbra. The light
bridge appears to behave like a penumbra in this respect.

— Like the photospheric Si I line, the He I line also exhibits

the crossover effect in sunspot penumbrae, at least to within
the accuracy of our measurements. The observations suggest
that the inclination of the magnetic field in the chromosphere
above a sunspot is less inhomogeneous on a small scale than
in the photosphere.

— At no location did we find any evidence for an opposite
polarity in the chromosphere relative to the underlying pho-
tosphere, in contrast to the observations of Daraet al. (1993).
If a large-scale inversion of the polarity in the umbra of the
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leader spot, such as observed by Dara et al. (1993), were
present, our observations would not have failed to show it.

— Considerable mass motions are present in the upper chro-
mosphere above an active region (=~ 10 km s~!). In our
observations they express themselves through the enhanced
He I line width and Stokes I asymmetry. These motions are
mainly field aligned.

— The presence of an almost horizontal magnetic canopy in
the upper photosphere near sunspots is confirmed by the
comparison of the He I and the neighbouring SiI line. Also,
the shape of the Si I Stokes V' profile turns out to be a good
diagnostic of canopy base heights.

— By extending the technique developed in this paper to the
four Stokes parameters, a knowledge of the full magnetic
vector in the chromosphere can in principle be achieved.
Such measurements would also allow a determination of B
without most of the assumptions and uncertainties plaguing
the present results. Such observations are planned.
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