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THE INFLUENCE OF SUNSPOT CANOPIES ON
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Abstract. Sunspots are known to have large, low-lying magnetic canopies, i.e. horizontal
magnetic fields overlying a field-free medium, that cover substantial fractions of active
region plage. In this paper we consider the influence of such canopies on the inclination
of plage magnetic fields. We find that for observations in spectral lines like 5250.2A the
neglect of a sunspot canopy when determining magnetic inclination angles of plage fields
can introduce errors exceeding 5-10°. This is particularly true if the observations do not
have high spatial resolution. Thus this effect may explain some of the measurements of
substantially inclined fields in solar plages. Furthermore we find that the Fe I 15648 A
line is far superior in giving correct flux-tube inclinations in the presence of a sunspot
magnetic canopy. Finally, the inversion of full Stokes profiles is shown to produce more
reliable results than results obtained by considering only ratios of individual Stokes profile
parameters.
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1. Introduction

Reliable observations of solar vector magnetic fields are central to the under-
standing of solar MHD processes, as testified by the increasing efforts being
undertaken to derive magnetic vectors with high precision from measured
Stokes profiles.

One of the important parameters one wishes to determine is the incli-
nation angle 4 (relative to the surface normal) of the magnetic elements
composing solar plages.* Initial theoretical estimates (e.g. Schiissler, 1986)
predicted that kG magnetic elements should not deviate from the vertical
direction by more than 1°. Later, Schiissler (1990) allowed for the possibil-
ity that some magnetic elements, those with lower field strengths, may be
more strongly inclined. More recently these estimates have had to be re-
vised in the light of the discovery of supersonic flows in solar granulation
(e.g. Cattaneo et al., 1990, Nesis et al., 1992, Solanki et al., 1995a). The
increased strength of the granular buffeting can tilt individual flux tubes by
as much as 15-25° (Solanki, 1993). Finally, 2-D MHD simulations (Steiner
et al., 1995) have demonstrated directly that flux tubes become periodically

* Primed quantities, inclination angle 4’ and azimuth x’, refer to local solar coordinates,
unprimed ones to inclinations and azimuths relative to the line of sight.
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inclined by large amounts due to granular buffeting. This mechanism is ex-
pected to act on each flux tube individually, so that at any given moment the
average inclination of a sufficiently large ensemble of flux tubes is expected
to be small. In addition, further simulations by Steiner, Grossmann-Doerth,
Knolker and Schiissler (private communication) show that only small flux
tubes (diameter < 400 km in the continuum forming layer) react strongly
to granular buffeting. Larger flux tubes remain basically vertical throughout
their simulation.

In the quiet magnetic network only an upper limit of 10° on the average
inclination of magnetic elements is known from direct measurement (Sdnchez
Almeida & Martinez Pillet, 1994), although Murray (1992) finds evidence
for on average highly inclined weak magnetic field from a statistical analysis
of full-disk magnetograms, in particular of the centre-to-limb variation of
the magnetogram signal. How far his results near the limb are affected by
horizontal canopy fields due to the quiet network (Jones & Giovanelli, 1983)
is an open question.

In active region plages recent observations, even when averaged over many
magnetic elements, give inclinations to the vertical that often are larger
than 10° (Solanki et al., 1987; Lites & Skumanich, 1990; Bernasconi et al.,
1995). A statistical study of magnetograms (Howard, 1991) also indicates
large inclinations, with the opposite polarity fields in active regions being
inclined by 16° towards each other.

Although theory and quiet-sun observations are mutually consistent, they
disagree with active region observations. In the present paper we investi-
gate a possible explanation for this discrepancy. In addition to small-scale
magnetic features active regions contain sunspots which possess large-scale,
low-lying magnetic canopies that cover a significant fraction of active re-
gion plages (e.g. Giovanelli, 1980; Giovanelli & Jones, 1982; Solanki et al.,
1992b, 1994; Bruls et al., 1995). We investigate how such a low-lying mag-
netic canopy influences and possibly falsifies magnetic element inclinations
derived from the Stokes vector.

2. Technique

We have carried out a large set of calculations of Stokes parameters in a
simple 2-component model of a horizontal superpenumbral magnetic canopy
(1st component) and vertical magnetic elements, modelled as flux tubes
(2nd component). Each magnetic component is described by a simple 1-D
(i.e. plane-parallel) atmosphere. For the canopy this is clearly a reasonable
assumption, while for the flux tubes its validity, as far as the inclination of
the magnetic field is concerned, has been shown to hold using 2-D models
(Solanki et al., 1995b).
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The magnetic field of the canopy, with strength B. and an inclination
to the surface normal 4, = 90°, is homogeneous above the canopy base-
height Z. and disappears below Z.. The magnetic field of the flux tube has
ypr = 0° and a strength Bpr whose vertical variation is given by the thin-
tube approximation (Defouw, 1976). Thus in this model there is a magnetic
field everywhere above the height Z., while below this height only the frac-
tion of the solar surface covered by flux tubes, apr, has a magnetic field.
Consequently the filling factor of the canopy component a. = 1 — apr. In
accordance with previous work the thermal structure of the canopy compo-
nent is the same as that of the quiet sun (Maltby et al., 1986), while the
flux-tube atmosphere is described by the plage flux-tube model of Solanki
& Brigljevi¢ (1992). In the present simple model pressure balance is not
enforced across the canopy boundary.

At a given heliocentric angle 6 we calculate the Stokes profiles for each
component separately (obtaining Spr and S¢, where S = I,Q, U, V), weight
them by the surface filling factor of the respective component and add them
together, forming

Stot = Srr arT + Sc(1 — apr) .

In order to determine the inclination « with respect to the line-of-sight
we take two approaches. In the first the ratio R = V/1/Q? 4+ U? is used as
a measure of . The difference between

V;:ot

\/ Q%ot + U1;20t

Ver

Ryt =
\/ Q%r + Uiy

is an indication of the error, Aypr, introduced into v measurements of the
flux-tube field by neglecting the magnetic canopy. To estimate Aypr we
have calculated Rpr for a number of . values for each 6 (i.e. flux tubes
with different inclinations to the vertical; primed quantities refer to the local
solar coordinate system). If ; is the inclination with respect to the line of
sight of the original flux tube (whose Stokes spectrum is added to that of
the canopy) and -y, is the inclination of the flux tube that gives the same R
value as Riot, then Aypr =|v2 — 71 |-

In the second approach we have used the inversion code described by
Solanki et al. (1992b, 1994) to fit the combined Stokes profiles Sioz with a
pure flux-tube model. The code then gives us ypr (fit) and xpr (fit), which
can be compared with the true values to yield Aypy and Axpr. Here x is

Rtot =

and
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the magnetic azimuth. We define x = x’ = 0 in the direction of solar disk
centre.

We have calculated the Stokes profiles of four Fe I spectral lines using
the Stokes transfer code of Solanki et al. (1992a) based on the Diagonal
Element Lambda Operator (DELO) technique (Rees et al., 1989; Murphy,
1990). The four lines are: 5247.1A (excitation potential x. = 0.09 eV, Landé
factor geg = 2), 5250.24 (xe = 0.12 €V, g = 3), 5250.6A (x. = 2.20 eV,
gt = 1.5) and 15648A (x. = 5.43 eV, g = 3). The three lines in the visible
have been shown to be very useful diagnostics of the field strength and the
temperature in small-scale magnetic features by Stenflo et al. (1987) and
Zayer et al. (1990).

The free parameters of the model calculations are: Z., art, B¢, BFT, émac,
XL, where £nac is the macroturbulence velocity and x.. is the azimuthal angle
of the canopy magnetic field in local (solar) coordinates. We have carried out
model calculations for Z, = 300, 400 and 500 km, with the corresponding
B, values 500, 300 and 200 G. This Z.—B. combination corresponds roughly
to values derived from infrared lines (Solanki et al., 1992b, 1994; Hewagama
et al., 1993 and Bruls et al., 1994). Following the constraints imposed by
observations (e.g. Riedi et al., 1992), only a single value of Bpr, namely
Byt (2 = 0) = 1500 G is chosen, where z = 0 corresponds to continuum
optical depth 7. = 1 in the quiet sun. x. values of 0°, 180° and 90° have
been considered, i.e. canopies looking away from the limb, towards the limb,
and parallel to the limb as seen by the observer (recall that by considering
horizontal canopies we have chosen 7. = 90°). 0 and 2 km/s have been
employed for £ac, and 0.1, 0.3 and 0.5 for apr. 0.1 is typical of apr values
obtained with low spatial-resolution data, while 0.5 can only be achieved
with rather high spatial resolution data. A microturbulence of 0.8 km/s is
applied in the non-magnetic portions of the atmospheres and in the canopy,
while 1.0 km/s is used within the flux tubes.

3. Results

3.1. AMPLITUDE RATIOS

We first discuss a selection of the results obtained with the simpler technique,
i.e. from the ratio V//Q? + U=2.

Figure 1 shows Avypr as a function of 8 for Z. = 500, 400 and 300 km.
Plotted are results for Fe I 5250.24, apr = 0.1 and Emac = 0. We take
0 < v < 90° and x. = 0, i.e. we consider positive polarity vertical flux
tubes and the canopy on the diskward side of a positive polarity sunspot.
Note that for x. = 0° we have Aypr = Avpr, i.e. the errors plotted in Fig. 1
and subsequent figures have exactly the same magnitude as the errors in the
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Fig. 1. Error in flux-tube inclination Avrr vs. heliocentric angle 6 at which the flux tube
is observed. See text for a description of Ayrr. Each curve represents A«ypr for a different
value of the sunspot canopy base-height, Z.. Other parameters: Flux-tube magnetic filling
factor apr = 0.1, spectral line Fe I 5250.2A, flux-tube and canopy magnetic inclinations
relative to line-of-sight yrr < 90°, 7. < 90°, while the azimuths for the flux-tube and
canopy fields are xrr = 180° and x. = 0. The horizontal dotted lines bound the interval
—5° < Aqpr < 5°. The plotted results were obtained by comparing ratios of o-amplitudes.

inclination angle relative to the surface normal. As expected Aypr decreases
with increasing Z, i.e. the higher the canopy base the smaller its influence
on the Stokes profiles. The qualitative dependence of Aypr on 6 can be
understood relatively easily. For § < 45° we have . > 45° > ~pr. Thus
the combined flux-tube and canopy Stokes profiles mimic a flux tube with
a larger inclination to the line-of-sight, if interpreted in terms of a flux-tube
component only (Yot > YT, i-6 Aypr > 0). For 6 > 45°, on the other hand,
Yo < 45° < ~pT, so that the combined profiles mimic flux tubes inclined
towards the observer (vt < ypr). If B, = Bpr then A+ypr must disappear
at 6 = 45°. Since B # Bpr and the ratio V/1/Q? + U? depends on the field
strength (Stenflo, 1985), Aypr = 0 near, but not exactly at 6 = 45°.

The most striking feature of Fig. 1 is the magnitude of the effect. The two
horizontal dotted lines lie at |Aypr| = 5°. We consider A+ypr values lying
outside the area enclosed by these two lines to be significant in the sense
that they are larger than the usual errors in measured flux-tube inclinations.
In Fig. 1 this is the case over most of the § range.

Figure 2 compares the results for three different values of apr: 0.1, 0.3
and 0.5 (Z. = 400 km, and the rest of the model parameters are the same as
for Fig. 1). As expected |Avypr| decreases strongly with increasing apr, so
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Fig. 2. Same as Fig. 1, except that each curve now represents Aypr for a different arr.
The height of the canopy base Z. = 400 km.

that for apr = 0.5 |Aypr| remains below 5° over a 6 interval of 30°. Figure 2
thus illustrates the value of high spatial resolution observations.

A non-zero &, reduces Avpr, since the lobes of the narrower and gener-
ally weaker canopy V and (@) profiles are cancelled more readily by turbulent
broadening than the flux-tube profiles. However, reasonable values of &nac
reduce |Aypr| by only 10-20% and do not significantly modify conclusions
based on calculations with £nac = 0.

In Fig. 3 we plot Avypr, determined individually from each of the three
lines A5250.2A (g = 3), A5247.14 (geg = 2) and A5250.6A (geg = 1.5)
(Ze = 400 km, apr = 0.5, xc = 0° and . < 90°). |Avypr| increases in the
order of increasing g.g since the strength of the canopy @ and V profiles
increases relative to the flux-tube profiles for increasing geg (the flux-tube Q
and V profiles are increasingly Zeeman saturated for increasing geg). This
implies that it is of advantage to use lines with lower g.s¢ to measure flux-
tube inclinations.

This result may not be generalized, however, since by far the most reliable
results were obtained with the most Zeeman-sensitive line in our sample, Fe
I 15648A. For the plotted case |Aypr| < 1° over almost the whole § range.
This result is to a large part due to the infrared line’s low height of formation
(it obtains its main contribution at log 75000 & — 1 in the quiet sun), which
makes it rather insensitive to canopy fields with Z; & 300 km. In addition,
due to its large Zeeman sensitivity the canopy and flux-tube contributions
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Fig. 3. Same as Fig. 1, except that each curve now represents the Aypr derived from a
different spectral line. We have chosen Z. = 400 km and arr = 0.5 (instead of arr = 0.1
as in Figs. 1 and 2).

to its V and Q@ profiles are clearly separated as a result of the different field
strengths in these components (Solanki et al., 1992b, 1994).

3.2. INVERSIONS

Due to the substantially larger computing demands of the inversion tech-
nique we have applied it to a smaller model grid. We discuss only the case
Z. =400 km with apr = 0.5 and apr = 0.1.

In the upper panel of Fig. 4 we plot Aypr resulting from the inversion of
the combined flux-tube and canopy Stokes profiles for apt = 0.5, Z. = 400
km and three different canopy azimuths: x. = 0° (i.e. 0° < 9. < 90° and
Xe = 0°), xL = 90° (ie. 7. = 90° and x. = 90°) and x. = 180° (i.e.
180° > 7. > 90° and x. = 180°). The first of these cases corresponds, e.g.,
to observations on the diskward side of a sunspot with the same polarity
as the flux tubes. The second case corresponds to canopy field lines lying
parallel to the solar limb, as seen, e.g. when observing plage at the same 0
as a nearby sunspot. The third case corresponds, e.g., to observations on the
limbward side of a sunspot with the same polarity as the flux tubes. The
difference to the first case (y. < 90°) is that now the V profiles due to the
canopy and flux-tube components have opposite signs. Each curve in Fig. 4
is based on the combined inversion of all three lines. We allowed apT, B, 7,
x and &,c to be determined by the code.
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Fig. 4. Upper panel: Axpr determined from multi-line inversions for three different
directions of the sunspot canopy vs. 6. Solid curve: 7. < 90°, xc = 0° (canopy field
oriented away from the limb), dot-dashed curve: . > 90°, xc = 180° (canopy field oriented
towards the limb), and dashed curve: 7. = 90°, xc = 90° (canopy field parallel to the
limb). yrr < 90°, xpr = 180° in all cases. Other model parameters are Z, = 400 km and
apr = 0.5. Lower panel: Error in the azimuth Axgr vs. 8 for the same fits as in the
upper panel.

© Kluwer Academic Publishers ¢ Provided by the NASA Astrophysics Data System


http://cdsads.u-strasbg.fr/abs/1996SoPh..164..253S

BSGPh, T I647 D253

K]

MAGNETIC INCLINATION IN PLAGES 261

A comparison between the solid curves in Figs. 2 and 4 (upper panel) in-
dicates that the inversion technique gives on average a factor of 2-3 smaller
|Avpr|. One reason is that the inversion code considers not only a single
wavelength point but the whole line profile. It also combines fits to all three
lines. Finally, the fact that the inversion determines a field strength some-
what lower than that of the flux tube (due to the canopy contribution) also
plays a significant role in lowering Aypr. The field strength returned by
the inversion code at the limb is approximately 500 G lower than the field
strength of the original model flux tube. The relative strengths of the V' and
Q profiles of a vertical flux tube with lower B are more similar to those of
the combined canopy and flux-tube profiles than the relative strengths for
a strong-field flux tube.

The inversion also provides Axrr, which is plotted in the lower panel of
Fig. 4. Except near the centre of the solar disk, where Axpr due to the best
fit tends to 90° for x. = 90°, Axpr is rather small and should not affect
results significantly.

In the case plotted in Fig. 4, corresponding to very high spatial reso-
lution measurements, sunspot canopies can for most purposes effectively
be neglected, except at disk centre and at the limb. In addition, the accu-
racy in ypr for the parts of the canopy with field lines parallel to the limb
(xc = 90°) is on the whole better than on the diskward and limbward sides
of the sunspot.

If all parameters excluding v and x are fixed during the inversion, the
combined inversion of all three lines results in Aypr values that are inter-
mediate between those obtained by fitting 5250.6A alone (which gives some-
what smaller |Avypr| values) and those from fitting 5250.2A and 5247.1A
(larger |A~ypr| values). A simultaneous fit to all three lines is nevertheless to
be preferred over fits to A\5250.6A alone. Firstly, it gives more reliable ypr
values than any of the lines individually. Secondly, by fitting all three lines
simultaneously we obtain in addition to ypr and xpr also parameters such
as field strength, macroturbulence velocity and temperature. Since each of
these parameters influences the derived ypr and xpr, and as they are usu-
ally not known beforehand, it is important to fit multiple lines and derive
all the free parameters simultaneously.

If apt = 0.1, then the A~vypr resulting from the inversion is quite substan-
tial, as illustrated by Fig. 5. In this case |Avypr| > 5° over a large fraction
of the solar disk. The inversion nevertheless gives on average an almost two
times smaller Aypr than that produced by the amplitude ratio (compare
with Fig. 1). Once again the inversion code underestimates the field strength
of the flux-tube, which contributes to reducing |Aypr| relative to the simple
V//Q? + UZ-ratio method. The quality of the fits is not too good very close
to the limb, mainly because a single magnetic component cannot properly
fit the combined Stokes profiles Siot, which begin to exhibit the influence
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Fig. 5.  Aqpr (solid) and Axrr (dashed) vs. 8 for the following choice of parameters:
Z. = 400 km, apr = 0.1, 7c < 90°. The diagram has been obtained by simultaneous
inversion of all three visible lines.

of the second magnetic component quite clearly there. Thus, by considering
only fits which reproduce the observations with high quality, it should be
possible to restrict errors to less than approximately 20° in Aypr due to
the sunspot magnetic canopies. The error in ypr (dashed curve in Fig. 5) is
once again relatively small.

4. Discussion and Conclusion

We have tested how the presence of a sunspot magnetic canopy affects mea-
surements of the direction of the magnetic vector. The conclusions from the
present work are:

1. For a line like 5250.2A the presence of a low-lying sunspot canopy can
significantly affect the flux-tube inclination derived from the observed
Stokes parameters, in particular if the spatial resolution is not very
high.

2. We find that an inversion approach regains the direction of the flux-
tube magnetic vector more reliably than the modelling of simple line
ratios.

3. The height of formation of a spectral line is important for its sensitiv-
ity to the canopy field. The lower the height of formation of a spectral
line, the better it provides estimates of the flux-tube magnetic vector.
In particular the Fe I 15648A line turns out to give flux-tube magnetic
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inclinations that are relatively unaffected by the canopy. For lines in the
visible the error in the flux-tube inclination due to the canopy increases
with increasing Zeeman sensitivity. If, however, the Zeeman sensitiv-
ity is large enough to separate the flux-tube and canopy contributions
to the observed line profile, then the error in the derived inclination
introduced by a sunspot canopy is also reduced.

4. Since the Stokes profiles produced by the canopy component are nar-
rower than the flux-tube Stokes profiles (e.g. Riledi et al., 1995), we
propose that it is better to observe or analyse the outer parts of the
Stokes profiles in order to derive the true inclination of flux tubes, par-
ticularly when observing with an imaging instrument that has a fixed
spectral passband. This choice of wavelength also possesses other ad-
vantages (cf. Jefferies & Mickey, 1991).

5. The current investigation demonstrates yet again that no diagnostic or
inversion is free from model dependence and that it pays to carefully
select the spectral line(s) and to consider the various possible magnetic
field configurations. In other words, even the best inversion technique
is no better than the underlying model and spectral diagnostics.

6. The smallest errors are achieved in the interval g = cosf =~ 0.5-0.8.
It may be worthwhile to give priority to magnetic inclination measure-
ments in plages within roughly this range of y values.

7. It is possible to extend the Stokes fitting technique to encompass two
magnetic components (Bernasconi & Solanki, 1995) and thus model
the effect of the canopy directly during the inversion. This may be a
promising approach for the future.

The relevance of the current investigation to the real sun depends on the
fraction of plage area covered by low-lying sunspot canopies. Giovanelli &
Jones (1982) found for two active regions that approximately half of the
surface area free from magnetic fields in the low photosphere is covered by
nearly horizontal canopies with a base height below 500 km. Although it is
not obvious how closely their canopy base height corresponds to ours, it is
nevertheless clear that the influence of sunspot canopies cannot be neglected
in active regions.

Sunspot magnetic canopies may thus affect magnetic inclination mea-
surements of the type presented by Solanki et al. (1987), Lites & Skumanich
(1990) and Bernasconi et al. (1995), all of which have low spatial resolution.*
We suggest that in order to deliver more reliable values of ypr and xpT future
Stokes vector measurements in plages should either make use of high spatial
resolution, employ lines formed low in the atmosphere (e.g. Fe I 15648A),

* The results of Lites & Skumanich (1990), being based on Fe I 6302.5A, which has

a somewhat lower height of formation than the Fe I lines around 5250A favoured by the
other investigators, probably are somewhat less affected by sunspot canopies.
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or include the influence of a possible sunspot canopy directly in the model
on which the inversion is based.
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