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ABSTRACT

Aims. We study the vector magnetic field of a filament observed over a compact active region neutral line.
Methods. Spectropolarimetric data acquired with TIP-II (VTT, Tenerife, Spain) of the 10830 A spectral region provide full Stokes
vectors that were analyzed using three different methods: magnetograph analysis, Milne-Eddington inversions, and PCA-based atomic

polarization inversions.

Results. The inferred magnetic field strengths in the filament are around 600-700 G by all these three methods. Longitudinal fields
are found in the range of 100-200 G whereas the transverse components become dominant, with fields as high as 500-600 G. We find
strong transverse fields near the neutral line also at photospheric levels.

Conclusions. Our analysis indicates that strong (higher than 500 G, but below kG) transverse magnetic fields are present in active
region filaments. This corresponds to the highest field strengths reliably measured in these structures. The profiles of the helium
10830 A lines observed in this active region filament are dominated by the Zeeman effect.

Key words. Sun: filaments — Sun: photosphere — Sun: chromosphere — Sun: magnetic fields — techniques: polarimetric

1. Introduction

The magnetic field strength of active region (AR) fila-
ments has long remained poorly known or understood.
The situation for quiescent filaments is notably more
satisfactory since the early measurements back in the 70s
(see, e.g., the review by Lépez Ariste & Aulanier 2007). Field
strengths measured in quiescent structures, mostly using the
Hanle effect on the linear polarization of He 1 D3 at
5876 A (e.g., Sahal-Brechot et al. 1977), were found to be in
the range of 3—15G (Leroy et al. 1983; see also the review by
Anzer & Heinzel 2007). However, more recent measurements,
which also took circular polarization into account, consistently
show a tendency towards stronger field strengths. For example,
the He 1 10830 A investigation of Trujillo Bueno et al. (2002)
and the He T D3 of Casini et al. (2003) found, respectively,
field strengths of 20-40G and 10-20G (with field strengths
up to 80G in the latter set of observations). With similar
techniques, using carefully inverted observations of the HeT
10830 A lines, Merenda et al. (2006) find field strengths of
about 30G. Other recent works that also obtained relatively
strong filament magnetic fields as compared with older measure-
ments are Paletou et al. (2001) and Wiehr & Bianda (2003). Of
particular interest are the high field strength areas revealed by
Zeeman-dominated Stokes V profiles in conjunction with scat-
tering dominated Q and U linear polarization signals obtained
by Casini et al. (2003), showing how important it is to use all
four Stokes parameters for a proper determination of the field
strength in prominences.

Well-established properties of AR filaments are their
systematically stronger field strengths as compared to their
quiescent counterparts, and they lie lower in the atmosphere

(see, e.g., Aulanier & Démoulin 2003). Zeeman obser-
vations, using coronagraphs, provided field strengths
for AR prominences in the range of 50-200G
(Tandberg-Hanssen & Malville 1974, and references therein).
However, the intrinsic difficulties of observing such low-
lying structures near the limb and the use of Ha magne-
tography render these results somewhat questionable (see
Loépez Ariste et al. 2005, for the problems associated with
using a Zeeman-based formulation of the measurements
made in He). Perhaps the most relevant modern estimate of
the field strength in AR prominences has been provided by
Wiehr & Stellmacher (1991), who measured the longitudinal
magnetic field using the Stokes I and V profiles of the Calr
IR triplet, finding a value of 150G, compatible with previous
measurements. It is important for the discussion presented in our
paper to note that, in that observational study, linear polarization
signals (Q and U) were not included. The only measurements of
strong magnetic fields using an He 1 10830 A full Stokes vector
that we are aware of belong to a multicomponent flaring active
region and reached values of ~380 G (see Sasso et al. 2007).
Because measurements are scarce, we are still far from hav-
ing a complete picture of the field strengths that permeate so-
lar filaments. Some progress has come from using photospheric
distributions of (mostly longitudinal) fields that are extrapolated
into the corona (usually using models of constant-a force-free
field). The study by Aulanier & Démoulin (2003) is of partic-
ular relevance to the present work. According to these authors,
the field strength of filaments found from the extrapolations is
about 3 G for the quiescent case, 40 G for active filaments (called
“plage case” in their work) and 15 G for intermediate cases. The
typical height in the atmosphere of a filament base ranges from
20 to 10 Mm, or even lower, as one moves from quiescent to AR
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structures. These authors also find positive field gradients with
height that result in values of 0.1-1 G Mm™, ie., stronger fields
are higher up in the atmosphere. If these gradients are used to
extrapolate down into the photosphere, the fields there would be
very similar to those found some Mm up in the corona. For ex-
ample a 10 Mm-height active filament with 100 G in the corona
would have no less than 90 G close to the photosphere. The ar-
gument could also be turned around to start from the fields mea-
sured near the photosphere, close to AR neutral lines (NLs),
and infer what the fields could be high in the corona. In the
case of kG-strong plage fields, with high density areal filling
factors (that can reach up to 50%; Martinez Pillet et al. 1997),
one could expect fields of several hundred Gauss within the
filaments. Indeed, Aulanier & Démoulin (1998, 2003) provide
arguments supporting a relationship between the photospheric
fields at the base of the filament and the filament fields up in
the corona. They conclude that the stronger the photospheric
fields at the base of the filament, the stronger the field in the
filament itself. Similarly, the separation of the two opposite po-
larity regions scales inversely with the field strength of the fil-
ament, the latter being greater whenever the two polarities are
closer together. Dense (highly packed) fields in the photosphere
correspond indeed to the photospheric configuration found be-
low AR filaments as observed recently by Lites (2005) and
Okamoto et al. (2008). In both cases, they find opposite polarity
“abutted” plage fields at the NL, with sheared horizontal fields in
the hecto-Gauss range and relatively high filling factors. These
abutted field configurations seem to also correspond with low-
lying filaments structures. Lites (2005) comments that the height
of the filaments on top of the abutted plage fields is no more than
2.5Mm. Thus, high density (i.e., large filling factor) horizon-
tal plage fields near AR NLs, together with the inferences from
theoretical modeling (Aulanier & Démoulin 1998, 2003), would
indicate that fields of several hundred Gauss can be expected in
low-lying AR filaments.

Given the observation that energetic coronal mass ejections
(CMEs) are often associated with AR filament eruptions (see,
e.g., Manchester et al. 2008; and Low 2001, for a review), it is
highly desirable to develop diagnostic tools for direct measure-
ments of the AR filament magnetic field and its evolution, from
its emergence (see Okamoto et al. 2008) to the erupting phase.
In this work, we present a clear diagnostic tool of how this can
be achieved using full Stokes polarimetry of the He 1 10830 A
lines.

2. Observations

The observations described in this paper were carried out at the
German Vacuum Tower Telescope (VTT, Tenerife, Spain) on
the 3rd and the 5th of July, 2005, using the Tenerife Infrared
Polarimeter (TTP-II, Collados et al. 2007). TIP-II allows to mea-
sure the full Stokes vector (almost) simultaneously for all the
pixels along the spectrograph slit. The slit (0”5 wide and 35”
long) was placed over the target, a filament lying over the NL
of active region NOAA 10781 situated close to disk center (at
coordinates N13-W4 around u = 0.97 on July 3rd and at N13-
W29 or u = 0.92 on July 5th) with the help of context Ha and
continuum images. The Ha frames showed the filament lying
always on top of bright plage regions visible immediately to ei-
ther side of the absorption feature. It is likely that the results
presented in this paper particularly apply to such an “active”
filament configuration. SOHO/MDI (Scherrer et al. 1995) mag-
netograms and continuum frames have been used to follow the
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evolution of the active region as it crossed the visible surface.
The active region was identified to be in its slow decay mode,
encompassing a round symmetric leader sunspot and a follower,
spotless, plage region. At the location of the NL, sporadic pore-
like formations and penumbral-like configurations (with no ev-
ident radially symmetric link to an umbral or pore structure as
normal penumbra or partial penumbrae do) were seen, especially
on the 5th of July data-sets. Pores near the NL with both polari-
ties are identified and the penumbral-like region seems to corre-
spond to field lines connecting them. The NL was oriented in the
N-E direction and showed a very compact configuration, with
the two polarities always remaining in close contact. The leader
sunspot became invisible on the 6th of July after decreasing in
size while approaching the west solar limb.

Two observing strategies were used to map the NL region.
Several spatial scans that covered the whole AR were carried
out in the course of the 3 days, and one time series (with the
slit fixed over the filament) was taken on July 5th. This data-
set was averaged in time in order to improve the signal-to-noise
(S/N) ratio of the spectral profiles. The pixel size along the slit
was (17 and the scanning step (in the case of the rasters) was
0”3 per step. The exposure time per slit position was 8 seconds.
The adaptive optics system (KAOS, von der Liihe et al. 2003)
was locked on nearby pores during all the runs, substantially
improving the image quality of the observations carried out dur-
ing relatively poor seeing conditions, and providing a final esti-
mated spatial resolution of ~1”. Flat-field and dark current cor-
rections were performed for all the data-sets and, in order to
compensate for the telescope instrumental polarization, we also
carried out the standard polarimetric calibration (Collados 1999;
Collados 2003) for this instrument.

The observed spectral range spanned from 10825 to
10836 A, with a spectral sampling of ~11.1 mA px~'. However,
a 3px binning in the spectral domain was applied to all the data
to increase the S/N while still preserving subcritical sampling.
The 10830 A spectral region is a powerful diagnostic window
of the solar atmospheric properties since it contains valuable in-
formation coming simultaneously from the photosphere (carried
by the Si I line at 10827 A) and the chromosphere (encoded in
the He 1 10830 A triplet). This He multiplet originates between
a lower term 23S; and an upper term 23P2,1,0. Thus, it comprised
three spectral lines, namely a “blue” component at 10829.09 A
(Jp =1 — Jy =0)and a “red” component at ~10 830.3 A that
results from the remaining two transitions (J; = 1 — Jy = 1,2),
which appear completely blended at typical solar atmospheric
temperatures. This multiplet is formed in the high chromosphere
(Avrett et al. 1994) with no contribution from photospheric lev-
els, and serves as a unique diagnostic tool for chromospheric
magnetic fields. In filament structures, the height of formation
of this multiplet corresponds to the height of the opaque mate-
rial inside them, which might well correspond to typical coronal
heights.

2.1. Predominance of Zeeman-like signatures in AR filament
He | 10830 A Stokes profiles

The most striking finding encountered during the analysis of
the data from this campaign was the ubiquitous presence of
Zeeman-like signatures in the Stokes Q and U profiles of the
He 1 lines in the AR filament (see Fig. 1). Recent observations
of this triplet carried out with the same instrument (Trujillo
Bueno et al. 2002) have shown quiescent filament Stokes profiles
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Fig. 1. Top left: slit reconstructed continuum intensity map centered at the NL where the pores and penumbral-like formations can be identified.
The location of the slit for the time series map is displayed. Top right: SiI Stokes V map normalized to the continuum intensity. Bottom: Stokes
profiles observed at the slit position indicated in the fop images and averaged over the time series (comprising 100 scans). The gray scale bar only
applies to the polarization signals. The Zeeman-like signature of Stokes Q and U are evident in this picture (He I lines are centered at 0 and 1.2 A
approximately. The zero in the wavelength scale corresponds to 10 829.09 A). The arrows indicate the position of the presented Stokes profiles in

Figs. 3 and 4.

dominated by atomic level polarization (and its modification
through the Hanle effect). These forward-scattering signatures
(see Fig. 4 of Trujillo Bueno et al. 2002) correspond to one-lobe
profiles that are positive for the red component of the He triplet
and negative for the blue one (in the positive Stokes Q refer-
ence system) due, respectively, to selective emission and absorp-
tion processes induced by the anisotropic illumination of the He
atoms. However, in the present case, the Stokes Q and U sig-
nals of the blue and red components of the multiplet, exhibit the
usual three-lobe profile that is expected from the Zeeman effect
(right panel of Fig. 1). While some influence of atomic polariza-
tion in these profiles cannot be ruled out a priory, it is clear that
an explanation of their shapes should rely mainly on the Zeeman
and Paschen-Back effects. This fact, interesting in itself, will be
briefly discussed below (Sect. 3.3).

The continuum frame in the top panel of Fig. 1 was recon-
structed from the various slit scan positions (thus reflecting the
real spatial resolution of the data) of a map centered at the NL.
This data-set was taken on the 5th of July, 2005. The presence
of pores and penumbral-like structures is evident in this frame
and their location corresponds to the NL. Right after this map,
a time series with the slit fixed over the NL was performed in
order to produce high S/N Stokes profiles. The bottom four pan-
els of Fig. 1 correspond to the Stokes parameters obtained after
averaging over the full time series (100 scans), which resulted
in a S/N of about 4000. The inversions performed later in this
work were carried out on the spectral profiles extracted from this
time-averaged data-set. The location of the NL had to be guessed
in real-time during the observations. The chosen slit position
for the time series is represented by a vertical black line in the
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continuum frame of Fig. 1. Posterior analysis has shown that this
location was a few arcsec off at one side of the actual NL, and
that the slit would have been more correctly placed at x = 18"
(referred to the abscissa coordinates in the continuum panel) in-
stead of at x = 20”. Nevertheless, indications of polarity changes
along the slit in the SiT line (evident around y = 13" in the
Stokes V map of the same figure) show that we were not very far
away from it.

Inspection of the profiles at other slit locations, and of similar
maps taken on the 3rd of July, consistently exhibited Zeeman-
dominated linear polarization signals in those regions where
the He line showed strong absorption features. However, in re-
gions with weak He absorption (typically near the boundaries
of the filament), we often find linear profiles dominated by
scattering polarization signatures, similar to those observed by
Trujillo Bueno et al. (2002). This indicates that, in general, the
profiles obtained in AR filaments can have significant contri-
butions from various competing physical processes: the atomic
level polarization due to the anisotropic illumination of the He
atoms, the modification of these population imbalances induced
by the presence of a magnetic field inclined with respect to the
axis of symmetry (Hanle effect), and the Zeeman splitting char-
acteristic of strong magnetic fields. A detailed study with these
physical ingredients for all the maps observed at this NL is be-
yond the scope of this paper. In the present work, we concentrate
on the implications of the clear Zeeman-dominated signatures
observed almost everywhere in this filament.

One point is worth mentioning after a simple visual inspec-
tion of Fig. 1. A comparison of the signs displayed by the lin-
ear polarization profiles of the He I and Si I lines shows that the
orientation of the vector magnetic field is different in the fila-
ment than in the underlying photosphere. In the Stokes Q frame,
the He 1 3-lobed profiles have the same sign all along the slit
whereas the Si I line (and all the other smaller photospheric fea-
tures at redder wavelengths) exhibits a change in sign around
y = 23”. Conversely, in the Stokes U frame, the photospheric
signals have a 3-lobed sign distribution that remains constant al-
most all along the spatial domain while the He 1lines now show a
sign reversal near the middle of the slit. An analysis based on the
formula for the azimuth angle by Auer et al. (1977) gives an es-
timate of this difference between the azimuths inferred from the
SiT and He T lines. Around y = 5” we obtain values of the az-
imuth which differ in ~50°. This readily shows that the 10830 A
spectral region has a great potential to diagnose the orientation
of the magnetic field from the photosphere all the way up to the
filament. We postpone this study to a future paper.

3. Vector magnetic field near the AR neutral line

Several analyses with various levels of complexity have been
performed on the reduced data. The first approach was a sim-
ple magnetograph-like analysis based on the assumption of the
weak-field approximation as formulated below. This method was
applied to all the points in one of the maps obtained during
the campaign. We subsequently performed an analysis of the
high S/N spectral profiles obtained from the averaged time se-
ries with a Milne-Eddington (ME) code and later with a more
sophisticated inversion procedure based on principal component
analysis (PCA) of a statistically generated database of spectral
profiles that account for the physics of atomic level polarization
and the Hanle effect. All these different methods consistently
yield transverse field strengths in the filament well above 500 G.
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3.1. Magnetograph analysis

Typical Doppler widths for the red He I line are in the range
of 200-300 mA. The Landé factors are 1.75 and 1.25 for the
Jo =1 - Jy = landthe Jy = 1 —» Jy = 2 tran-
sitions, respectively. If the transitions are weighted with their
line strengths, an average Landé factor of g.s =1.42 for the red
component of the helium multiplet is obtained. This Landé fac-
tor translates the above Doppler widths to field strengths in the
range of 2000-3000 G, which is much stronger than the fields
we expect for AR filaments. Together with the assumption that
the observed signals are due to the Zeeman effect, these large
Doppler widths justify the use of the well-known weak field ap-
proximation (see, e.g., Landi Degl’Innocenti 1992) as a first ap-
proach to infer the magnetic field from the data. In this approx-
imation, the relation between the longitudinal field strength and
Stokes V profile is given by:

dln

Vo =fVim = fCBcost/l (1)
The subscript “o0” stands for the observed profile, while “m” rep-
resents the profile generated in the magnetic component that fills
a fraction f of the resolution element; B is the field strength, 6
the angle between the line-of-sight (LOS) and the magnetic field
direction and C the constant 4.67 x 10"3geﬁ"/l(2, (which forces the
wavelength to be expressed in A and the field strength in G). The
observed Stokes [ profile is given by:

Iy = fIn + (1 = Plm @)

with the subscript “nm” referring to the non-magnetic compo-
nent. The last factor in the right-hand-side of Eq. (1) is the
derivative of I, with respect to the wavelength. However, ob-
servations only provide the compound profile /,, product of the
coexistence of magnetic and non-magnetic components in the
same resolution element. The present He I analysis benefits from
the fact that the non-magnetic areas of the Sun display a very
weak He absorption, so the derivative of the Stokes I,, pro-
file with respect to A can be neglected (we note that, in non-
magnetic regions, d/,,/dA is found to peak at one order of mag-
nitude smaller values than d/,,/dA as observed in the filament).
This nicely eliminates any dependence of the inferred longitudi-
nal field on the unknown filling factor. Following this argument
of ignoring the derivative of the I, profile with respect to wave-
length, the longitudinal field is directly inferred as
B = Bcosf = —é (‘;:(/l) .

%,

3

The A dependence in the last ratio is written explicitly to em-
phasize that each point within the profile provides an estimate of
the longitudinal field. Thus, the way to solve Eq. (3) is through
a least-square fit to all the observed points within the profile.
For transverse fields, a similar equation applies including the
quadratic dependence of the linear polarization signals on the
transverse component of the field and the second derivative of
the Stokes I profile with respect to A. A similar argument gives:

B = Blsin? 6 = 4 0%(A,) + UZ(A,) ‘ @
L T2 &1,
d/lz (/10)

Like in the equation for the longitudinal field, the filling factor
(of a non-magnetic component) is absent. On the other hand, and
in contrast to Eq. (3), the right hand side of Eq. (4) must be com-
puted at the central wavelength, A,, as this equation can only
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Fig. 2. From left to right and top to bottom: He 1 Doppler width, Si1 LOS magnetic field, He 1 LOS magnetic field, He 1 core intensity, SiI
transverse magnetic field and He I transverse magnetic field. The corresponding continuum intensity frame can be seen in the top panel of Fig. 1.

be formally derived there (Landi Degl’Innocenti 1992). Having
only one wavelength point to compute the transverse fields pre-
vents the use of a least square approach, unlike in the case of the
longitudinal field equation. This, in turn, complicates the deter-
mination of the transverse component because the Stokes Q and
U signals are often found to be at, or close to, the noise level. The
quadratic average of the linear polarization signals in Eq. (4) hin-
ders any possible noise reduction and generates a veil of noise-
induced transverse fields that proves problematic in the use of
this equation in many cases. This is particularly true for the He
I line, whose second derivative of the (broad) Stokes I, profile
is very small. This derivative in the denominator in Equation (4)
results in values of the noise-induced transverse fields as high as
300-400 G, only slightly lower than the actual values measured
in the filament region. Note that this 300-400 G noise level cor-
responds to a S/N of 1000 in the map in Fig. 2, whereas in Fig. 1
the S/N is four times higher.

Thus, and in order to obtain high S/N maps of the chro-
mospheric transverse fields, we averaged the unsigned Q and
U signals over three wavelengths, the central wavelength and
two wavelengths at 278 mA on each side of line center, corre-
sponding approximately to the locations of the peak signals in
the linear polarization profiles, so

VO30 + U3(10) = 03+ 02, )
where Q, and U, are the averaged linear polarization sig-
nals over these three wavelength points. We emphasize that
this approach reduces the noise level considerably while at the
same time preserves the distribution of transverse fields already
present when directly applying Eq. (4). The results obtained

from this approach have been validated by the ME inversions
presented in the next section.

A similar approach was followed with the SiTI line to ob-
tain the photospheric magnetic field. The Landé factor for this
line is 1.5. The spectral profiles arising from this transition are
broad enough to partly justify the application of the weak-field
approximation. However, like for any other photospheric line,
the vector-magnetograph data obtained with this method have to
be interpreted with caution. In particular, the results for this line
are affected by filling factor effects as is the case for commonly
used photospheric magnetograph data. For the SiI line, the ex-
act formulation of Eq. (4) was used. The intrinsically greater
photospheric magnetic field strengths together with the fact that
the Si I Stokes / profile has a sizeable second derivative, makes
the determination of B, less affected by noise when using only
the central wavelength point of the linear polarization profiles
for its determination.

Lastly, the Stokes [ profiles of both He I and Si T were fitted
with Gaussian functions from which the line center, line width
and strength were inferred. In the case of the He 1, this approach
proved very useful to identify the location of the filament above
the NL.

The results from this approach are presented in Fig. 2 for
the map observed on the 5th of July. The He 1 Doppler width
and line core frames show that the line becomes deeper and
narrower inside the filament. This could be an indication of
the presence of a denser and cooler plasma than in its imme-
diate plage surroundings. These frames also reveal that the fil-
ament has a highly twisted topology, with filamentary threads
running at almost 45 degrees from the direction defined by the
NL. This becomes evident when compared to the Si and He LOS
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magnetograms. The twist in the filament is more obvious in the
bottom half of the frames than in the top part, where a more dif-
fuse linear topology is observed. These twisted signatures could
be clearly seen in the observations from the 5th of July, while
they were hardly visible in the maps obtained two days earlier.
The Si1 LOS magnetogram shows that the separation between
the two polarities is less than 5” at photospheric levels when
the magnetogram is scaled at 1000 G. A tighter scaling with
a smaller threshold would provide a much narrower NL chan-
nel. In the He T LOS magnetograms, with a scaling of +400 G,
the channel is practically absent, showing how intense the plage
surrounding this AR filament was. A thread-like structure in the
longitudinal component running parallel to the direction of the
twist (i.e. at 45 degrees from the NL) in the mid range of the
frame is observed. Note that the AR is 22 degrees off disk cen-
ter so horizontal threads in the filament can give rise to sizeable
Stokes V signals. The intrinsic LOS magnetic field strength at
the NL (we stress that no filling factor effect is included in these
estimates) is typically 100 G for each of the two polarities (in
agreement with older measurements of AR filaments that did not
include transverse field measurements). The neighboring plage
displays an intrinsic longitudinal field strength of 200-400 G. If
we assume an intrinsic photospheric field strength in the plage
of 1400 G (see Martinez Pillet et al. 1997), this would indicate a
filling factor of about 20% in this layer.

In both, the photospheric and chromospheric magnetograms,
the region where the longitudinal field becomes weaker cor-
responds to the region with very strong transverse fields. The
somewhat wider photospheric NL channel corresponds to a
wider photospheric area occupied with strong transverse fields,
while the transverse fields in the chromosphere fill a narrower
region. These transverse fields seem to follow the structures ob-
served in the He line core frame: a more linear topology in the
top part and a twisted formation in the bottom half. What be-
comes readily surprising is the magnitude of the transverse fields
observed in the chromosphere (and to the extent that the weak
field approximation is valid, in the photosphere as well). The
photosphere shows fields in the range of up to kG in the region
between abscissae x = 15” to x = 20” in the frames of Fig. 2.
This area shows penumbral-like structures and pores in the white
light image. It is clear that these orphan penumbral-like regions
are magnetically linked to the main body of the AR filament
and correspond to horizontal field lines at the photospheric sur-
face. The transverse fields derived from the Si I line undoubtedly
show the twist configuration similar to that observed in the He 1
lines. In the chromosphere, the transverse fields are also strong.
The present analysis yields transverse fields with strengths in
the range of 500-600 G, strongly concentrated in the narrow NL
channel. Note that this region, at best, a few arcsec wide, is be-
low the low resolutions of old observations. These high trans-
verse magnetic fields are well above most, if not all, of past field
strength measurements in AR filaments.

The various maps for the observations on the 3rd of July sup-
port the hypothesis that an AR filament corresponds to a narrow
channel characterized with strong (~500 G) transverse fields.
There is a clear spatial correlation between strong absorption
signatures in He I (measured by the line core intensities), and
narrow (or “abutted”) plage regions with strong transverse fields
in the chromosphere. A complete description of all these maps is
postponed to a future paper. But it is interesting to point out the
following main differences with the map of Fig. 2: the absence of
evident twisted threads, the absence of penumbral-like regions
in white-light maps, weaker and more diffuse transverse fields
at the photosphere (not reaching kG levels) and the presence of
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weaker He I absorption signatures in regions outside the intense
NL channel that display atomic polarization signals.

3.2. Milne-Eddington inversions

The interest of the magnetograph analysis is that it is easily com-
puted over a complete map with a very low computational effort.
However, in order to validate the weak-field approximation in-
ferences of the magnetic field strength in the filament, we carried
out a Milne-Eddington (ME) inversion of the He I Stokes profiles
of the averaged time series. These high S/N data correspond to
the location of the vertical line at x = 20” in the map of Fig. 1.
The inversion code we used (MELANIE; Socas-Navarro 2001)
computes the Zeeman-induced Stokes spectra — in the incom-
plete Paschen-Back (IPB) effect regime — that emerge from a
model atmosphere described by the Milne-Eddington approx-
imation. This assumes a semi-infinite constant-property atmo-
sphere whose source function varies linearly with optical depth,
7. This approach does not account for the atomic-level polar-
ization induced by the anisotropic radiation pumping of the He
atoms from the underlying photospheric continuum.

For magnetic fields between 400 and 1500 G the Zeeman
splitting of the upper J-levels of the He I triplet is comparable to
their energy separation. Thus, it is crucial to compute the energy
levels in the IPB regime to avoid an under-estimation of the mag-
netic field strength when carrying out the inversion to interpret
observations (Socas-Navarro et al. 2004; Sasso et al. 2006).

The Milne-Eddington model atmosphere uses a set of eleven
free parameters that the inversion code modifies in an iterative
manner in order to obtain the best fits to the observed Stokes pro-
files. These free parameters are: the magnetic field strength (B),
its inclination (6) and azimuth (y) angles in the reference sys-
tem of the observer (the azimuth is measured with respect to the
local solar radial direction), the line strength (79), the Doppler
width (AAdp), a damping parameter, the LOS velocity, the source
function at 7 = 0 and its gradient, a macroturbulence factor and
a stray light fraction f. An initial guess model must be provided
to the code. In order to prevent the inversion scheme from get-
ting locked into local minima, we carried out the inversions us-
ing several different initializations, in which B, 6 and y were
taken from the above-described magnetograph analysis and the
remaining parameters were obtained from random perturbations
of reasonable pre-set values. All parameters were free except for
the stray light fraction, which was set to zero (i.e., assuming a
filling factor of 1; we refer to the explanation in Sect 3.1). We
stress that, even if the data is contaminated with stray-light from
the surroundings, using a filling factor of unity allows a direct
comparison with the results given in the previous section.

Figures 3 and 4 show the results of the ME inversion of the
full Stokes vector for two positions along the filament (only two
fits are shown but the complete set of profiles from Fig. 1 were
inverted). The excellent performance of the ME inversion tells
us that there are barely any scattering polarization signatures in
these profiles, and that the formation physics of the multiplet is
adequately described in the IPB regime. As expected, the mag-
netic field strengths inferred from all the inversions are around
600-700 G with very high inclinations (~80°) with respect to the
line-of-sight, thus confirming the existence of strong transverse
fields in this AR filament. The exact values obtained for Fig. 3
are By = 109G and B, = 616G while for Fig. 4 we obtain
By = 176G and B, = 602G. In the solar reference frame, the
magnetic field vector turns out to be close to horizontal, 59° and
99° of inclination with respect to the local vertical, respectively.
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~  0.000 Fig. 3. Stokes profiles of the He1 10830 A
S4 triplet at a height of 8 arcsec in Fig. 1 in the
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—0.002E . ] ament. The dots represent the observed pro-
0.6 w s s s : : files obtained after averaging the time se-
10829 10830 10831 10829 10830 10831 ries in order to achieve a higher S/N. The
A [4] A (4] solid line corresponds to the best fit achieved
with a Milne-Eddington inversion code that
takes into account the IPB effect. The mag-
0.002 0.010F ] netic field obtained from this particular fit is
B = 626 £ 10 G, # = 80.2° + 0.1° and
_ 0001 , 0.005F ] x = 174.9° + 0.1° (the origin of azimuths be-
=~ = . ing the local solar radial direction). The dot-
; 0-000 > 0000p= < dashed line shows the best fit obtained from
—0.001E* —0.005 ] an inversion in a slab model of constant prop-
erties that accounts for the joint action of scat-
—0.002 ‘ ‘ c —0.010¢ ‘ ‘ ] tering polarization and the Hanle Zeeman ef-
10829 10830 10831 10829 10830 10831 fects. This fit provided for the magnetic pa-
A [4] A [4] rameters B = 667 =16 G, 6 = 81.1° £ 0.3°

The magnetic field strengths derived from the weak
field regime analysis are systematically under-estimated by
~100-150 G, but the retrieved inclinations and azimuths are in
very good agreement with those obtained from the ME-IPB in-
versions. This means that the weak field approximation yields a
reliable magnetic field topology and a low-end value for the field
strength.

3.3. PCA-based atomic polarization inversion

The observations described above were also independently in-
verted using the principal component analysis (PCA) approach
described by Lopez Ariste & Casini (2002). In fact, pattern
recognition techniques are particularly well suited to attack
ill-defined inversion problems characterized by computation-
ally intensive forward problems. This is exactly the case for
spectropolarimetric inversions in prominences and filaments,
where the Stokes profiles are often formed by the scattering
of resonant radiation. The computation of the emergent polar-
ization in such case requires the preliminary solution of the
non-LTE problem of atomic-level excitation by anisotropic il-
lumination of the plasma from the underlying photosphere.
The presence of a magnetic field further modifies the en-
suing atomic polarization through the Hanle effect (see, e.g.
Landi Degl’Innocenti & Landolfi 2004, for a review of atomic
polarization effects). This problem, which is totally by-passed in
the ME approach to spectropolarimetric inversion, completely
dominates the numerical computation of line polarization in ra-
diation scattering. For this reason, pattern recognition techniques
provide a very attractive strategy to Stokes inversion for radia-
tion scattering, since the numerically intensive forward problem
is solved once and for all for a comprehensive set of illumina-
tion, thermodynamic, and magnetic conditions in the plasma for
the problem at hand. The goal of these techniques is thus to build
universal databases of profiles that can be searched for the solu-
tion to any given Stokes inversion problem. Principal component

and y = 174.8° = 0.5°.

analysis additionally provides a way of compressing database
information, by reducing it to a few principal component pro-
files that contain all the fundamental physics of the formation
of the emergent Stokes profiles (Lépez Ariste & Casini 2002;
Casini et al. 2005).

For the inversion of the observations illustrated in this paper,
we created a database of 250000 profiles, spanning all possi-
ble orientations of the magnetic field, with strengths between 0
and 2000 G. The illumination conditions were set by the radi-
ation temperature and center-to-limb variation (CLV) profile of
the photospheric radiation at 1 ym (Cox 2000), and by assuming
a range of scattering heights between 0 and 0.06 R, (42 Mm).
The LOS inclination in the database used for the inversion of the
July 5, 2005, observations spanned between 20° and 30°. The
thermal Doppler width and micro-turbulent velocity, responsi-
ble for the overall profile broadening, were accounted for by in-
troducing an equivalent temperature spanning between 10* and
2 x 10*K. Finally, the database Stokes profiles were calculated
by integrating the polarized radiation emerging from a homoge-
neous slab with optical depth at line center varying between 0.2
and 1.4. Very soon it was realized that such conventional scatter-
ing scenario could not fit satisfactorily the observations, unless
some additional depolarizing mechanism could be accounted for
to explain the surprisingly low level of atomic polarization re-
vealed by the Zeeman-like shape of the Stokes Q and U pro-
files. For this reason, in the creation of the inversion database
we introduced an ad-hoc weight factor for the anisotropy of the
photosphere radiation, ranging between 0 and 1. Extensive in-
version tests that were run over the entire filament map consis-
tently gave anisotropy weight factors significantly smaller than
unity, with a predominance of values around 0.2, thus confirm-
ing the presence of some unidentified depolarizing mechanism
in the formation of the observed profiles. The possible physi-
cal origin of such depolarization has been extensively discussed
by Casini et al. (2009), but see also Trujillo Bueno & Asensio
Ramos (2007).
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Fig. 4. Same as Fig. 3 but for a profile
near the bottom portion of the twisted
region of the filament (at a height of
5 arcsec). The fitted parameters for the
ME case are B = 627 + 10 G, 6 =
73.7° £0.3° and y = 5.7° + 0.1°. The
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The results of the PCA inversion are overplotted to the ME
inversions as dot-dashed lines in Figs. 3 and 4. The PCA inver-
sion provides a magnetic field of B = 667G in the first case
and B = 664 G in the second. The inclination angles are almost
the same as the ones obtained by the ME inversions, ~59° and
~99° with respect to the local vertical, respectively. The inferred
magnetic field azimuths are also in very good agreement.

4. Conclusions

The He 110830 A lines observed in a filament at the NL of active
region NOAA 10781 exhibit linear polarization profiles domi-
nated by the Zeeman effect. Three different independent analyses
(magnetograph approximation, ME inversion and PCA inversion
including atomic polarization) of the four Stokes profiles con-
sistently support inferred field strengths in the range 600-700 G
at the formation height of the helium triplet. These fields are
3 to 7 times higher than those measured heretofore in AR fila-
ments. The field strengths found at the NL are largely horizontal
with 500-600 G transverse fields. The longitudinal component
is typically measured to be in the range of 100-200 G, in agree-
ment with past measurements. It must be stressed that these pre-
vious observations of AR filaments did not include transverse
field estimates. Thus, it is clear that the inclusion of the Stokes
Q and U profiles in our analysis is what has allowed the de-
tection of such strong magnetic fields in AR filaments. While
the role played by the linear polarization signals was evident al-
ready from the magnetograph analysis, a further test was made
with the ME inversion to prove this point. Using as input the ob-
served I and V profiles but replacing the Stokes Q and U profiles
with noisy data, the ME inversions resulted in fields strengths in
the range of 100-200 G. We thus propose that the lack of full
Stokes polarimetry was the main reason why past measurements
did not find the high field strengths reported in this work. Note
also that the spatial extent that displays such strong fields is not
more than a few arcsec wide, which would be hardly visible in

10829

PCA-based algorithm including Hanle
effect provided: B=664+15G, 6 =
74.9° £0.6° and y = 5.1° £ 0.8°.

10830
A (4]

low resolution measurements. It is also clear that it becomes cru-
cial to search for the signatures of these high field strengths in
different spectral windows such as Ha and the Ca 11 triplet.

A similar trend to infer higher field strengths (albeit in a
lower range) is presented in modern measurements of quies-
cent filaments that is also ascribed to the use of full Stokes
polarimetry (Casini et al. 2003). In the case of quiescent fila-
ments, observations are dominated by atomic polarization and
its modification through the Hanle effect. In the study pre-
sented here, however, the linear polarization profiles are dom-
inated by the Zeeman effect as long as the profiles are com-
ing from the regions of strong helium absorption. The reason
why atomic polarization signatures are almost absent from these
profiles is not yet well understood. On the one hand, the ob-
served high field strengths are approaching the values where
the Zeeman effect dominates over atomic level polarization
(Trujillo Bueno & Asensio Ramos 2007), but even at this high
field strengths, one would have expected a clearer atomic po-
larization signature. On the other hand, some mechanism to re-
duce the anisotropy of the radiation field could be present. For
example, Trujillo Bueno & Asensio Ramos (2007) suggested
that, if the radiation comes from a high opacity region, the
isotropy of the radiation field will be such that a much reduced
atomic polarization would be induced. A more recent proposal
by Casini et al. (2009) suggests that the presence of a randomly
oriented field entangled with the main filament field, and of a
similar magnitude, could also explain the absence of atomic po-
larization signatures in these profiles. It is interesting to note
that the ad-hoc anisotropy weight factor introduced in the PCA
inversions was found to be in the range 0.1-0.5 over the fila-
ment region, with a predominant value of 0.2. Although the var-
ious atomic processes generating polarization signals cannot be
cleanly separated, this persisting value of 0.2 is evidence of their
presence in our profiles (note that a weight factor of 1 corre-
sponds to an anisotropic illumination described by the standard
CLV of the photospheric radiation field). We also stress that the
reason for the absence of atomic level polarization signatures is
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not simply due to what is commonly referred to as a Van-Vleck
configuration of the vector field. For example, whereas the pro-
files inverted in Fig. 3 give an inclination (with respect to the
local vertical) close to the Van-Vleck angle (59°; Van-Vleck an-
gle corresponds to ~55°), those in Fig. 4 yield an inclination very
far from it (99°).

What is the origin of these strong transverse fields? This
question relates directly to the problem of filament formation
and mass loading. Two basic scenarios are commonly used to
explain how these structures are formed: photospheric (shear-
ing) motions and flux emergence (see the recent review by
Lites 2008). The first one uses photospheric plasma flows that
move, tangle and reconnect the field lines of an already emerged
active region to form the filament directly in the corona. These
processes include in one way or another some form of mag-
netic cancellation and reconnection that provides a source for
mass upload of the filament. In this scenario, the presence of
such strong magnetic fields must be related to the existence of
a dense plage configuration at the NL and the low gradients in-
ferred by Aulanier & Démoulin (2003) for their model of AR
filaments. Our observations pose the question of how filament
field strengths in the range of 600-700 G may be generated in
this scenario from a surrounding “abutted” plage that has a lon-
gitudinal field of no more than 400 G at the height of formation
of the helium lines. The emergence of a flux rope from below
the photosphere scenario has recently received strong support
from the observations of Okamoto et al. (2008). If the flux ropes
are formed below the surface, the answer to the observed field
strengths could be related to the balance between buoyancy
forces and gravity acting over the flux system. Although this
balance is not yet fully understood, it is clear that the stronger
the fields the easier is for the flux system to emerge into the
corona and carry a significant amount of trapped photospheric
mass (Archontis et al. 2004). Note that the photospheric trans-
verse fields observed at the NL are also very strong (including
pore-like structures) and could represent the bottom part of the
flux rope system once emerged into the atmosphere.

It remains to be studied whether the observed strong trans-
verse field strengths presented in this paper are common to all
AR filaments or only to those surrounded by exceptionally dense
plages. An extension of the present study to other ARs with dif-
ferent degrees of activity is mandatory.
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