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Abstract. A technique is presented to invert Stokes profiles of the He I 1083 nm multiplet lines in order to obtain the full
magnetic vector and the line-of-sight velocity. The technique makes use of spectropolarimetry connected with the Zeeman
effect supplemented by a simple Hanle effect based diagnostic when appropriate. It takes into account effects like line saturation,
magnetooptical effects, etc. and is coupled with a genetic algorithm, which ensures that the global minimum in a goodness of
fit hypersurface is found. Tests using both artificial and real data demonstrated the robustness of the method. As an illustration
maps of deduced parameters of an emerging flux region are shown and briefly discussed.
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1. Introduction

Whereas the magnetic field of the Sun manifests itself most
dominantly in the solar corona, the majority of observations
of the field have in the past been restricted to the solar pho-
tosphere. This has mainly to do with the relative simplic-
ity of magnetographic and spectropolarimetric observations in
visible and infrared spectral lines formed in the photosphere
(Stenflo et al. 1984; Jones et al. 1992; Solanki et al. 1992; Lites
et al. 1993; Scherrer et al. 1995; Collados 2001).

The magnetic field in the upper solar atmosphere can be
determined, for example, through extrapolations from the pho-
tosphere (Seehafer & Staude 1979; Falconer et al. 1997; Yan
& Sakurai 1997; Schrijver et al. 1999; Régnier et al. 2002) or
from cyclotron radiation recorded at radio wavelengths in suf-
ficiently strong fields (White & Kundu 1997). The first tech-
nique is, despite many advances, still uncertain in several deci-
sive details and requires improved measurements in the upper
atmosphere to test and calibrate it. The second technique only
provides the field strength and maps require considerable time
to build up, so that temporal and spatial detail is lost. It has
nonetheless been a major empirical source of magnetic field
measurements in the solar corona (White 2002). Other ex-
amples of diagnostic tools that have been developed for in-
vestigating the magnetic field vector in the outer regions of
the solar atmosphere are the non-LTE inversion of Stokes
profiles induced by the Zeeman effect (Socas-Navarro et al.
2000b), which has been applied to explore the dynamical and

Send offprint requests to: A. Lagg,
e-mail: lagg@linmpi.mpg.de

magnetic properties of sunspot chromospheres (Socas-Navarro
et al. 2000a), the Hanle and Zeeman effects in the D3 line
of He I (Landi Degl’Innocenti 1982), including a PCA-based
algorithm for facilitating the inversion of D3 Stokes profiles ob-
served in prominences (L6pez Ariste & Casini 2002), and the
Hanle and Zeeman effect in the He I 1083 nm multiplet with
applications to both solar coronal filaments and prominences
(Trujillo Bueno et al. 2002).

It is particularly important to map the full magnetic vector
in the corona at a good spatial resolution, since above the pho-
tosphere the magnetic field is expected to become increasingly
inhomogeneous in direction and has been proposed to form tan-
gential discontinuities (Parker 1983a,b, 1988). If this is indeed
the case, then magnetic reconnection at such sites would be a
major source of coronal heating. So far, however, the magnetic
structure of loops and the presence of tangential discontinu-
ities have been deduced indirectly, from intensity images and
extrapolations of the photospheric field.

In the present paper we consider spectropolarimetry of
the He I 1083 nm multiplet which is susceptible to both the
Zeeman and Hanle effects, as shown clearly by Trujillo Bueno
et al. (2002). Among the several physical effects demonstrated
in the just quoted letter, the one we want to emphasize here
is that the Hanle effect in forward scattering at the solar disc
center creates linear polarization in the He I 1083 nm multiplet,
which can also be understood within the framework of the
oscillator model for the Hanle effect (Trujillo Bueno 2001). In
the absence of magnetic fields (or in the presence of a vertical
magnetic field) forward scattering processes at the solar disc



1110

center do not produce linear polarization in the 1083 nm mul-
tiplet. However, in the presence of an inclined magnetic field
that breaks the symmetry of the scattering polarization prob-
lem at the solar disc center, forward scattering processes can
produce measurable linear polarization in lines like those of
the He I 1083 nm multiplet. The largest linear polarization
amplitudes are expected for horizontal magnetic fields hav-
ing strengths above a few Gauss only (Trujillo Bueno 2003).
Obviously, if the magnetic strength is “sufficiently large” (e.g.,
larger than 200 G) the linear polarization signal would be dom-
inated by the transverse Zeeman effect. On the other hand, the
circular polarization Stokes V signals of the He I 1083 nm
multiplet are practically always dominated by the longitudinal
Zeeman effect.

Magnetography using the He I 1083 nm multiplet was pi-
oneered by Harvey & Hall (1971), who showed that the mag-
netic field near the base of the corona, as sampled by these
lines (e.g. Avrett et al. 1994), is more homogeneous than
the photosphere. Thereafter these lines lay dormant as mag-
netic diagnostics until Riiedi et al. (1995) and Penn & Kuhn
(1995) carried out the first spectropolarimetric observations of
Stokes / and V and showed the major advantages of analyz-
ing these lines due to their optical thinness, their narrowness
and the absence of any significant photospheric contribution.
However, due to the expected large range of inclinations and
azimuths of the magnetic field in the corona it is particularly
necessary to measure the full magnetic vector in the upper
solar atmosphere. Riiedi et al. (1996) and Lin et al. (1998)
demonstrated that such measurements are feasible. However,
the lack of appropriate instrumentation hindered the earlier
use of this diagnostic. The Tenerife Infrared Polarimeter (TIP)
(Martinez Pillet et al. 1999) at the German Vacuum Tower
Telescope (VTT) at the Spanish observatory of Izafia (Tenerife)
provides the necessary data to realize the potential of
this diagnostics. In fact, this is the infrared polarimeter
used by Trujillo Bueno et al. (2002) to demonstrate the diag-
nostic interest of the Hanle effect in the He I 1083 nm multiplet
at the solar disc center via spectropolarimetric observations of
solar coronal filaments. These authors applied the quantum the-
ory of line formation, as developed by Landi Degl’Innocenti
(1982), taking into account both the Hanle and Zeeman effects
with optical pumping processes in multilevel atomic models,
and inferred the full magnetic field vector of solar prominences
and filaments via spectropolarimetry of the He I 1083 nm mul-
tiplet. In order to be able to model the Stokes profiles observed
in filaments, where the helium lines are seen in absorption,
Trujillo Bueno et al. (2002) took into account radiative trans-
fer effects in slabs anisotropically illuminated from “below” by
the photospheric radiation field.

There is clearly a need to further improve the analysis pro-
cedures for the He I multiplet before their undoubted poten-
tial can be realized. This is precisely the aim of the present
paper, which introduces a simple Milne-Eddington model for
describing the radiative transfer in these lines (Sect. 3). Since
the lines are almost optically thin, this approach should be ade-
quate for determining magnetic and velocity parameters. Since
we are mainly interested in active regions, we account for both
the transverse and longitudinal Zeeman effects as explained
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Table 1. Line parameters (atomic parameters taken from the
NIST Atomic Spectra Database.

Line wavelength transition effective relative

[nm] Landé oscillator
factor gy strength

Hela 1082.90911 2538, -2p3P, 2.0 0.09

Helb 1083.02501 2s3S,-2p3P, 1.75 0.30

Helc 1083.03397 2s3§,-2p3P, 0.875 0.60

Sil 1082.70880 4s3PJ—4p3P, 1.5

Cal 108293  4p*FY-6d°D, 1.0

in Sect. 3.1 (i.e., by accounting for the Zeeman splitting but
neglecting optical pumping processes). However, since in our
observations of emerging flux regions we have detected some
linear polarization signals that are clearly caused by the same
Hanle effect in forward scattering discussed by Trujillo Bueno
et al. (2002), we have included in our inversion code a sim-
ple strategy for dealing with it in observations taken not far
away from the solar disc center. In Sect. 4 we present a new ap-
proach to inversions of solar spectropolarimetric data involving
genetic algorithms. These techniques are tested in Sect. 5 and
applied to data obtained in an emerging flux region (data de-
scribed in Sect. 2, results of the inversion in Sect. 6; further
results are given by Solanki et al. 2003). Finally, an outlook is
presented in Sect. 7.

2. Instrument and observations

An active region in the course of emergence (NOAA 9451),
located at 33°W, 22° S, ie. at g = cos® = 0.8 (where ®
is the heliocentric angle, the angle between the line-of-sight
and the solar surface normal), was recorded with the Tenerife
Infrared Polarimeter mounted behind the Echelle spectrograph
on the Vacuum Tower Telescope at the Teide observatory on
Tenerife. The Echelle spectrograph allows for a spectral res-
olution of 30 mA per pixel, while the pixel size is 0.4”. The
active region was covered by scanning in steps of 0.4” per-
pendicular to the slit orientation. The number of spatial pixels
along the slit and the scan steps determine the size of the ob-
served region (46 x 30 Mm?). Atmospheric turbulence limited
the spatial resolution of the data set considered for this anal-
ysis to 1.5”. The exposure time of =5 s per slit position led
to a noise level of typically ~5 x 107*. The observed wave-
length range from 1082.5 to 1083.3 nm contains two photo-
spheric lines of Si I and Ca I, the chromospheric He I multiplet
and a telluric blend at 1083.2 nm (see Table 1).

Figure 1 displays observed maps of the four Stokes parame-
ters. The maps were obtained by integrating the absolute values
of the Stokes vectors within a wavelength range of 100 mA
around the He Ic line. The I and the V profiles clearly in-
dicate the presence of two pores with high Stokes V' sig-
nal. These pores are also visible in the slit-jaw image and
in a continuum map of the region (Solanki et al. 2003). The
presence of dark striations parallel to the line connecting the
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Fig.1. Stokes I, O, U and V maps of the observed region
(NOAA 9451, solar position 33°W, 22°S). Plotted are the absolute
values of the wavelength integrated Stokes parameters of the strongest
He I lines normalized to the continuum intensity. The size of the re-
gion is 46 X 30 Mm. The white / black circles indicate the positions
where a detailed analysis of spectra is discussed in this paper. The
reference direction for Stokes Q is along the +y-axis of the maps.

two pores (seen in white light) and the fibril-like structures in
the He I Stokes / map indicate that sub-surface magnetic flux
tubes were emerging into the solar atmosphere at the time of
the observations. Here they form magnetic loops connecting
the two pores of opposite magnetic polarity. The Stokes U map
shows two patches of a relatively strong signal above the site of
emergence. We expect that this signal is coming from near the
top of the loops connecting the opposite polarity footpoints.
This signal is caused by scattering-polarization influenced by
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Fig. 2. Average Stokes I, O, U and V spectrum at position x = 108,
y = T71). For later reference the weighting scheme is indicated by
the dashed lines (see Sect. 4). The reference direction for Stokes Q is
along the +y-axis of the maps in Fig. 1.

the Hanle effect and dominates over the signal from the Zeeman
effect at these locations.

Figure 2 presents a spectrum averaged over 6 pixels around
position x = 108, y = 71 in Fig. 1. All four Stokes parameters
of the He I multiplet show a clear Zeeman-signal well above the
noise-level of ~5 x 107*. The dotted vertical lines indicate the
positions of the central wavelengths of the He I lines. Although
the Stokes V signals due to the Si I line and the He I mul-
tiplet have the same amplitudes within a factor of 2 of each
other, the linear polarization signal of the Si I line is about an
order of magnitude higher than of the He Ib and He Ic blend
(Q/Ic = U/lIc = 0.05). Note that the He Ia line is blended by
a photospheric Ca I line at almost the same central wavelength
(see Table 1). The analysis therefore concentrates on the He Ib
and He Ic lines which are free of blends. For highly redshifted
He profiles the telluric blend at 1083.2 nm must be excluded
from the analysis.

3. Description of the Stokes profiles
3.1. Zeeman-split profiles

The analysis of the photospheric Si I line and the chromo-
spheric He I lines is based on an inversion involving the for-
ward calculation of the four Stokes profiles. The Si I line
was analyzed using the sophisticated and robust inversion code
SPINOR (Frutiger 2000; Frutiger et al. 2000). This code solves
the Unno-Rachkowsky radiative transfer equations in LTE
(local thermodynamic equilibrium) conditions and retrieves
for an arbitrary number of atmospheric components param-
eters like temperature, magnetic field strength and direction,
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line-of-sight-velocity, as a function of optical depth, as well as
depth independent micro- and macro-turbulence.

For the He I multiplet this code is not applicable since
these lines are formed under non-LTE conditions in the upper
chromosphere at a height of 21500 km above the photosphere.
Given that these lines have a very complex formation, even in
a simple plane-parallel atmosphere (Avrett et al. 1994) and that
the structure of the upper chromosphere may be rather compli-
cated, at a convoluted coronal boundary (evidence for this is
presented by Solanki et al. 2003), we refrain from carrying out
a time consuming non-LTE analysis. As pointed out by Riiedi
et al. (1995) the fact that the lines are (almost) optically thin
and obtain most of their contribution from the upper chromo-
sphere means that they can be used to deduce the magnetic field
and line-of-sight velocity at the height of formation of the lines
without the need to understand the details of their formation.

Our previous work concentrated on the straightforward
method of fitting sums of Gaussians to observed Stokes I and
V profiles. In a first step we extended this procedure to fitting all
4 Stokes profiles. These fits showed promise for a stable deter-
mination of magnetic field strength and direction, in particular
when combined with the appropriate formulae for the azimuth,
X, and the inclination to the line-of-sight, y (Auer et al. 1977):

U
2y =—, 1
tan 2y 0 (D

siny  Qcos2y + Usin2y

~ 2
2cosy % @)

However, this approach neglects magnetooptical effects, which
are strongest for Q and U, and line saturation, which, al-
though small in the He I multiplet (Giovanelli & Hall
1977), nevertheless most strongly affects Stokes Q and U
through the ratio of the o- to the m-component amplitude
(e.g. Landi Degl’Innocenti 1976; Solanki et al. 1987). Finally,
Eq. (2) is strictly valid only for completely Zeeman-split lines,
so that it is expected to introduce systematic errors into the de-
duced v, in particular when the field is nearly transverse.

Therefore, we have taken a somewhat more sophisticated
approach that includes magnetooptical effects, the basics of
radiative transfer (e.g. Jefferies et al. 1989; del Toro Iniesta
2003), as well as allowing for the Hanle effect in a simple man-
ner, which, however, is adequate for the current data set.

The spectral shape of a single Zeeman component of
a spectral line can be expressed as a convolution of the
Lorentzian absorption and the dispersion profiles with a
Gaussian, resulting in a Voigt function H and Faraday-
Voigt function F, respectively. Following the notation by
Landi Degl’Innocenti (1976) the resulting absorption profiles n
and the anomalous dispersion profiles p are given by

3)
“)

vy = 2noF(a,v+uvp),
op = 2moF(a,v),

Nv,r = noH(a,v+vp),
n, = nmoH(a,v),

where 1 is the ratio of the line center to the continuum opacity,
a is the damping constant of the spectral line, v is the wave-
length separation to the central wavelength, Ay, relative to the
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Doppler shift, A2 and vp is the Zeeman splitting in units of

ULoS »

the Doppler width Adp:
A=A - A, Al A2
U:—O LOS,U3=—B,CI= 0 s (5)
A/l[) A/lD 47TA/1D

where I' is the damping factor in units of the velocity of light.
The indices b and r denote the blue and the red o-components
of the Zeeman triplet, the central 7 component being indicated
by the index p. The Zeeman-splitting Adz (in A) due to the
magnetic field strength is given by

Adp = 4.67x 107 83g.4BA*, (6)

where g is the effective Landé factor and B is the magnetic
field strength in Gauss. Test runs showed that the use of an
effective Landé factor instead of the calculation of all Zeeman
components separately returned very similar results at a gain of
almost a factor of three in computation time.

The profiles 7, and ppp, are combined to form the
absorption profiles

_ %[(m;nb)(l+0052y) + npsiny] %
no = %(771? - m;nb)sinzycosl\/, (3
ny = %(qp - m;nb)sin%/sinZX, )
= (Q)cosy (10)
and the dispersion profiles

Po = é(pp - @)sinzycosl\/, (11)
oy = %(pp - pr;pb)sinzysinZX, (12)
oy = (Pr ;'Db)cosy (13)

of the individual Stokes parameters. These profiles are the
elements of the propagation matrix

nm no MNu Nv
Nno M1 pPv —Pu
nu —pv 1M1 pPQ
nv pu —pPgo M

(14)

The angles y and y are the azimuthal and the inclination angle
of the magnetic field vector with respect to the line-of-sight.
In the case of a Zeeman triplet the function 7, (7-component
of the Zeeman triplet) is evaluated at the wavelength 4 =
Ao — Ad,,, the o-components 7, (left circular polarization)
and 7, (right circular polarization) are evaluated at 1 = Ay —
Ady s £ Adp, where A4, ., is the Doppler shift due to the
motion of the atom along the line-of-sight. For more complex
splitting patterns the shifts and strengths of the Zeeman com-
ponents can be computed following e.g. Condon & Shortley
(1963) or Landi Degl’Innocenti (1976).

To calculate the Stokes profiles we assume the simplest
case for the solution of the radiative transfer equation, which
is a height-independent propagation matrix (Milne-Eddington
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atmosphere). This is adequate for the weak saturation shown by
the He I lines and their relatively narrow height of formation in
standard atmospheres (Avrett et al. 1994). Also it is reasonable
given the lack of knowledge of the true conditions in the forma-
tion region of these lines and has the advantage of being effi-
cient to compute. All quantities of the atmosphere are assumed
to be constant with optical depth except for the source func-
tion, which varies linearly with optical depth: S(7) = So+S 7.
Note that in this case the source function can differ strongly
from the Planck function and needs not be known in advance
since So and S| can be obtained from the line profiles. This
leads to explicit expressions for the 4 Stokes parameters (all
normalized to I.), also known as the Unno-Rachkowsky solu-
tion of the transfer equation (Unno 1956; Rachkowsky 1962,
1967):

S
1=So+ e[+ o+ ot + Y (15)
S
0 = -E [+ (16)
+(1 + n)vpu = nupv) + poR| (17)
S
v = -5+t (18)
+(1 + )Py — nvpo) + puR| (19)
S
v = -+ nytn (20)
+(1+ n)(upo — nopu) + pvR| @1
The abbreviations A and R are defined as follows:
A=+ | +n)? =0} —mf =7
+0h + Py + Py 1 - R (22)

R =ngpg +nupv + nvpy.

The source function at 7 = O (solar surface) was eliminated as a
free parameter because the intensity of the unpolarized signal /
outside the line must equal the observed continuum intensity /.:

So+uS; = L. (23)

This forward calculation of the Stokes profiles leads to the fol-
lowing free parameters: magnetic field strength B and direc-
tion (inclination angle y, azimuthal angle y), line-of-sight ve-
locity vros, Doppler width Adp, damping constant a, the ratio
of the line center to the continuum intensity 79 and the slope
of the source function S;. We define a set of these 8 parame-
ters as an atmospheric component. We use the term component
since we can allow for multiple such components within a res-
olution element to describe fine-structures unresolved by the
observations. Due to the limited spatial resolution of the obser-
vations multiple components may well be present in some res-
olution elements which leads to an increase of the number of
free parameters. These atmospheric components are mixed via
a filling factor, @, defining the contribution of an atmospheric
component to the total observed profile. The sum of the filling
factors of all atmospheric components within a resolution ele-
ment is required to be unity. To limit the number of free param-
eters in a multi-component atmosphere we allow for coupling
between different parameters. An example of a two-component
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Fig.3. Typical profile in the region dominated by scattering-
polarization (pixel x = 72, y = 43). The shape of the absorption signal
of the He I lines in Stokes U is similar to their / profiles justifying
the simplifying assumption made for the implementation of the Hanle
effect. The horizontal dashed line represents U = 0. The reference
direction for Stokes Q is along the +y-axis of the maps in Fig. 8.

atmosphere consisting of a slow and a fast downflow compo-
nent is discussed in Sect. 6.2.

Another assumption aimed at limiting the proliferation of
free parameters is that all three He I lines are formed under
identical conditions in the solar atmosphere. This assumption
is well justified since the lines originate from the same multi-
plet. Thus, all free parameters except the line center absorption
coefficient, 9, and the source function gradient, S|, are taken
to be equal for the three He I lines. 7y is scaled with the relative
oscillator strength f (see Table 1) for each He I line, so that it
also needs to be determined only once for the whole multiplet.
To take into account the blending of the He I lines the n; o yv
and pg y,v values of the three lines are added together prior to
entering them into Eqgs. (15)-(22).

3.2. Hanle effect

The maps in Fig. 1 clearly show two patches of strong signal in
Stokes U close to the polarity inversion line. The U-profiles
in this region are characteristic for a polarization signature
caused by resonant scattering processes and the Hanle effect
(see Fig. 3). Degenerate atomic levels are populated anisotrop-
ically due to anisotropic radiation pumping (see e.g. Happer
1972; Stenflo 1994). This leads to atomic level polarization
(atomic polarization) implying sinks and/or sources for linear
polarization (Trujillo Bueno 2001). This polarization signal is
modified by the Hanle effect, creating a complicated depen-
dence of the linear polarization on magnetic field strength, di-
rection and viewing geometry (Trujillo Bueno et al. 2002). The
main observational characteristics, Q or U profiles of the same
shape as Stokes 7, but with opposite signs for the He Ia line and
the He Ib & He Ic blend, are clearly exhibited by the U profile
shown in Fig. 3. This rules out instrumental cross-talk from /
to U as the source of this signal. This interpretation is sup-
ported by the fact that the U profile of Si I, which is not ex-
pected to exhibit the Hanle effect, but should suffer equally
from instrumental cross-talk, is well reproduced by profiles cal-
culated assuming pure Zeeman effect and no cross-talk. The
resulting Q and U signals, together with the observed Stokes
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V profiles, can be used to infer the full magnetic field vector as
done by Trujillo Bueno et al. (2002) for the case of solar promi-
nences and filaments. For special geometries polarization dia-
grams can be used to determine the magnetic field orientation
and strength (e.g. Bommier et al. 1991; Faurobert-Scholl 1992;
Nagendra et al. 1998).

As mentioned in the introduction, in the special case of a
line-of-sight direction perpendicular to the solar surface (disc
center) and a magnetic field inclined with respect to the lo-
cal vertical, the Hanle effect creates measurable linear polar-
ization in the He I multiplet (Trujillo Bueno et al. 2002). As
pointed out by Trujillo Bueno (2003), if we choose as refer-
ence direction for Stokes Q the projection direction of the mag-
netic field vector on the solar surface and the magnetic field is
more inclined than Van Vleck’s angle (54.73°), then Q < 0
in the He Ia line (“blue line”) and Q > 0 in the He Ib and
He Ic line (red lines). However, if instead of being nearly hor-
izontal the field turns out to be less inclined than Van Vleck’s
angle then Q < Oin the “red lines” and Q > 0 in the “blue line”.
Moreover, in order to have what we have just summarized, the
He I 1083 nm multiplet must be in the saturation regime of the
Hanle effect, which occurs for magnetic strengths larger than
only a few Gauss. Under such circumstances, we may infer the
azimuth of the magnetic field vector from
tan(2y) = (U/Q). (24
This relation may give reasonable results for observations taken
not far away from the solar disc center (Trujillo Bueno 2003),
and has been applied by Collados et al. (2003) to infer the
magnetic field azimuth in several coronal filaments observed
with TIP. The point is that in the absence of magnetic fields
the amplitude of the scattering polarization signals rapidly go
to zero when approaching the disc center. Thus, detection of
a scattering polarization signal in the He I 1083 nm multi-
plet in observations close to the center of the solar disc is re-
ally indicative of the presence of an inclined magnetic field
(Trujillo Bueno et al. 2002). Since our observations were car-
ried out at 4 = 0.8 (i.e., not far away from disc center) and
since Stokes V changes sign within the locations at which the
Stokes U profiles show the strong scattering signal, we believe
that the basic conditions for employing this simple but useful
strategy are fulfilled.

As we show in Sect. 4 the results obtained using Eq. (24)
are consistent with those from the Zeeman mechanism. To
correct for the scattering polarization we take the following
approach:

— A Voigt-profile is fit to the Stokes / profile. This returns
damping, Doppler broadening and line shift for the profiles
used to correct Stokes Q and U.

— The scattering-polarization signal is assumed to be of sim-
ilar shape as the absorption profile in Stokes 7 (see Fig. 3).
Therefore a profile # with a free amplitude Hy but fixed
values for damping, Doppler broadening and line shift (ob-
tained from Stokes /) is fit to the Q and U signals. This fit is
carried out simultaneously with the fitting of all other free
parameters of the inversion.
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— The amplitudes of the profiles for the three different
He I lines scale according to their relative oscillator
strengths f. The sign of the amplitudes for the “blue”
and the “red” lines follows the rule described above
(Van Vleck’s angle).

— The amplitudes for different atmospheric components are
coupled via their filling factors.

An example of a profile showing a Zeeman characteristic
linear polarization signal combined with a typical signal for
scattering-polarization is presented in Sect. 4.

4. Implementation

The fit to the observed profiles is based on a minimization of
goodness of fit function §. The synthesized profiles are calcu-
lated according to Sect. 3 assuming an arbitrary initial atmo-
sphere. The parameters of this atmosphere are then adjusted
such that the synthesized profiles match the observations. To
ensure that this optimization process finds the global minimum
of ¢ in parameter space we use the genetic algorithm PIKAIA
(Charbonneau 1995). We compared this method with standard
minimization routines and found a superior robustness, at some
cost to computation time, however. Since computation time is
not so critical when the synthesized profiles are calculated us-
ing Milne-Eddington atmospheres we have given preference to
the robustness of the fit. Note that genetic algorithms find the
global minimum in the ¢ hypersurface in contrast to, e.g., max-
imum likelihood techniques such as the Levenberg-Marquardt
or the UOBY QA (unconstrained optimization by quadratic ap-
proximation, Powell 2002) algorithms.
The function to minimize is defined as follows:

6= ) wilows = Iyn)/Ue o)
+ Z w(Qobs — Osyn)/0g
+ Z wy(Uops — Ugyn) /oy
+ 2 0v(Vars = V)0,

where the sum runs over n wavelength points of the profiles,
1. is the continuum level, the subscripts “obs” and “syn” re-
fer to observed and synthesized Stokes profiles respectively,
o1,0,u,v are parameters defining the strength of the signal

1
o; = ; ;llobs/lc -1,

1
o0y = = ) Q.U Vol
A

(25)

(26)

27)

and wy g,yv are the wavelength dependent weighting functions.
The spectral shape of the weighting function was chosen to re-
flect the peculiarities of the spectral region (see Fig. 2, dashed
lines). The highest weight was given to the two He I lines He Ib
and He Ic, since they are not blended by any other solar or tel-
luric line. For wavelengths less than 1082.96 nm we reduced
the weight by a factor of 5. This region contains the He Ia line
which is blended by a Ca I line. All wavelength points below
1082.85 nm and above 1083.25 nm were not used for the fits.
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Fig. 4. Effect of a fixed or free damping constant on the profile shape.
The reference direction for Q is along the +y-axis of the maps in
Fig. 1. The observed profile (solid line, pixel x = 26, y = 11) is
from the center of the small pore, where He I absorption and the mag-
netic field are strong. The profile with the damping constant as a free
parameter (diamonds) is almost indistinguishable from the one where
the damping is fixed at a small value (plus signs). The relevant atmo-
spheric parameters retrieved by the fits are very similar (see Table 2).

The telluric blend at 1083.2 nm was excluded by not using the
I-profile for A > 1083.135 nm. For the PIKAIA algorithm we
define the fitness function as f = 1/6.

The PIKAIA genetic algorithm allows to specify a range
for every parameter to be fitted. This guarantees that the result
of the inversion stays within the regime of physically useful
solutions. The parameter ranges are given in Table 2 (second
column).

To improve the robustness of the fit routine we applied a
“multi-iteration” technique: in a first step we run the inversion
with high weights on the Stokes Q and U signal to reliably
determine the azimuthal direction. After this inversion we run
another inversion with equal weight to all four Stokes param-
eters, where the azimuthal angle is only allowed to vary +10°
around the result from the first iteration. This technique turned
out to be more robust in finding the global minimum than using
only one inversion with double the number of iteration steps.

In order to reduce the number of free parameters we investi-
gated the effect of line broadening due to collisional and radia-
tive damping on the He I lines. Both effects influence the wings
of a line more than the core, which is dominated by Doppler
broadening. For weak lines like our He I multiplet it is the
Doppler core which dominates the shape of the spectral line.
Since the collisional and radiative damping are very weak we
assume the damping constant a to be almost zero. We therefore
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Table 2. Atmospheric parameters for profile x26—y11.

Parameter fit range value value
min—max freea a=10"*

B [Gauss] 0-2000 1119.5 1072.3
v[°] 0-180 18.3 16.9

x [°] -90-90 36.0 374

vLos [m/s] —-10000-40000  358.3 396.4
a 0-0.5 0.392 0.0001
Adp [A] 0-0.7 0.198  0.263
o 0-10 5.330 3.52

uS (fixed) 0-5 1.000 1.000
fitness - 14.71 10.65

fix this parameter and set it to 1074, which reduces the number
of free parameters per atmospheric component to 7. Figure 4
demonstrates the negligible effect of the damping constant on
the resulting fits and Table 2 shows that the parameters rele-
vant for our analysis are also very similar. The observed profile
in Fig. 4 was taken from the center of the small pore, where
the absorption signature is strongest and damping effects could
play arole, representing a “worst case scenario” for neglecting
the damping constant. The fits obtained with a fixed damping
of 107* are slightly worse than the ones where a was treated
as a free parameter. However, the relevant atmospheric param-
eters B, ¥, y and v ps returned by both fits are almost unaf-
fected by this choice (see Table 2). In the region between the
two pores exhibiting only weak Stokes profiles the difference
is even smaller. Since the stability of the inversion results in-
creases when eliminating a as a free parameter, in our further
analysis we use a fixed damping constant. Note that the ther-
modynamic parameters a, Adp and ny, which are not of fur-
ther interest to us, are affected strongly by this decision. When
leaving a free, the returned values of these thermodynamic pa-
rameters fluctuate strongly from one profile to another. They
are obviously not completely independent of each other and
fixing a leads to more stable results for Adp and 1y as well.
The simple implementation of the Hanle effect is demon-
strated in Fig. 5. For the few profiles where we can observe both
—abroad signal in U due to the scattering polarization overlaid
with a typical Zeeman signal in Q, U, and V — we obtain con-
sistent information for the magnetic field azimuthal direction.
In the example presented in Fig. 5 (pixel x = 58, y = 28 in
Fig. 1) the azimuthal angle when neglecting the Hanle effect
is almost unconstrained, whereas the combined Zeeman-Hanle
diagnostics gives a very stable result of y = —49°. This is very
close to the value deduced from nearby Stokes profiles that are
dominated either by the Zeeman effect or the Hanle effect. This
x value is also consistent with a field directed along the fibril-
like structures in the line center intensity map in Fig. 1.
Another simplification concerned the gradient of the source
function S';. The inversion of a large number of measured pro-
files showed, that the line center absorption coefficient (79)
strongly competed with S, leading to an ambiguity in the
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Fig. 5. Combined Hanle and Zeeman diagnostics. The synthetic Q and
U profiles obtained using the combination of Zeeman-diagnostics and
the special case of the Hanle effect valid close to disk center (dia-
monds) agree very well with the observed profile at x = 58, y = 28
(solid line). For the case where the Hanle effect is not included (plus
signs), the fit to the observed U profile is unsatisfactory. The reference
direction for Stokes Q is along the +y-axis of the maps in Fig. 8.

determination of these parameters. Apparently there is not
enough information in the data to independently determine
both parameters. Both parameters increase the strength of the
absorption profiles with only minor differences in the profile
shape. For the further analysis we therefore set uS to unity.
Since we do not derive any physical parameter from 7y and
the source function gradient we regard this simplification as
justified.

5. Convergence and noise analysis
5.1. Synthetic profiles with artificial random noise

The stability of our inversion code when faced with noisy
data was tested by inverting synthesized profiles with added
artificial random noise. We concentrated on the reliability of
the determination of the magnetic field strength and direc-
tion. Figure 6 summarizes the results of this test. The param-
eter values used to synthesize the profiles which then act as
artificial data (Table 3) are compared with the results of the
inversion. Note that the inclination angle y was set to 80°,
which represents a worst case scenario for the determination
of the magnetic field strength, since the V-signal becomes very
weak. Every polar plot, summarizing the scatter of the results
from 200 inversions of the synthesized profiles with added ar-
tificial random noise, is divided into two regions: the upper
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Fig. 6. Convergence and noise analysis of synthesized spectra for the
parameters magnetic field strength (B) and direction (y and ). Every
polar plot is divided in two regions: the upper half shows as radial co-
ordinate the magnetic field strength B (in Gauss) with the inclination y
as polar angle (diamonds). The lower half is similar but with the az-
imuthal angle y as polar angle (plus signs). The gray shaded areas in-
dicate the magnetic field vector used for the synthesis with a deviation
of £15° for the angles and +30 G in strength around the initial values
in Table 3. The three rows stand for synthetic profiles calculated for
different magnetic field strengths of 80 G, 300 G and 600 G. Random
noise with an amplitude of 10~* I, (left column) and 5x10~* I, (middle
and right column) was added to the synthesized profiles. The right col-
umn displays the results using, in addition to the Zeeman effect, the
simple implementation of the Hanle effect leading to a very reliable
determination of the magnetic field direction.

half shows the magnetic field strength B (in Gauss) as radial
coordinate, with the inclination y as polar angle (diamonds).
The lower half is similar but with the azimuthal angle y (plus
signs) as the polar angle. The three rows of Fig. 6 represent
the results for different initial magnetic field strength (from top
to bottom: 80 G, 300 G and 600 G). The left and the center
columns show the inversion results for low (107 I..) and typ-
ical (5 x 107 I.) noise levels added to a synthesized profile
where the amplitude due to scattering polarization, Hy, was set
to zero. Column three summarizes the convergence for a noise
level of 5 x 10™* I.. Here an artificial scattering-polarization
signal with an amplitude of 0.002 was added to the Stokes QO
and U profiles according to Eq. (24). The initial parameters for
the synthesis are summarized in Table 3. Note that only a single
atmospheric component is assumed to be present.

The scatter in the inversion results originates from the artifi-
cial random noise which is different for every run, and in the ge-
netic algorithm used for minimization: after a finite number of
iteration steps the genetic algorithm does not always reach the
global maximum. The variation of the convergence for 200 test
runs gives an idea of the reliability of the value returned by the
inversion. We do not show the values for the line-of-sight ve-
locity vr ps and for the Doppler broadening Alp, since they are
reproduced with an accuracy of $2% of the total fit range (see
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Table 3. Parameters for synthesized profile used for convergence and
noise analysis.

Parameter value Parameter  value
B [Gauss] 80/300/600 | vios [m/s] 5000
v [°] 80 x [°] -40
0 1.0 Alp [A]  0.250
a 0.0001 uS 1.0

Table 2). For simplicity, we assumed the gradient of the source
function to be 1 (this assumption turned out to be consistent
with all inverted pixels of our observation) and the damping
constanta = 107,

Figure 6 clearly shows that the determination of the mag-
netic field strength and direction is very accurate for the
Zeeman-dominated regime (B = 600 G, 3rd row). Here
the magnetic field direction returned by the inversion lies
within £5°, the magnetic field strength within $20% of the ini-
tial value. Decreasing the magnetic field strength underlying
the artificial data increases the uncertainty in the determina-
tion of the magnetic field direction and strength. Especially in
the weak field case (1st row) the rms error in the magnetic field
strength increases up to +£100 G because the polarization signal
approaches the noise level (signal to noise ratio ~2). The typi-
cal noise level case (5% 107 I, 2nd column) does not allow for
a reliable determination of the azimuthal angle. The presence
of a Hanle effect signal (3rd column) significantly improves the
determination of the azimuthal angle and leads to an accuracy
of +5°. The inclination angle y (top half of the polar plots) is
retrieved reasonably well in all cases. We expect that a more
realistic implementation of the Hanle effect by calculating the
full polarization diagrams would also lead to a significant im-
provement of the determination of the magnetic field strength
in the regime of weak fields below 200 G, at locations where
the Hanle signal is detectable (Trujillo Bueno et al. 2002).

5.2. PIKAIA

Genetic algorithms have several advantages compared to stan-
dard minimization techniques. They do not require the calcu-
lation of derivatives of the model parameters in the fit function
and are very robust in finding the global minimum of a multi-
dimensional hypersurface independent of the initial parame-
ter values. We decided to use the code PIKAIA (Charbonneau
1995), since it is a very well written and easy to use public
domain code available in Fortran and IDL. To demonstrate its
superior robustness we compared the results of the genetic al-
gorithm with the ones obtained with UOBYQA (Unconstrained
Optimization BY Quadratic Approximation, Powell 2002), a
code which estimates the first and second derivatives of the pa-
rameters in the fitness function using quadratic approximations.
This code was used for comparison because it provides an in-
terface to the function to be optimized which is very similar
to PIKAIA.

The low signal to noise ratio, especially in Stokes U
and Q, sets high demands on the robustness of the optimization
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routine. The parameter mainly affected by these two profiles
is the azimuthal angle of the magnetic field, y. Maps of this
parameter therefore are the best indicator for the robustness of
the used optimization method. Figure 7 presents these maps
using PIKAIA (top) and UOBYQA (bottom panel). The supe-
rior robustness of the PIKAIA-based inversion manifests itself
in the much smoother transition of the magnetic field azimuth
between the two pores of opposite magnetic polarity. We pre-
ferred the robustness of the genetic algorithm to the speed in-
crease of a factor 210 when using the quadratic approximation
technique.

6. Application: Emerging flux region
6.1. One-component model atmosphere

For most of the pixels in Fig. 1 an inversion based on an at-
mosphere with one atmospheric component, a magnetic com-
ponent, gives good results. A combination of a magnetic and
a field-free component gives very similar results, although
with much greater uncertainty in the field strength, which can-
not be well distinguished from the filling factor in this case.
This is because outside the pores the Zeeman splitting is so
small that the He I lines are very close to the weak-field
limit (Landi Degl’Innocenti & Landi Degl’Innocenti 1973).
Obviously there is no great advantage in adding a field-free
component to the inversions in this case. A single magnetic
component is expected to be sufficient for the upper chromo-
sphere, where the magnetic field fills all available space (e.g.
Jones 1985; Solanki & Steiner 1990). We therefore refrain from
introducing a further field-free component. The model atmo-
sphere has 7 free parameters: magnetic field strength and direc-
tion (B, v, x), line-of-sight velocity (vLos), line center relative
absorption coefficient (179), Doppler broadening (AAp) and the
amplitude of the scattering polarization signal in linear polar-
ization profiles due to the Hanle effect (Hj, see Sect. 3.2). The
free parameters were allowed to vary between the minimum
and maximum range shown in Table 2.

The maps for the free parameters of the inversion are dis-
played in Fig. 8. The top panel clearly identifies two pores
through the magnetic field strength which exceeds 1 kG (and
their correspondence in darkening of the continuum). The sec-
ond and third panel show the azimuthal direction and the in-
clination of the magnetic field. Note that in regions where the
magnetic field is sufficiently inclined y is returned quite stably,
with little variation from pixel-to-pixel. For nearly longitudi-
nal fields y is less stable, but is almost irrelevant, since even
large errors in y at such locations imply only small errors in the
direction of the magnetic field vector. The line-of-sight veloc-
ity map is displayed in panel 4 with red (blue) shaded regions
marking downflows (upflows). It shows a considerable asym-
metry between up and downflows. A region of slowly upward
moving gas in the center is flanked by downflowing material
reaching supersonic velocities up to 25 kms~!. The Doppler
broadening in panel 5 is indicative of a low turbulent velocity
in the slowly upward moving gas if one assumes that the tem-
perature of formation is roughly the same everywhere. Note,
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Fig.7. Inversion results for the azimuthal angle (y, reference di-
rection +y-axis) using the genetic algorithm PIKAIA (top panel)
and UOBYQA (bottom panel). Large pixel to pixel variation using
UOBYQA indicate that the optimization routine got stuck in a local
minimum of the parameter space.

however, that the Alp value returned by the code is affected
significantly by the choice of damping parameter a.

All these facts are consistent with the picture of freshly
emerging magnetic flux tubes which rise in magnetic loops
while conserving the relatively cool photospheric and slightly
subphotospheric temperature. The 7o value plotted in panel 6
shows fibril-like structures connecting the two regions of oppo-
site magnetic polarity. These fibrils correlate very nicely with
the direction of the magnetic field and with the line-center line-
strength (top panel of Fig. 1). The amplitude of scattering po-
larization in panel 7 shows where the magnetic azimuth is most
stably retrieved by the Hanle diagnostics. Here the magnetic
field inclination is nearly horizontal, as required for the sim-
ple implementation of the Hanle effect. The magnetic field
direction of this region smoothly connects to the regions dom-
inated by the Zeeman effect. This result confirms the appli-
cability of the used approximation for the Hanle effect. The
last panel shows the fitness f = 1/6 of the PIKAIA-fits (see
Eq. (25)). Higher values indicate a better fit than lower values.
The poor fits in the pore in the lower left corner are mainly due
to the presence of two velocity components within one pixel
(see Sect. 6.2). Table 2 shows that the fitness in this region de-
pends significantly on whether magnetooptical effects are taken
into account or not.
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Fig. 8. Atmospheric parameters returned by a 1-component inversion.
The reference direction for the azimuth (2nd panel) is the +y-axis.

6.2. Two-component atmosphere

In order to obtain optimum fits throughout the scan we re-
peated the inversion employing two magnetic components (al-
lowing each to harbor different line-of-sight flows). Since the
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Fig. 9. Comparison of 1-component (plus signs) and 2-component (di-
amonds) fits to the 7 and V profiles at pixel x = 40, y = 25 (solid line).
Clearly the 1-component fit is not able to reproduce the data reason-
ably, whereas the synthetic profiles resulting from a 2-component fit
very nicely match the observations.

Table 4. Parameters returned by the 1-component and 2-component
fit to pixel x = 40, y = 25.

Parameter 1-component 2-component
Parameter comp. 1  comp. 2
B [Gauss] 730.28 714.36 774.64
x [°] 63.03 60.57 60.57
v[°] 32.89 41.17 41.17
vLos [my/s] 14933.49 1799.36  23869.20
Adp [A] 0.91 0.33 0.30
Mo 1.24 3.86 3.86
filling factor a 1.00 0.48 0.52
a (fixed) 0.0001 0.0001 0.0001
fitness 32 15.7

Stokes Q and U profiles are often too weak and noisy to al-
low the transverse magnetic field of the two atmospheric com-
ponents to be separated we reduce the number of free param-
eters for the 2-atmosphere inversion by forcing the magnetic
field direction to be equal for both atmospheres. As an exam-
ple, both 1-component and 2-component fits to a complex
and V spectrum of the He lines are displayed in Fig. 9. The
spectrum was recorded close to one of the pores (pixel x = 40,
y = 25 in Fig. 1). Figure 9 and Table 4 demonstrate that in
certain regions, specifically right at the edges of the pore, the
Helium lines clearly sample two magnetic atmospheres with
different velocities which coexist within a single pixel of the
measurements, a non Doppler-shifted (or only weakly shifted)
atmosphere and a significantly shifted atmosphere. The photo-
spheric Si I line inverted with SPINOR exhibits no such signa-
ture (not shown). The fits to the He I multiplet are satisfactory
(and the fitness greatly improved — see Table 4) if two magnetic
components are employed.

The parameters returned by the 1- and 2-component fits are
summarized in Table 4. The 1-component fit tries to account
for the second component by increasing the Doppler broad-
ening to an unrealistically high value. Obviously the resulting
information on magnetic field direction and strength does not
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reflect the real conditions. The 2-component fit clearly identi-
fies a slow component (1.8 kms~! downflow) and a fast com-
ponent (23.8 kms~! downflow). The magnetic field strength in
both components is almost identical.

The fact that neighboring profiles give very similar re-
sults from 2-component inversions, with the returned param-
eter varying smoothly from pixel to pixel, reinforces our belief
in the robustness of the results. A more complete and thorough
analysis of the data (including time series) exhibiting strong
downflows and requiring 2-component fits will be the subject
of a separate publication (Lagg et al., in preparation).

7. Summary and outlook

We have presented an extension of techniques previously used
to study the He I 1083 nm multiplet such that spectral line satu-
ration (using a simple Milne-Eddington approach, extended to
allow for blending lines) and magnetooptical effects are taken
into account. By combining the Unno-Rachkowsky solutions
of the radiative transfer equations for polarized light with a
simple representation of the Hanle effect (valid for horizontal
fields near solar disk center) and with a minimization scheme
based on genetic algorithms it is possible to determine the full
magnetic vector (although the 180° uncertainty inherent in all
Zeeman effect diagnostics still remains) together with the line-
of-sight velocity and auxiliary quantities such as the Doppler
width (the last quantity with lower reliability). In some loca-
tions the Hanle effect dominates the net linear polarization sig-
nal and its introduction into the inversion scheme helps to make
the results more robust.

Tests of the inversion code on artificial and real data have
been very encouraging. In particular, the use of a genetic algo-
rithm significantly reduces the dependence of the final results
on the initial guess, since it searches for the absolute minimum
of a function describing the error in the fit. This removes one of
the main shortcomings of Stokes profile inversions, namely that
the minimization routine ends up finding different minima (and
hence different sets of “best fit” parameters depending on the
initial guess). A genetic algorithm would greatly strengthen the
reliability of Milne-Eddington inversions of other spectral lines
as well, such as the lines regularly observed by the Advanced
Stokes Polarimeter (ASP, Elmore et al. 1992). Its use for inver-
sions employing numerical solutions of the transfer equation
will certainly increase with the available computing power.

The inversion code we have written also allows for the
possible presence of multiple atmospheric components (with
the freedom to couple individual parameters between dif-
ferent components if the information content of the data is
not sufficiently high). Two component fits of profiles with a
non-standard shape give reasonable and stable results. The
most obvious next improvement in the analysis procedure
is full treatment of the Hanle and Zeeman effects as done
by Trujillo Bueno et al. (2002) for solar coronal filaments.
Nonetheless, the technique is now ripe to be employed to ana-
lyze solar data in order to profit from the unique diagnostic ca-
pabilities of the He I multiplet at 1083 nm. A first such analysis
has been reported by Solanki et al. (2003), others are currently
in the process of being carried out.
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