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ABSTRACT

Aims. We inverted a spectropolarimetric scan of an active region and a filament (240 x 340 arcsec) achieved with THEMIS on
7 December 2003 in the two lines Fe T 6302.5 and 6301.5 A.

Methods. The inversion was achieved for each line separately by using the UNNOFIT code of Landolfi and Landi Degl’Innocenti,
and was improved by introducing a magnetic filling-factor parameter. The magnetic and non-magnetic theoretical atmospheres, mixed
in the proportion given by the filling factor, were derived from the same set of parameters, except for the presence (or absence) of a
magnetic field. The fundamental ambiguity is not solved.

Results. The tests run with UNNOFIT show that the magnetic field strength B and the magnetic filling factor a cannot be separately
recovered by the inversion in Fel 6302.5, but that their product @B, which is the local average magnetic field, is recovered. The
magnetic flux is only its longitudinal component. In addition, the results make two regimes clearly appear, corresponding to two
ranges of local average magnetic field strength as measured in 6302.5: (a) the network, having a field inclined of about 20°-30° from
the vertical in 6302.5 (spread more but non-horizontal in 6301.5), with a homogeneous azimuth. In this zone the local average field
strength in 6302.5 is higher than 45 Gauss; (b) the internetwork, where the field is turbulent (with a horizontal trend, spread more at
lower altitudes), and the 6302.5 local average field strength is lower than 45 Gauss (about 20 Gauss).

Conclusions. The two lines display coherent results, in particular for the magnetic-field azimuth. From this coherence we conclude
that the turbulence of the 20 Gauss internetwork field has a solar origin.

Key words. Sun: magnetic fields — polarization — Sun: filament — Sun: prominences

1. Introduction

In his pioneering work, Stenflo (1973) retrieved information
about the unresolved magnetic field of the solar photosphere
from a line ratio analysis of multiline observations taken with
the Kitt Peak multichannel magnetograph. He draws conclusions
about an inhomogeneous structure of the photospheric magnetic
field: strong fields, on the order of 2 kGauss, would be concen-
trated in unresolved structures of about 100-300 km size, the
so-called “flux tubes”. Since that time, the resolution of these
flux tubes has become an objective for the next instrumental
progress, and in particular for building new instruments such as
the THEMIS telescope. Such an objective requires simultaneous
spatial, spectral and polarimetric adequate resolution. In the case
of the THEMIS telescope, the adequate polarimetric resolution
of 1.5 x 1073 is currently reached in one record on one pixel
whose size is set at 0.45 arcsec, the spectral resolution being on
the order of 22 mA. This telescope has the original feature of be-
ing “polarization free”; i.e. the polarization analysis is performed
on axis, before any oblique reflection. The second original

* Based on observations made with the French-Italian telescope
THEMIS operated by the CNRS and CNR on the island of Tenerife
in the Spanish Observatorio del Teide of the Instituto de Astrofisica de
Canarias.
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feature of THEMIS is being able to simultaneously record
several spectral windows, in order to probe the solar atmosphere
along its depth, because the different lines simultaneously ob-
served are formed at different altitudes. A more detailed descrip-
tion of the THEMIS instrument can be found in Arnaud et al.
(1998), although it has to be updated with the tip-tilt correction,
which has been modified and is now operational, and the polar-
ization analyzer quarter-wave plate positions that are now free to
take any position needed.

Recent results (Bommier et al. 2005b) show that it has
been possible with THEMIS to scan an active region of 240x
340 arcsec size, with a pixel size of 0.45 arcsec. The data were
taken on 7 December 2003, with a polarimetric accuracy allow-
ing the analysis of all four Stokes parameters. That analysis was
performed by using the bisector (or “lambdameter’’) method for
the longitudinal field and the weak field law for the transverse
magnetic field. No fractional filling factor was assumed for the
magnetic field in that analysis. The objective of the present pa-
per was to perform a second analysis of the same spectropolari-
metric data, but this time submitted to an inversion code that
includes a filling factor diagnostic. Before entering the details
of these results, however, let us first summarize the present state
of knowledge on the solar photospheric magnetic-field measure-
ments.

http://dx.doi.org/10.1051/0004-6361:20054576
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First, the line ratio technique has been pursued until recently,
thus not severely modifying the result obtained by Stenflo.
ZIMPOL T observations have confirmed the expected order of
magnitude of 1 kGauss for field strength (Keller et al. 1994, who
in addition suggest lower field strength in internetwork regions,
and Grossmann-Doerth et al. 1996, who estimate that the con-
centration degree of the magnetic field should be high). More re-
cently, Dominguez Cerdefia et al. (2003) estimate a field strength
of about 1 kGauss associated to a filling factor of 2% in internet-
work regions (75 km is the largest compatible size for a magnetic
element). Similar orders of magnitude have been independently
derived by Lites & Socas Navarro (2004).

Infrared (IR) observations open direct access to the field
strength determination via the measurement of the Zeeman split-
ting, which is more resolved in this wavelength range. Two dif-
ferent investigations (Lin 1995; Khomenko et al. 2003) result
in evidence of two field strength ranges for network (higher
strength) and internetwork regions (lower strength). A simulta-
neous IR and visible observation (Lin & Rimmele 1999) confirm
the low level (1%) of the filling factor.

As suggested by these IR observations, which are highly
convincing due to the direct character of the field strength mea-
surement, models of magnetic atmosphere with two (or more)
mixed components were developed: a) an SIR (Ruiz Cobo &
del Toro Iniesta 1992) inversion with two magnetic components
of different strengths was performed by assigning the mixed
field strength to both network and internetwork regions (Socas
Navarro & Lites 2004). Only 25% of the pixels were analyzed
and strong kG fields found in most of the inverted spatial pix-
els; b) a MISMA (Sanchez Almeida 1997) inversion was ap-
plied by Sanchez Almeida & Lites (2000), with inclusion of
three components: two magnetic and one non-magnetic. Again,
similar field strengths were derived for the two magnetic compo-
nents. A MISMA inversion including a PCA (principal compo-
nents analysis) confirms the ubiquity of kG field strengths even
outside the network (Socas Navarro & Sanchez Almeida 2002),
in the 25% of pixels that are analyzed. However, refined obser-
vations and analysis have confirmed the visible/IR discrepancy
(Sanchez Almeida et al. 2003). The inversion of visible lines
(Grossman-Doerth et al. 1996; Sanchez Almeida & Lites 2000;
Socas-Navarro & Sanchez Almeida 2002; Dominguez Cerdefia
et al. 2003) leads to the conclusion that a notable fraction of
fields are found in the kilogauss range, while the works with IR
lines (Lin 1995; or Khomenko et al. 2003, among others) indi-
cate that strong fields are very rare. These big discrepancies have
produced a lot of papers that try to find its origin.

At this stage, it has to be pointed out that all these analy-
ses (except the one of Khomenko et al. 2003) only involve the
circular polarization Stokes parameter V, so that poor informa-
tion is retrieved for the field direction. Though the basic SIR
method includes determination of magnetic field inclination and
azimuth, their determination seems not to have been included in
the latest analysis that involves only the Stokes parameter V. In
the MISMA model, the magnetic field is assumed to be verti-
cal. A full Stokes observation and analysis has been performed
by Lites (2002), who notes that the linear polarization degree is
higher in the internetwork regions than in the network, so that
he concludes that there are (i) a homogeneous and vertical field
in the network with a higher strength and (ii) a “mixed polar-
ities” field in the internetwork regions with a lower strength.
Khomenko et al. (2003) also measured the linear polarization
and concludes that “the magnetic field has a broad range of incli-
nations, although most of the pixels show polarization signatures
that imply an inclination of about 20°”.
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Some of the aforementioned papers investigate in addition
the relationship between the field and the granule/intergranule
structure; due to the absence of a tip-tilt regulation on THEMIS
at the time our data were taken, this study is beyond the scope of
the present paper.

Another method of investigating the photospheric/
chromospheric magnetic field has been provided by the
interpretation of the so-called “second solar spectrum” ob-
servation, which is the observation of the linear polarization
due to scattering near the solar limb. This polarization may be
modified due to the Hanle effect, so that information on the
weak magnetic field can be retrieved in this way. As the Hanle
rotation of the polarization direction has never been detected in
the second spectrum of quiet region photospheric lines, while
the Hanle magnetic depolarization has been observed, it was
concluded that the magnetic field has a so-called “turbulent” (i.e.
unresolved) direction (Stenflo 1982). Recent interpretations of
Sr 14607 A measurements have independently led to a turbulent
field strength of 35-60 G (Faurobert et al. 2001; Bommier et al.
2005a; Trujillo Bueno et al. 2004). In addition, Trujillo Bueno
et al. (2004) investigate a possible PDF (probability distribution
function) for this field strength. Their investigation of the
scattering polarization observed in the Sr I 4607 line, based on
three-dimensional radiative transfer calculations using realistic
hydrodynamical photospheric models, indicates that the mean
field strength of the “turbulent field” is ~100 G, which is
higher than in previous investigations (see, e.g., Faurobert et al.
2001). Their conclusion has been confirmed by Bommier et al.
(2005a), at least for the case of a single-value microturbulent
field that fills the entire photospheric volume. Moreover, a
joined analysis of the Hanle effect in the Sr I 4607 line and in C,
lines (see Trujillo Bueno et al. 2004) suggests that most of this
“hidden” magnetic flux is located in the intergranular regions of
solar-surface convection.

The inversion code and the implementation of the filling-
factor determination are described in Sect. 2. In particular, the
accuracy of the determination was investigated. The inversion
was independently performed in two lines, FeT 6302.5 and
6301.5 A. The 6302.5 results are described in Sect. 3 , and the
6301.5 ones in Sect. 4. The comparison between the two line re-
sults is then achieved (Sect. 5), showing coherence especially in
magnetic field azimuth. This coherence leads to the conclusion
that the origin of the observed internetwork field turbulence is at
least partly solar.

The solution of the fundamental ambiguity, which is that two
field vectors that are symmetrical with respect to the line-of-
sight have the same polarimetric signature, is beyond the scope
of the present paper. Disambiguation has not been performed. In
this respect, the orientation of the transverse field along its direc-
tion is unknown, so that the transverse field direction has been
indicated by dashes without any arrow in the following maps.

Besides going further in the paper, we have to clarify what
meaning we assign here to the word ‘turbulent” when applied to
the magnetic field. We mean a field whose direction randomly
changes from one pixel to the neighboring one. No other signifi-
cation is attached to this word in the present work.

2. The UNNOFIT inversion code
2.1. Presentation

This section is intented to describe the code and how the mag-
netic filling-factor parameter was introduced in it.
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The UNNOFIT inversion code is based on the Marquardt al-
gorithm to reach the minimum theory/observation discrepancy
with the theoretical profiles given by the Unno-Rachkowsky
solution. Pionereed by Harvey et al. (1972) and Auer et al.
(1977), this technique has been improved by Landolfi & Landi
Degl’Innocenti (1982) and Landolfi et al. (1984) to allow for
magneto-optical and damping effects. The same Marquardt algo-
rithm technique, based on the Unno-Rachkowsky solution that
includes the magneto-optical effects as introduced by Landolfi
& Landi Degl’Innocenti (1982) has been applied to sunspot ob-
servations inversion by Skumanich & Lites (1987) and Lites &
Skumanich (1990), who implemented additional reduction pro-
cedures in their code.

As described by its authors Landolfi et al. (1984), UNNOFIT
— the straightforward application of the technique outlined above
(see also Landi Degl’Innocenti & Landolfi 2004) — provides si-
multaneous determination of eight free parameters via the fit of
the four Stokes profiles. As in Skumanich & Lites (1987), dif-
ferent weights can be assigned to the different Stokes parame-
ters, usually 0.1 for / and 1 for Q, U, V. The eight free parame-
ters are 1) the line strength 7,; 2) the Zeeman splitting Ay that
provides the magnetic field strength; 3) the Doppler absorption
profile width Adp; 4) the y damping parameter of the Voigt func-
tion; 5) one single b parameter describing the Milne-Eddington
7-dependence along the atmosphere vertical with b = uB; /By,
where By and B are the usual parameters describing the Milne-
Eddington atmosphere, and y is the cosine of the line-of-sight
inclination angle; 6) the line central wavelength (providing thus
the Doppler shift), 7) and 8) the magnetic field inclination and
azimuth angles. The Marquardt algorithm is an iterative method
of reaching the minimum of the chi-square parameter that char-
acterizes the theory/observation discrepancy. It makes use of the
partial derivatives of the functions giving the observed parame-
ters with respect to the eight parameters to be determined. With
this purpose, these functions have preferably to be analytical
functions so that their derivatives can be explicitly written down.
This requirement is fulfilled by the Unno-Rachkowsky solution
in the Milne-Eddington atmosphere. The iteration is initialized
by a random draw of the eight parameters. This random charac-
ter has led to repeating the iteration for each pixel 20 times, with
a different initial draw each time. The iteration is stopped when
one of the three following requirements is fulfilled: a) when the
number of iterations gets larger than a previously fixed number
(presently 60); b) when the chi-square gets smaller than a small
fraction (presently 10~'°) of the initial chi-square (the one calcu-
lated at the beginning with random numbers); ¢): when the sum
of the absolute values of the eight increments gets smaller than
a fixed number. The final result is the one corresponding to the
lowest chi-square value of the 20 iterations.

In the present work, we have added a ninth free parameter to
be determined by UNNOFIT: the filling factor @, which means
that the received radiation is the sum of the magnetic component
radiation, weighted «, and of the non-magnetic component one,
weighted 1 — a; that is to say, denoting by “m” and “nm” the
magnetic and non-magnetic contributions, one has

I=0-a)ym+ aly

Ul ' m
V=aV,

The calculation of the derivatives with respect to the « pa-
rameter is straightforward, so that the implementation of this
ninth parameter in the algorithm follows. The magnetic and non-
magnetic components of the atmosphere have all their physical
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parameters taken as equal, except the three magnetic field coor-
dinates. In the present work, the same weight 1 was given to the
four Stokes parameters for the chi-square calculation.

Note that this procedure is different from the one used by
Skumanich & Lites (1987), where the quantity I, of Eq. (1) is
assumed to be known a-priori, being given by the average in-
tensity profile over the observed area, excluding sunspots and
active regions. Our procedure does not take into account any
difference in physical conditions (temperature, density) between
the internal and the external parts of the fluxtube, although the
presence/absence of the magnetic field is able to modify the
matter motions. However, variations in these conditions on a
medium spatial scale (across plage regions, for instance) are
fully taken into account by our procedure, which is not the case
under the constant Iy, hypothesis of Skumanich & Lites (1987)
and which may be more realistic than a constant I, through-
out the whole map. In any case, it has to be expected that the
results on the magnetic field and filling factor, since mostly
related to the polarization profiles, should be somewhat inde-
pendent of the parametrization chosen for I;,. Besides, the
assumption of same physical parameters inside and outside the
fluxtubes is at most questionable in the sunpots and their envi-
ronment. Although there are 1.5 sunspots in our scan, their de-
tailed study is not the aim of the present paper, which is devoted
to network/internetwork characterization.

The Fel 6302.5 A line is a normal Zeeman triplet, being
5Dy = P and having J, = 0 and J; = 1 with g, = 5/2. The FeI
6301.5 A line is not a normal Zeeman triplet, being D, —° P,
(same multiplet as 6302.5, the 816 multiplet) and having J, = 2
and J; = 2 with g, = 3/2 and g, = 11/6. The UNNOFIT
code has two versions: one for the normal Zeeman triplet line,
UNNOFIT, which has been applied to 6302.5, and one for a
non-triplet line taking the true Zeeman splitting into account,
UNNOFIT?2 that has been applied to 6301.5 (in UNNOFIT2
40 iterations are preferable). We checked that UNNOFIT and
UNNOFIT2 give coherent results when applied to the same line,
6302.5. The two lines 6301.5 and 6302.5 were then indepen-
dently inverted.

2.2. Accuracy

First, the polarimetric accuracy was investigated on 8 pixels dis-
tributed throughout the map. By applying a wavelet filtering, the
average signal was subtracted leading to the possibility of mea-
suring the noise along the polarization profile. The noise average
value 1.5%1073 was thus determined, for each Stokes profile /1,
S being one of the Stokes Q, U or V (24 noise values averaged).
This value of 1.5 x 1072 is also the photon noise level.

An example of the fit result is given in Fig. 1, for a typical
low-polarization internetwork pixel showing the 1.5x 1073 noise
level mentioned. Figures 2 and 3 represent, for the same pixel,
the variation in the y parameter of the fit with two parameters of
the model: a) the magnetic field strength and the filling factor for
Fig. 2a, and b) the field inclination and azimuth angles for Fig. 3,
where the other parameters are taken at their y?-minimum value.
No secondary minimum appears on the surfaces, in particular in
the high filling factor range (recall that the azimuth is defined
modulo 180°). The full-color scale is determined by the noise
level 1.5 x 1073 divided by the square root of the pixel number
involved in the y? calculation.

Note that this level is not far above the 102 limit level deter-
mined by Bellot Rubio & Collados (2003) for correct interpreta-
tion of the FeT visible line polarization. Moreover, with respect
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Fig. 1. Fit for a typical low polarization (internetwork) pixel (pixel
151,151) of the 7 December 2003 map. The central line is Fe 16302.5 A,
adjacent to a telluric line. Full line: observed intensity and polariza-
tion profiles. Dotted line: UNNOFIT result. The obtained magnetic
field strength is 1619 Gauss and the magnetic filling factor @ = 0.012,
leading to the significant local average magnetic field strength B =
19 Gauss. The field inclination is 52° and the azimuth is 36° with respect
to the slit direction. The wavelength pixels 28—33 that correspond to the
telluric line have been discarded from the fitting procedure. The chi-
square value, summed over the four Stokes parameters and the 31 an-
alyzed wavelength pixels, is 0.0021 in polarization units (i.e., all the
Stokes parameters having been divided by the continuum intensity).

to the work of these authors, it has to be emphasized that we in-
dependently performed the two Fe I-line inversion (whereas they
treat both lines within the same atmosphere, although 6302.5 is
formed 66 km lower than 6301.5) and that we made use of both
linear and circular polarization in the inversion (whereas they
consider Stokes V only). However Figs. 2 and 3 do not really
provide the accuracy of the field-vector determination: they only
prove the uniqueness of the minimum.

Then to investigate the inversion accuracy, we proceeded in
a pragmatic manner. Given a series of 183 600 field and filling
factor values (field strength ranging from 100 to 3000 Gauss
with 100 Gauss steps, field inclination ranging from 10° to 170°,
and azimuth ranging from 0° to 170°, both with 10° steps, 20
filling-factor values ranging in a logarithmic scale between 0.01
and <1), we computed the theoretical profiles that would result
from these fields, by applying the Unno-Rachkowsky solution.
We then added a noise to these theoretical profiles. The noise
that we used was not Gaussian, a random number taken between
—~3x1073 and +3x 1073 (given the noise level 1.5x 1073 in the ob-
served profiles). We submitted these noised theoretical profiles
to the UNNOFIT inversion, and we then compared the obtained
magnetic fields (“output”) with the initial ones (“input”).

We did that first for the Fe1 6302.5 line (UNNOFIT code).
The first result (Fig. 4) is that, although the magnetic field
strength B and magnetic filling factor @ are not separately re-
covered by the inversion (see the first row of the figure where
a wide range of output values correspond to each given input
value), their product aB is recovered (see the second row of the
figure giving a sufficient alignment on the diagonal). The value
of aB is the local average magnetic field strength, and the mag-
netic flux is only the longitudinal component of the correspond-
ing vector. This behavior is easily explained by how, in weak
fields, the spectral behavior of the Stokes profile V/I is not de-
termined by the field strength, but by the first derivative of the
intensity profile, whereas the field strength B and the magnetic

V. Bommier et al.: UNNOFIT inversion of spectro-polarimetric maps

filling factor a both act in the same manner on the V/I magni-
tude, so that they cannot be distinguished. As the present method
only permits the determination of the local average field aB, we
will consider this quantity (together with the field direction) in-
stead of @ and B separately in the following.

At this stage, it has to be pointed out that the determination
of the average local magnetic field can only be done with the
present form of UNNOFIT that was completed with the filling
factor determination: our tests show that forcing « to remain at
unity does not lead to the correct local average magnetic field
determination.

Looking at the lowest values in the bottom right figure of
Fig. 4, it can be seen that input values of the local average mag-
netic field lower than 5 Gauss are not recovered in the output,
which gives them the mean value of 20 Gauss instead. In other
words, if a 20 Gauss local average field is determined by the in-
version, it may also be a local average field of a few Gauss. This
point is of some importance for further discussions.

The histograms of the differences “output” minus “input”
are displayed in Fig. 5, where we have separated the input val-
ues B > 45 Gauss from the input values B < 45 Gauss,
which later correspond to network and internetwork values, re-
spectively. We put the histogram widths in the same category
as the UNNOFIT accuracy under our observation conditions:
in the network, the local average magnetic field strength aB is
obtained +5 Gauss, and the inclination and azimuth angles of
the field vector are obtained +5°. In the internetwork, the fact
that lower values of @B may be confused with 20 Gauss values
is clearly visible in the histogram, which is not centered on 0
but on 10 Gauss, with a +5 Gauss width. The inclination and
azimuth angles of the field vector are obtained +20°. Plotting
the azimuth histograms for @B < 10 Gauss and @B < 5 Gauss
shows that the azimuths are fully indeterminate (flat histogram)
for aB < 5 Gauss, so that the inaccuracy in field strength is
5 Gauss, given the frequency sampling and the polarimetric in-
accuracy taken from the measurements. Five Gauss can be con-
sidered as the magnetic field accuracy of the present measure-
ments, and was also, in accordance, the accuracy of the previous
longitudinal field measurements via the “lambdameter” method
(Bommier et al. 2005b). For aB < 10 Gauss, the histograms are
not completely flat, leading to some angle determination by the
inversion even in this case, though with a larger uncertainty.

Figures 6 and 7 display the same kind of results, but now for
the Fe1 6301.5 line (UNNOFIT2 code). The 6301.5 line is less
sensitive to the Zeeman effect than is 6302. This lower sensitivity
is visible in the results, where the trends are, however, the same,
as it is impossible to determine separately the field strength B
and the magnetic filling factor a. Only the local average mag-
netic field strength aB can be determined. In the network, the
field direction is determined within a +10° accuracy, whereas in
the internetwork the accuracy on the field direction determina-
tion is £30°. For Fe1 6301.5, the inaccuracy in field strength is
higher than with Fe1 6302.5. This inaccuracy is 10 Gauss, with
a flat azimuth histogram when the values @B < 10 Gauss are se-
lected. The histogram is not completely flat, leading to an angle
determination by the inversion, when the values @B < 20 Gauss
are selected.

Besides this, the accuracy of the Milne-Eddington approx-
imation was tested by inverting profiles obtained from a non-
LTE solution based on the integral equation for the atomic
density matrix elements in an arbitrary magnetic field (see the
theory in Landi Degl’Innocenti et al. 1991a,b, and the numer-
ical application in Bommier & Landi Degl’Innocenti 1996).
This solution was particularized to the case of a Quiet Sun
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Chi per pixel

Chi per pixel

atmosphere model, following the method described in Bommier
et al. (2005a) for the Sr I 4607 line, presently extended to
the Fe I 6302.5 line for the line opacity calculation (see also
Sect. 4). The source function in zero magnetic field is given in
Fig. 8. As the field-free approximation is valid in a homoge-
neous atmosphere (Rees 1969; see also Trujillo Bueno & Landi
Degl’Innocenti 1996), we verified that the source function in
non-zero magnetic field is close to the zero magnetic field one.
The UNNOFIT solution was computed for several field direc-
tions, the field strength being taken as 1500 Gauss (network) and
500 Gauss (internetwork) and the magnetic filling factor as 0.05.
In all cases the UNNOFIT solution was found to discard no more
than 10° from the input values for the inclination and azimuth
angles and no more than about 10 Gauss for the local average
field strength aB. It can be seen in Fig. 8 (lower figure) that the
behavior of the source function is linear in the low 7 region, as is
the case of the Milne-Eddington approximation, which explains
that the output field agrees with the input one. A larger depar-
ture from the Milne-Eddington approximation can, however, be
expected in the plages and even more in the sunspot, neither of
which the main subject of investigation in the present work.
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Fig.2. Minimum of y for two varying param-
eters: the magnetic filling factor (in abscis-
sae, logarithmic scale) and the magnetic field
strength (in ordonnae), for the same pixel as
in Fig. 1. The other parameters of the model
have been taken at their y?-minimum value.
The color scale has been limited to an y varia-
tion inside the polarimetric sensitivity per pixel,
0.0015, divided by the square root of the total
number of frequency pixels entering the y cal-
culation, namely 31 X 4 pixels.

Fig. 3. Minimum of y for two other varying param-
eters that are the two angles defining the field vector
direction: the inclination (in abscissae), and the az-
imuth (in ordonnae, defined modulo 180°), for the
same pixel as in Fig. 2. The other parameters of the
model have been taken at their y>-minimum value.
The color scale was limited to an y variation in-
side the polarimetric sensitivity per pixel, 0.0015,
divided by the square root of the total number of
frequency pixels entering the y calculation, namely
31 x 4 pixels.

2.3. Symmetrization of the polarization profiles

In this fit of observed profiles, the question arises about their
symmetries, which are broken in particular due to the velocity
effects. We used a correction for these velocity effects, as
follows:

— Since Q and U are symmetrical profiles, all the I+ Q, I-Q, [ +
U, and I — U profiles are displaced in frequency by the radial
velocity only and not by the magnetic field. The correction
consists then in recentering all the individual profiles I + Q,
I—Q,1+U,and I — U at each of the two times of the
beam exchange before combining them for extracting Q/1
and U/I. This assumes that a line position method is used in
the data analysis. We used the one of Bommier & Rayrole
(2002).

— The situation is more complex with V, because /+V and I -V
are displaced in frequency by both the radial velocity and the
magnetic field. However, something can be done to take ad-
vantage of the beam exchange. By summing the / + V and
I — V images obtained in the same channel at the different
times of the beam exchange, one obtains a single I profile
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Fig. 4. Comparison between the UNNOFIT output values with the input ones given as a series of values in a file (see text) for the line Fe1 6302.5.
For each ensemble of input values (abscissae), a set of theoretical profiles has been computed, noised, and then inverted, leading to the output
values (ordonnae). Upper row: left: magnetic field strength; right: magnetic filling factor. Lower row: local average magnetic field strength, which
is the product of the magnetic field strength by the magnetic filling factor, the right figure being a zoom on the left one. The figure demonstrates
that, although the magnetic field strength and magnetic filling factor are not separately recovered by the inversion, their product is recovered.

displaced only by the radial velocity. This provides the shift
needed to apply to all the profiles observed in the channel un-
der study, to correct for the radial velocity effects. The shift
is then applied to all the individual profiles / +V and I - V of
each of the two beams before combining them for extracting
V/I.

This procedure is called “symmetrization” here because its effect
is to render the profiles more symmetric (for Q/I and U/I) or
antisymmetric (for V/I). In practice, it is only a correction of the
radial velocity change between the two exposures required by
the beam exchange technique.

3. Results from Fe 16302.5 A

Figure 9 displays the He image of a filament lying in the im-
age center, and one of the two spots of the NOAA 517 active
region in the upper part of the image (half of the second spot is

visible on the left edge). Figure 10 displays the magnetic field
solution of the UNNOFIT procedure. Although derived in terms
of local average field strength, inclination, and azimuth, the field
vector is drawn in terms of longitudinal (in colors) and trans-
verse (in dashes) components. These components are expressed
in the line-of-sight and plane of the sky coordinates, but they
are not very different from the solar coordinates because the fil-
ament is located near the disk center (15S-15W). It appears on
this map that the regions with the strongest longitudinal compo-
nent also show a homogeneous transverse field in both intensity
and azimuth. These regions draw the network. In contrast to the
homogenous shape of the network field, the internetwork field,
although too small to be visible in the figure, appears to be fully
“turbulent”, i.e. its direction changes from one pixel to the next.

These two kinds of regions also correspond to a local av-
erage field strength larger or smaller than 45 Gauss. The con-
tour of the local average field strength 45 Gauss was drawn in
the figure above the He image (bottom layer). It appears that
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have been plotted for local average magnetic field strength higher and lower than 45 Gauss separately, corresponding on the maps to network and

internetwork values, respectively.

these contours draw the network as the higher local average field
strength regions. By comparing with Fig. 9, it is also visible that
these network regions have stronger Ha emission so that they are
plages. The filament separates two regions where the network
has opposite polarity, and just below the filament the field ap-
pears to be of the internetwork type, namely turbulent. Figure 12
displays the map of the magnetic field line-of-sight inclination
angle (angle between the field vector and the line-of-sight): the
vertical trend in the network and the horizontal trend internet-
work are visible due to their different colors. The contour of the
Ha filament has been superimposed, to facilitate studying the
relationship between the filament and the polarities.

The difference between the two kinds of region is made evi-
dent by the histograms plotted in Fig. 13 for local average field
strength larger or smaller than 45 Gauss. The upper row of the
figure that is associated to local average field strength aB larger

than 45 Gauss displays a regularly decreasing histogram for the
magnetic field strength. In this class of pixels, the inclination his-
togram is strongly peaked at 25 © and 155°, this last case corre-
sponding to the same inclination with opposite polarity. A small
secondary peak at the horizontal field (inclination 90°) appears
in the upper part of the map in the sunspot penumbra. The az-
imuth histogram shows a prominent peak, so that the magnetic
field vector found in this region turns out to be very homoge-
neous in strength and direction (both inclination and azimuth).
As for the histograms in the lower part of the figure that are as-
sociated to local average field strength @B smaller than 45 Gauss,
the local average field strength histogram shows a maximum
around @B = 20 Gauss. As pointed out in Sect. 2.2, this value
of 20 Gauss may eventually be compatible with the existence of
weaker fields. The direction histograms allow nearly all possible
directions, thus giving the image of a turbulent field: the azimuth
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Fig. 6. Same as Fig. 4, but now for the Fe1 6301.5 line.

is random, but the inclination remains more or less horizontal,
contained between 35° and 145°. These histograms then lead to
the following conclusion. The value @B = 45 Gauss separates
two very different regimes: a) @B > 45 Gauss corresponds to the
network. In this regime, the field direction is homogeneous and
inclined 25° (not too far) from the vertical. b) aB < 45 Gauss
corresponds to the internetwork regions where the field is fully
turbulent in direction, showing nevertheless a more or less hor-
izontal trend with inclination between 35° and 145°. The inter-
network @B histogram is peaked between 16 and 26 Gauss, and
it has to be recalled that values resulting from the inversion may
eventually be compatible with weaker fields in the medium (see
Sect. 2.2). However, as discussed in that section, even if the true
field is roughly 10 Gauss, the azimuth is determined by the in-
version. It is only when the local average field strength is lower
than 5 Gauss that the uncertainty is too large for determining the
azimuth.

The value of 45 Gauss that separates network and inter-
network has been determined by adjusting the contour plot of
a given field strength to the main features of the longitudi-
nal field map. This value is obviously empirical. From sev-
eral experiences with several different maps, the magnetic field
value giving the best adjustment may vary from 45 Gauss up to
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100 Gauss, depending on the map and the level of activity in it.
It can be seen in Fig. 16, however, that the network and internet-
work field strengths are sufficiently different that the separation
value can be chosen in a wide range. In the present map, the
network part displays more positive polarity pixels than negative
polarity ones (the 25° peak of the network inclination histogram
is higher than the 155° one, see Fig. 13). This is due to the par-
ticular location of the map with respect to the active region. The
fact that the 45 Gauss frontier is empirical and approximate may
explain why a similar trend is visible in the internetwork inclina-
tion histogram, which also displays more positive polarity pixels
than negative polarity ones.

4. Results from Fe 16301.5 A

The heights of formation of Fel 6302.5 and 6301.5 were de-
rived by using the opacity calculation code built evaluating the
continuum absorption coefficient as in the MALIP code of Landi
Degl’Innocenti (1976), i.e. by including H™ bound-free, H™ free-
free, neutral hydrogen atom opacity, and Rayleigh scattering
on H atoms and Thompson scattering on free electrons. For
the line-center optical-depth evaluation, atomic data were taken
from Allen (1973) and partition functions from Wittmann. The
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Fig. 7. Same as Fig. 5, but now for the Fe1 6301.5 line: accuracy of the UNNOFIT2 inversion.

temperature, electron pressure, and gas pressure were taken
from the Maltby et al. Quiet Sun Photospheric Reference Model
(Maltby et al. 1986), extrapolated downwards beyond —70 km to
—450 km below the 15099 = 1 level. Above —70 km, this model
is very similar to the Quiet Sun FAL C (Fontenla et al. 1993).
The temperature has been plotted in Fig. 8. A depth-independent
microturbulent velocity field of 1 kms™' was introduced. The
LTE ionization equilibrium was assumed by using Saha’s law to
determine the ion abundances with respect to the neutral atom.
Finally, departures from LTE in the ionization equilibrium were
simulated by applying Saha’s law with a constant “radiation tem-
perature” of 5100 K instead of the electron temperature provided
by the atmosphere model, for depths higher than the one corre-
sponding to 75009 = 0.1. The height of formation of the line
center was then determined as follows: given the grid of line-
center optical depths, which provides the optical depth along the
vertical as a function of height from the atmosphere model, the
height of formation of the line center is the one for which the
optical depth along the line of sight is unity (Eddington-Barbier
approximation), i.e. the one for which 7/u = 1, where 7 is the
line center optical depth along the vertical, and yu is the cosine

of the heliocentric angle 6 (taken here as zero). By applying this
method, the Fe1 6302.5 line center was found to be formed at
262 km and Fe16301.5 at 328 km, thus 66 km higher, above the
75000 = 1 level. These results apply to line center, whereas the
inversion involves the whole profile, and the height of formation
varies along the profile. In this respect, one has to be cautious
with the concept of formation height (Sanchez Almeida et al.
1996). However, that 6301.5 is formed higher than 6302.5 re-
mains true at any wavelength along the profile, so that it probably
remains true for the magnetic fields resulting from the inversion.

The field vector map derived from Fe1 6301.5 (UNNOFIT2
inversion) has been plotted in Fig. 11. The comparison with
the 6302.5 map of Fig. 10 shows the same network (homoge-
neous) and internetwork (turbulent) zones. This trend is con-
firmed by the histograms that are plotted in Fig. 14, for the
magnetic 6302.5 local-average field strength aBg3, > 45 Gauss
and aBgpx < 45 Gauss. The 6302.5 aB values were used in-
stead of 6301.5, because the behavior of the map with aB is
not the same in 6301.5 as in 6302.5. Whereas in 6302.5 the
contour aBgzgy = 45 well draws the frontier between network
and internetwork (see the contour in Fig. 10), in 6301.5



332
non-LTE solution (zero magnetic field)
v
1 T T T ‘ 2.510
P —=e - Temperature I
NN | | 210°
0.1 f ﬁ
c H g
o \ i ﬁ 1.510°
= H : o
e : : 3
§ \ H : o
- o N 4 2
8 \ / 2
. i =
5 ¢ i c
3 i 110 3
0.01 e : :
: \' o oo /
N\ 5000
0.001 | i i 0
10"  10°® 10 0.0001 0.01 1 100 10
optical depth in Fe | 6302.5
non-LTE solution (zero magnetic field)
0.02 . ] 2.510°
Py —e - Temperature I
210*
0.015
(=
] 1.510* =
- )
2 3
s o
2 0.01 ]
@ o
3 IS 110 5
%]
®
0.005
e - P e L e — 5000
0 0
0 2 4 6 8 10

optical depth in Fe |1 6302.5

Fig. 8. Source function as a function of the line optical depth as the
result of a non-LTE solution in zero magnetic field in a Quiet Sun
model atmosphere. Upper figure: logarithmic scales; lower figure: linear
scales, showing a linear behavior compatible with the Milne-Eddington
atmosphere in the low 7 region. Such a solution has been used to test
the validity of the Milne-Eddington approximation used by UNNOFIT.
The atmosphere temperature is plotted on the right y-axis. The height
ranges from —451 km below 750990 = 1 (right of the figure) to 2140 km
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values aBg39; > 45 are found in both the network and internet-
work (while aBg3o; < 45 is only found in the internetwork). The
trends observed in the network (upper row of Fig. 14) are com-
parable to the ones observed with 6302.5 (see Fig. 13): the local
average field strength histogram displays the same decreasing
behavior; the line-of-sight inclination angle again shows a

V. Bommier et al.: UNNOFIT inversion of spectro-polarimetric maps

Fig. 9. He THEMIS map of 7 December 2003. In the upper part: active
region NOAA 517. The scan was centered 17.5° W in longitude and
12.9° S in latitude from the disk center. The map size is 240x340 arcsec.
The slit, which defines the vertical axis of the figure, was oriented Solar
North.

non-horizontal trend, but spread more than with 6302.5 (the
peaks that are visible in the extremities of the inclination his-
togram correspond to points where the inversion failed. This is
more frequent with UNNOFIT2 - 6301.5, which is not a Zeeman
triplet — than with UNNOFIT - 6302.5, which is a Zeeman
triplet). As for the azimuth, the trend is comparable in 6301.5
and 6302.5, where a prominent peak is visible in the histogram,
leading to a very homogeneous field azimuth.

The histograms of the lower row of Fig. 14, contain the in-
ternetwork values. As in 6302.5 (see Fig. 13), the azimuth his-
togram is nearly flat, suggesting a turbulent azimuth. As for
the inclination, as in 6302.5 a horizontal trend appears with
the field inclination contained between 75° and 105°, but one
has to recall that the inclination is determined within +30° ac-
curacy with 6301.5. Nevertheless, the internetwork field deter-
mined 66 km higher with 6301.5 appears more horizontal than
the one determined lower with 6302.5. One is then led to find
a turbulent (horizontal) field in the internetwork. The local-
average field-strength histogram also displays a maximum at
about @B = 20 Gauss, so that the local average magnetic field
strength does not seem to change with altitude. It was, how-
ever, pointed out in Sect. 2.2 that such an output of the inversion
may be compatible with a weaker average local magnetic field.
Again, the peaks that are visible in the extremities of the inclina-
tion histogram correspond to points where the inversion failed,
which is more frequent with UNNOFIT2 than with UNNOFIT.
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Fig. 10. NOAA 517 local average vector magnetic field map from Fel 6302.5 Aline (THEMIS 7 December 2003 observation, inverted with
UNNOFIT). The longitudinal component is represented following the color scale (cold colors — blue, green — for fields entering the Sun, warm
colors — red, yellow — for fields leaving the Sun). The transverse field is represented by scaled dashes, without arrow because the fundamental
ambiguity is not solved. The dash scale is drawn at the right side of the figure, and its value is the largest transverse field strength of the map. The
contours draw the limit B = 45 Gauss, which is found to separate the network from the internetwork. In the internetwork the local average field

is too small to be drawn, letting the ground Ha map to be visible.

5. Comparison between the two line results

The next step is to compare the results obtained with the two
lines 6302.5 and 6301.5, which is formed 66 km higher. The two
lines were inverted independently. The comparison was made
by plotting the histograms of the quantity differences. These
histograms have been plotted separately for aBg3p, > 45 and

@302 < 45 Gauss, because aBgzp, = 45 Gauss draws the fron-
tier well between network and internetwork (that aBgso; does
not). Figure 15 displays the histograms of the differences, for the
whole map separated in three thirds represented with three dif-
ferent colors placed in the same order from top to bottom. The
6302.5 value is subtracted from the 6301.5 one. One of the aims
is to answer the question of whether the internetwork turbulence
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Fig. 12. Map of the magnetic field line-of-sight inclination angles of Fig. 10. The angle is the one between the magnetic field vector and the
line-of-sight oriented towards the observer, from 0° — blue, the field vector points towards the observer — to 180° — yellow, the field vector points
towards the disk center —. The contour of the He filament has been superimposed.

As for the field direction, let us examine the network first. field is found spread more in 6301.5 than in 6302.5, but is al-
The inclination shows a difference of +30 °, which is higher ~ways non-horizontal. The difference in azimuth is +10°, within
than the UNNOFIT =+ 5° and UNNOFIT2 +10° uncertainties the same order of magnitude as the UNNOFIT and UNNOFIT2
(see Sect. 2.2), and corresponds to the fact that the network
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Fig. 13. Histograms of the local average magnetic field strength and direction from the Fe1 6302.5 A line, for the full NOAA 517 map divided
in 3 horizontal scans stacked up in the histograms in the same order, combining pixels having either the local average magnetic field strength,
which is the product of the magnetic field strength by the magnetic filling factor, larger than 45 Gauss (network field), or lower than 45 Gauss

(internetwork field).

accuracies. In the network, the azimuth is homogeneous and the
same at the two heights corresponding to the two lines.

As discussed above we focus our attention on the azimuth
histogram for the internetwork field direction. It is not flat, with a
width of +40°, larger than the UNNOFIT and UNNOFIT?2 accu-
racies that have been determined, and corresponding to each of
the two lines (see Sect. 2.2). That the histogram shows a non-flat
shape that is larger than the accuracy leads us to conclude there is
coherence between the field azimuths observed in the two lines,
and then a solar origin to the observed field direction turbulence.
Moreover, that a coherence is found between the azimuths de-
termined from both lines discards the idea that the local average
field strength would be smaller than the one resulting from the
inversion, a possibility that was outlined in Sect. 2.2, because in
the case of fields strengths smaller than 5 Gauss in Fe1 6302.5
and 10 Gauss in FeI 6301.5 (the highest value being the one
to be retained for the line comparison), the azimuth is indeter-
minate and remains noisy. We therefore determine an about 20
Gauss turbulent field in the internetwork region.

6. Conclusion

We have performed UNNOFIT inversion on spectropolarimet-
ric data obtained for Fe1 6302.5 and 6301.5 on 7 December
2003, in a region including one and a half sunspot, plages, a
filament, and a quieter region, localized near the disk center.
UNNOFIT is an inversion code (Landolfi et al. 1984) that in-
cludes the magneto-optical and damping effects (Landolfi &
Landi Degl’Innocenti, 1982) and that is based on the Marquardt
algorithm applied to the Unno-Rachkowsky solution for the
Stokes parameters emerging from a Milne-Eddington atmo-
sphere. In the present work, UNNOFIT was completed by
introducing a two-component atmosphere, having a magnetic
component and a non-magnetic component, the other physi-
cal parameters being the same in both components. The inver-
sion was performed separately on each line. Concerning the
UNNOFIT accuracy, our tests show that in fact it is not pos-
sible to determine the magnetic field strength B and the mag-
netic filling factor « separately, but that their product @B, which
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Fig. 14. Histograms of the local average magnetic field strength and direction from the Fe 6301.5 A line, for the full NOAA 517 map divided in
3 horizontal scans stacked up in the histograms in the same order, combining pixels having either the local average magnetic field strength, which
is the product of the magnetic field strength by the magnetic filling factor, larger than 45 Gauss in Fel 6302.5 A (network field), or lower than

45 Gauss in Fe16302.5 A (internetwork field).

is the local average magnetic field (the average magnetic field
in each point), is determined by the inversion. The magnetic
flux is only the longitudinal component of the local average
magnetic field. The maximum of our aB histograms is about
aB = 20 Gauss, localized in the internetwork, which is com-
patible with the field strength 1 kGauss filling 2% of space as
indicated by several authors, as stated in the introduction. This
maximum is the same in the two lines, although 6301.5 is formed
66 km higher than 6302.5. Although the histogram maximum at
20 Gauss could eventually be due to an effect of the inversion and
be not incompatible with weaker local average magnetic field
strengths, the observed coherence of the 6302.5 and 6301.5 de-
termined azimuths discards the idea of a weak field, because in
this case the azimuth would be indeterminate and would remain
noisy. Therefore we determine around 20 Gauss local average
strength for the internetwork field.

We show that the value aBgsp, = 45 Gauss separates the
network (aBgzoz > 45) from the internetwork (aBgzgx < 45).
The local average magnetic field is then stronger in the network
than in the internetwork, as can be seen in Fig. 16, which is a

3D plot of the local average magnetic field of the NOAA 517
region on 7 December 2003, where the internetwork is a sort of
20 Gauss ground on which the network emerges.

The main interest of the present work is to provide results for
the field direction, a problem that has not been widely explored.
Such a purpose can only be reached with a 4-Stokes parameter
analysis, which is also not very frequent.

As for the field direction, in the network the field is found
to be rather vertical (spread more at higher altitudes), and it has
a homogeneous direction in inclination and azimuth. In the in-
ternetwork, the field is found to be turbulent in direction, with a
horizontal trend (spread more at lower altitudes).

As the internetwork pixels are usually considered as too
noisy to give a significant result from the inversion, we have
compared the results issued from the 6302.5 and 6301.5 inver-
sion and, in particular, the azimuth of the turbulent 20 Gauss
internetwork field. We show that the azimuths independently ob-
tained for 6302.5 and 6301.5, though turbulent, are coherent, so
that we conclude there is solar nature to this turbulence, until
someone can find another explanation of the non-flat behavior of
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Fig. 15. Histograms of the differences in the FeI 6301.5 A results and Fe 6302.5 A results for the full NOAA 517 map divided in 3 horizontal
scans stacked up in the histograms in the same order and combining pixels having either the local average magnetic field strength, which is the
product of the magnetic field strength by the magnetic filling factor, larger than 45 Gauss in Fe16302.5 A (network field), or lower than 45 Gauss

in Fe16302.5 A (internetwork field).

Fig. 16. 3D plot of the local average magnetic field strength through the
Fel6302.5 A map of Fig. 10. The internetwork is a sort of 20 Gauss
ground on which the network emerges.

the azimuth difference histogram that we observed (see Fig. 15,
lower right figure), to refute this conclusion.
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