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ABSTRACT

We present multiline observations taken with the French-Italian telescope THEMIS operated by CNRS and CNR on the island of
Tenerife. Several spectral lines are observed simultaneously to study magnetic phenomena at different altitudes of line formation,
comprising the Fe i 5250.65 Å, Cr i 5247.57 Å, Fe i 5250.22 Å, Fe i 6301.51 Å, Fe i 6302.50 Å, and Fe i 6151.62 Å lines. The obser-
vations were analyzed using Milne-Eddington inversion algorithms modified to allow for non-normal Zeeman triplet lines, and to
take additionally into account the vertical velocity gradient. We show the self-consistency of the solutions found from the inversion
and those obtained from the quantitative bisector method. Results from the different lines observed simultaneously yield the height
dependence of the magnetic field strength. From modeling the line formation heights applied on selected points with a longitudinal
magnetic field between 200 and 1000 G, we determine the gradient of the vertical component (absolute value) of the magnetic field
to be −1.18 G/km.
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1. Introduction

Convective motions and atmospheric inhomogeneities leave dis-
tinct fingerprints on the spectral lines, which can be used to deci-
pher the conditions produced by convection in the line-forming
layers. Line strengths of weak lines are predominantly deter-
mined by the average atmospheric temperature structure, while
the line widths reflect the amplitude of the Doppler shifts in-
troduced by the velocity fields. Line shifts and bisectors are
created by the correlation between temperature and velocity as
well as horizontal velocities that might contribute through a ge-
ometrical projection effect. Convection plays a dominant role in
addition to energy transport mixing of magnetic activity, chro-
mospheric heating, and solar pulsations (Asplund et al. 2000),
and leaves distinct signatures in the spectral lines in the form of
line asymmetries (Dravins & Nordlund 1990). Bisectors of un-
blended lines have a characteristic C-shape, which results from
the Doppler shifts between up-and downflows. Weak lines nor-
mally only show the upper part of the C-shape and have con-
vective blueshift (Asplund et al. 2000). The cores of stronger
lines are formed in or above the convective overshoot layers and
therefore have a lower or non-existent blueshift (Allende Prieto
& Garcia López 1998). Asymmetries in the line profile can be
produced by gradients of the velocity along the line of sight, re-
sulting in the familiar C-shape of the line bisector that can be
corrected for in the phase measurements by cross-spectral anal-
ysis (Grec et al. 2007).

A number of observations have shown that asymmetries in
the Stokes V profiles do exist (Grigorjev & Katz 1972, and ref-
erences therein). Observations of the Stokes V asymmetry in
sunspots were first reported by Illing et al. (1974), and were
followed by Henson & Kemp (1984) and Makita & Ohki (1986).

� In memory of our friend and colleague Jean Rayrole.

Observations by Stenflo et al. (1984) and Solanki & Stenflo
(1984, 1985) provide evidence of asymmetries in Stokes V pro-
files in plage regions. Attempts to explain the cause of the asym-
metries have been based upon polarized radiative transfer syn-
thesis of Stokes V profiles in the presence of gradients, in both
velocity and magnetic fields, using gradients in velocity or mag-
netic field alone, or atomic orientation (Auer & Heasley 1978;
Landman & Finn 1979; Makita 1980; Landi Degl’Innocenti &
Landolfi 1982; Ribes et al. 1985; Balasubramaniam et al. 1997;
Khomenko et al. 2005). The net circular polarization has been
defined as the Stokes V signal integrated over a spectral line.
This parameter is null in a perfectly anti-symmetric Stokes V
profile, because the area of the blue lobe compensates for the
area of the red lobe. The net circular polarization is null if there
is no velocity gradient along the line-of-sight. Sanchéz Almeida
& Lites (1992) and Landolfi & Landi Degl’Innocenti (1996)
showed that a gradient in any of the three components of the
magnetic field vector will also enhance the amount of the net
circular polarization. Martinez-Pillet (2000) presented observa-
tions and properties of the net circular polarization. Müller et al.
(2006) showed that the corresponding net circular polarization
maps reproduce the general symmetry properties.

More sophisticated methods must be applied, for instance
the inversion technique, which allows one to fit the line asym-
metry (Khomenko & Collados 2007). A Milne-Eddington in-
version assumes that the physical parameters are constant with
optical depth and, therefore, it always produces anti-symmetric
Stokes V profiles, thereby failing to properly fit the highly asym-
metric observed circular polarization signals. We studied the
relationship between the C-shape and the Stokes V asymme-
tries, and explored the possibility that these asymmetric Stokes
V profiles imply a strong velocity (and magnetic field) gradi-
ent along the line-of-sight (Molodij et al. 2011). We extended
the Unno-Rachkovsky solution to provide the theoretical profiles
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that are derived for a Milne-Eddington atmosphere embedded in
a magnetic field, and taking into account a vertical velocity gra-
dient. Thus, the theoretical profiles may display asymmetries in
the same way as the observed profiles, which facilitates the in-
version based on the Unno-Rachkovsky theory, and leads to the
additional determination of the vertical velocity gradient. The
resulting line shape, shifts, and asymmetries compare very satis-
factorily with the observations, which clearly shows the realism
of the modeling.

Recently, Balthasar & Demidov (2012) have investigated the
quiet-Sun magnetic field using fifteen spectral lines with dif-
ferent properties to perform magnetic inversions with a spatial
resolution that was about 10 arcsec but with a very high po-
larimetric sensitivity. They observed spectral lines with different
Landé factor, i.e., different magnetic sensitivity to the Zeeman
effect. In this paper, we present simultaneous observations of
Fe i 5250.65 Å, Cr i 5247.57 Å, Fe i 5250.22 Å, Fe i 6301.51 Å,
Fe i 6302.50 Å, and Fe i 6151.62 Å of the active region AR 8668
observed with THEMIS from 15 to 20 August 1999 with a spa-
tial resolution of about 0.4 arcsec. The spectropolarimetric data
were analyzed using the UNNOFIT and UNNOFIT2 inversion
algorithms, UNNOFIT2 was modified to allow for non-normal
Zeeman triplet lines, and both algorithms were modified to addi-
tionally take into account the vertical velocity gradient. The ob-
jective was to determine the magnetic field at different heights
in the solar atmosphere by using several spectral lines that are
formed at different optical depths.

The plan of the paper is as follows: we shortly recall in
Sect. 2 the modified Unno theory for velocity gradients. In
Sect. 3. UNNOFIT and UNNOFIT2 inversions, as well as the
bisector method, are applied to spectropolarimetric observa-
tions performed on an active region of the Sun. Measurements
of velocity gradients from the UNNOFIT/UNNOFIT2 method
are compared with the Doppler shift derived from the bisector
method. Measurements of the magnetic field vertical gradient
are displayed under the simple assumption of a decreasing field
strength with height, and are compared with models of formation
heights applied on selected points with a magnetic flux density
between 200 and 1000 G of the lines of interest.

2. UNNOFIT/UNNOFIT2 inversion

The UNNOFIT/UNNOFIT2 inversion code is based on the
Marquardt algorithm to reach the lowest theory/observation
discrepancy with the theoretical profiles derived with the Unno-
Rachkovsky solution. This solution provides the theoretical
polarization profile that emerges from a Milne-Eddington at-
mosphere embedded in a constant magnetic field. The Milne-
Eddington approximation assumes a linear dependence of the
source function S on the line optical depth τ, S = S 0(1 + βτ),
so that the atmosphere is represented by the single β param-
eter in reduced units. Initially derived for a normal Zeeman
triplet line by Unno (1956), the theory was later comple-
mented by the Rachkovsky (1962, 1967) solution which in-
cludes the magneto-optical effects as introduced by Landolfi
& Landi Degl’Innocenti (1982). Following Auer et al. (1977),
who introduced the Marquardt algorithm to build an inversion
procedure from this theory, Skumanich & Lites (1987) devel-
oped an inversion code that was customized for SOLIS data
with the MERLIN version, for HINODE/SOT/SP data with the
MELANIE version. Orozco Suárez et al. (2007) applied the
MELANIE code to infer the magnetic field from quiet-Sun spec-
tropolarimetric data of HINODE/SOT/SP. In addition, Landolfi
et al. (1984) developed the UNNOFIT code from the basic

principles, and also created the version UNNOFIT2 that allows
for non-normal Zeeman triplet lines. Very recently, Borrero et al.
(2010) developed the VFISV Milne-Eddington inversion code to
be applied to SDO/HMI data.

As described by its authors (Landolfi et al. 1984), UNNOFIT
can simultaneously determine eight free parameters by fitting
the four Stokes profiles. The eight free parameters are 1) the
line strength η0; 2) the Zeeman splitting ΔλB which provides
the magnetic field strength; 3) the Doppler width ΔνD of the
absorption profile; 4) the γ damping parameter of the Voigt
function; 5) one single b parameter that describes the Milne
Eddington τ dependence along the atmosphere vertically by
b = μS 1/S 0, where S 0 and S 1 are the usual parameters of the
Milne Eddington atmosphere, and μ is the cosine of the line-
of-sight inclination angle; 6) the line central wavelength (which
provides thus the Doppler shift) and; 7) and 8) are the magnetic
field inclination and azimuth angles.

The size of the magnetic concentrations is much smaller than
the spatial-resolution capability of modern spectro-polarimeter
instruments. It was soon obvious that we needed to introduce a
ninth parameter to take into account the unresolved magnetic
field structure. The thin flux tubes were revealed by Stenflo
(1973). The unresolved structure can be schematized as a frac-
tion of the pixel filled with the magnetic field B, whereas the
complementary fraction (1-α) remains void of any magnetic
field. From line polarization ratios Stenflo (1973) derived α on
the order of 1−2% with B on the order of 1−2 kG in the solar
network. Lites & Skumanich (1990) modeled the filling factor
in their code similarly to a stray-light contamination. They de-
rived the unpolarized stray-light intensity profile, i.e., the non-
magnetic profile, by averaging observations: they used either the
whole map, or the less active part of the map, or the eight pixels
surrounding each pixel in quiet-Sun observations (as in Orozco
Suárez et al. 2007). The VFISV code developed by Borrero et al.
(2010) introduces α in the same way. Bommier et al. (2007) in-
troduced α in UNNOFIT in a different manner. Bommier et al.
(2007) added a ninth free parameter, the filling factor α, as-
suming that the received radiation is the sum of the magnetic
component radiation, weighted α, and of the non-magnetic com-
ponent one, weighted 1 − α. This non-magnetic component is
assumed to depend on the same physical parameters as the mag-
netic one, except for the magnetic field vector. All parameters
contribute to determining the theoretical fitting profile. With this
approach, Bommier et al. (2009) and Bommier (2011) derived
kG fields associated to α of the order on 1−2% in the inter-
network from observations with the ZIMPOL and THEMIS po-
larimeters mounted on the THEMIS telescope. The UNNOFIT
inversion code was improved by introducing the velocity gradi-
ent parameter (Molodij et al. 2011). The test run showed that the
inversion successfully reproduces asymmetries modeled with
the velocity-gradient assumption.

3. Simultaneous multi-wavelength observations

We observed spectral lines with a different Landé factor, i.e., a
different magnetic sensitivity to the Zeeman effect. The observa-
tional setup is presented in Table B.2 of Appendix B and com-
bines the lines that show a different sensitivity to the physical
parameters. We investigated several spectral lines that originate
from different atmospheric layers. We used Milne-Eddington in-
version algorithms modified to allow for non-normal Zeeman
triplet lines, where the usual theory is generalized to the
Fe i 6301.5 Å, Fe i 5250.65 Å, and Fe i 6151.62 Å lines, which
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Fig. 1. UNNOFIT2 inversion code applied for ions Fe i 6301.5 Å, Fe i 5250.65 Å, and Fe i 6151.62 Å, which are anomalous Zeeman triplet, and
the UNNOFIT inversion code applied on ions Cr i 5247.57 Å, Fe i 5250.22 Å, and Fe i 6302.50 Å, which are the normal triplet on the sunspot
observed on 17 August 1999 08:53 NOAA 8668 with THEMIS. The longitudinal magnetic field component αBz is displayed in color (Gauss). The
field of view is 160 × 110 arcsec2. The long-slit spectrograph gives a spectrum per acquisition. The entire observation from THEMIS consists
of several successive steps of slit-scanning along a direction perpendicular to it, and results in a two-dimensional spatial map (100 scaning steps
of the 0.4 arcsec× 100 arcsec slit). The interspace between two steps is 0.8 arcsec and the exposure time per frame is 0.3 s. A scan of the region
(160 × 110 arcsec2) took 35 minutes for the six spectral domains.

are the anomalous Zeeman triplet lines like Cr i 5247.57 Å,
Fe i 5250.22 Å, and Fe i 6302.50 Å.

Deriving magnetic gradients from the inversion code might
be misleading for discontinuities, as discussed by Martínez Pillet
(2000). We avoided this problem by inverting the lines individ-
ually, assuming a constant magnetic field for the height range
from which each line originates. We inverted a spectropolarimet-
ric scan of the sunspot region AR 8668 observed with THEMIS
on 17 August 1999. This active region was located at the equa-
torial coordinates after P0 correction (10.′′37, 6.′′74) off the disk
center. As indicated by Khomenko & Collados (2007), the value
of the magnetic field strength depends on the treatment of gra-
dients of the magnetic field and the line-of-sight velocity. A
Milne-Eddington inversion assumes that the physical parame-
ters are constant with optical depth, but by introducing a ve-
locity gradient, highly asymmetric profiles are properly fitted.
Figure 1 displays the longitudinal magnetic field solutions of the
inversion procedure. As a comparison, Fig. 2 provides the spa-
tial scales of the area of interest observed in the continuum of
Fe i 6301.5 Å in Hα from Big Bear Solar Observatory.

3.1. Velocity gradients

We modified the absorption coefficients by adding the
Unno-Rachkovsky formalism to derive the theoretical profiles
(Molodij et al. 2011). The theoretical profiles display asym-
metries, which facilitates the inversion based on the Unno-
Rachkovsky theory, and leads to the additional determination
of the line-of-sight velocity difference between the line center
and the continuum formation depths. Measuring the different ve-
locities corresponding to different formation heights allows one
to determine the so-called macroscopic gradient (Appendix A).
Figure 3 shows the vertical velocity difference derived from the
inversion based on the Unno-Rachkovsky theory. As a compari-
son, Fig. 4a displays the Doppler shift (vlos) of Fe i 6302 derived
with the bisector method.

The Evershed flow (Evershed 1909) is a horizontal motion
of photospheric gas. Many of spectroscopic observations have
reported the vertical component of the flow in the penumbra
(Johannesson 1993; Schlichenmaier & Schmidt 2000). Bellot
Rubio et al. (2003) have demonstrated that the Evershed flow is
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Fig. 2. Same field of view of interest (160 × 110 arcsec2) of NOAA 8668 observed in the continuum of Fe i 6301.5 Å using a bandwidth slit of
18 m Å with THEMIS (left) and observed in Hα with the Big Bear Solar Observatory (right) on 17 August 1999 17:49 UT. The AR coordinates
are E 507.′′ , N 96.′′.

Fig. 3. Velocity differences derived from Stokes inversion analysis with the UNNOFIT/UNNOFIT2 code applied on a sunspot observed 17 August
1999 08:53 NOAA 8668 with THEMIS for ions Fe i 6301.5 Å, Fe i 5250.65 Å, Fe i 6151.62 Å, Cr i 5247.57 Å, Fe i 5250.22 Å, and Fe i 6302.50 Å.
The additional determination of the vertical velocity differences is displayed and expressed in km s−1. The measurement of the different velocities
that correspond to different formation heights (see Appendix A) allows to determine the velocity gradient. The field of view is 160 × 110 arcsec2.

aligned with the magnetic field in the penumbra of a sunspot,
confirming that the field is frozen in the plasma.The inclina-
tion of the magnetic field has been found to be slightly higher
than in the mean umbral background (Barthi et al. 2009). An
outstanding puzzle about the Evershed flow is the relation be-
tween the velocity vector and the magnetic field vector in the
penumbra. Because the averaged magnetic field vector in the
penumbra has a significant vertical component, with an angle

with respect to the normal vector on the solar surface between
40−80 degrees, and because the Evershed flow is apparently hor-
izontal, this would mean that the flow moves across the mag-
netic field. Sánchez Almeida & Lites (1992) have already pre-
sented Stokes profile asymmetry observations from the part of
the penumbra closest to the disk center (center side) in a sunspot
that shows a smaller amplitude in the blue than in the red compo-
nent. Müller et al. (2006) compared the net circular polarization
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Fig. 4. a) Doppler shift (vlos) of Fe i 6302 derived with the bisector method. b) to f): differential line-of-sight velocities (as a comparison to 6302).
b) 6302-6151. c) 6302-5250. d) 6302-5251. e) 6302-5248. f) 6302-6301. Top color scale refers to the a map. Bottom color scale refers to the
b, f maps. The field-of-view is 160 × 110 arcsec2, observed on 17 August 1999 08:53 NOAA 8668.

maps to observations to show that a radial dependence on the
limb-side is clearly reproduced.

We observed a vertical gradient of the horizontal component
of the Evershed flow that would be compatible with a velocity
vector parallel to the magnetic field. Figure 3 shows the distinct
distribution of positive and negative gradients depending on the
difference in the formation heights of these lines.

3.2. Differential Doppler shift

We investigate the self-consistency of the measurements ob-
tained from inversion and bisector methods presented in
Appendix C. We first defined the differential Doppler shift as the
difference of the Doppler shift between two different lines de-
rived from the quantitative bisector method. Figure 4 displays
the differential line-of-sight velocity maps, i.e., the difference
of the Doppler shift with respect to the Fe i 6302 Å line. The
self-consistency of the modeling appears when comparing the
gradient maps (derived from the inversion method) to the differ-
ential Doppler shift maps (obtained from the bisector method).
Particularly, the measured differential map of the line-of-sight
velocity (6301 minus 6302) from Doppler shift is highly cor-
related with the gradient map derived from the inversion. The
patterns presented by the differential velocity and by the gradient
maps show an opposite sign distribution between the disk center-
side and the limb-side penumbra (Figs. 3 and 4). This result is

consistent with the idea that a vertical component in the veloc-
ity vector in the penumbra is superposed to the Evershed flow,
which is mainly horizontal. The Doppler shift distribution (vlos)
of other lines (not represented in Fig. 4) is very similar to the ve-
locities. The small bright blue patches in the umbra, especially
for Fe i 5250.65 Å and Cr i 5247.57 Å, are caused by molecular
lines that lead to wrong derivations from the measured profiles.
There is almost no difference between the Doppler shifts, except
when one derives the differential.

We followed the active region AR 8668 from 15 to 20 August
to observe the evolution of the asymmetric distribution between
the disk center-side and limb-side penumbra. We observed no
twist or azimuthal rotation along the line-of-sight with respect
to the sunspot center but only a geometrical projection of the
line-of-sight direction along the AR motion on the solar disk.

3.3. Vertical gradient of the magnetic field

In the following, we focus on selected points with a longi-
tudinal magnetic field between 200 and 1000 Gauss, selected
on the Fe i 6302.50 Å line map, and related to points lying
in the network and the penumbra. Figure 6 depicts these re-
gions. The network patches and the penumbra correspond to
values of the magnetic field where a linear behavior correla-
tion is determined between the magnetic field of the different
lines. Moreover, we assumed a monotone strength decrease with
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Fig. 5. Differential Doppler shift (vlos) of Fe i 6302−Fe i 6301 of the active region observed from 15 to 20 August 1999. No twist or azimuthal
rotation along the line-of-sight with respect to the sunspot center is observed. The field-of-view is 160 × 110 arcsec2. The AR coordinates are
(15th (E 797.′′, N 42.′′), 17th (E 507 .′′, N 96.′′), 19th (E 141.′′, N 185.′′), and 20th (E 127.′′ , N 189.′′). The center disk direction is indicated by blacks
arrows. The field of view is 160 × 110 arcsec2.

height and considered the result of inverting each spectral line
separately. Results from the different lines indicated in Fig. 7
yield the height dependence of the magnetic field. Balthasar &
Gömöry (2008) have presented small features with a strong mag-
netic field that would expand rapidly with height. The canopy ef-
fect would be a possible explanation for magnetic fields that in-
crease with height, as were also found by Socas-Navarro (2011).
Most investigations find a decrease of the magnetic field strength
with height (Orozco Suárez et al. 2005; Jurcàk et al. 2006). The
magnetic field height gradient is mostly negative in the quiet
Sun. As indicated by Fig. 7, except for the Cr i 5247.57 Å, we
found an ordering similar to what was determined from the mod-
eling of the formation heights in atmospheres of very bright net-
work elements described in Appendix A (Vernazza et al. 1981).

Figure 9 shows the scatter plots obtained from a comparison
with the Fe i 6302.50 Å line. Mean values of the longitudinal
magnetic field of the lines of interest were calculated for inter-
vals of 100 G of the corresponding longitudinal magnetic field
of the Fe i 6302.50 Å line. The correlation breaks down for the
weaker field for the longitudinal field below ∼200 G. Below this
limit our diagnosis is probably not sufficiently robust. If the field
decreases with height, the Fe i line at 6151.6 Å is the lowest-
formed one.

The Fe i 5250.22 Å, and Fe i 6302.50 Å lines were observed
simultaneoulsy by Socas-Navarro et al. (2008) to find a reliable

Fig. 6. Region delimited (in black) by magnetic field values from 200
to 1000 G on the map of the line Fe i 6302.50 Å. The field of view is
160 × 110 arcsec2.

indicator for the intrinsic field strength. In agreement with
Socas-Navarro et al. (2008), we found that the 5250 and 6302 in-
versions are relatively similar. Nevertheless, we found that for
points of medium magnetic field strength (200 to 1200 Gauss),
the Fe i 6302.50 Å line is formed higher than the 5250.22 Å line,
in agreement with the modeling of the formation heights in at-
mospheres of the quiet Sun and spot umbra (Appendix A). If the
field strength decreases with height, one would expect to retrieve
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Fig. 7. Mean longitudinal field strengths determined from inverting the
different lines (abscissa). A regular decrease of the longitudinal mag-
netic field is found when ordering the following ions: Fe i 6151.62 Å,
Fe i 5250.22 Å, Fe i 6302.50 Å, Cr i 5247.57 Å, Fe i 5250.65, and
Fe i 6301.5 Å. The average is taken on a region delimited by magnetic
field values from 200 to 1000 G on the map of the line Fe i 6302.50 Å,
as indicated in Fig. 6.

H = -1.1 B + 1044

Fig. 8. Formation heights (derived from the VAL F model) versus the
mean longitudinal field strengths determined from inverting the differ-
ent lines. A regular monotone decrease of the longitudinal magnetic
field is found, corresponding to the ordering of the ions as indicated in
Table 1. A vertical component gradient (absolute value) of the magnetic
field of −1.18 G/km is determined from the linear relationship. The av-
erage is taken on a region delimited by magnetic field values from 200
to 1000 G on the map of the line Fe i 6302.50 Å, as indicated in Fig. 6.
Standard errors for the regression coefficients are 179.3 and 0.25 for the
linear fit 1043.85 and −1.11.

a slightly lower field strength for Fe i 6302.50 Å. Nevertheless,
in the top scatter plot of Fig. 9, corresponding to the compar-
ison between Fe i 6302.50 Å and 5250.22 Å, the points do not
lie systematically above the diagonal of the plot, especially for
points with a magnetic field exceeding 1200 G. In that case, the
Fe i 5250.22 Å line is formed higher than 6302.50 Å one.

All green lines, i.e., Fe i 5250.22 Å, Cr i 5247.57 Å, and
Fe i 5250.65 Å, show a peculiar regime for strong fields related
to bright and dark penumbral filaments, as indicated in Fig. 9.
This behavior is likely related with their low-excitation poten-
tial. The lines become stronger and therefore come from higher
layers in cool dark stuctures.

From modeling the line formation heights, we determined
a vertical component gradient (absolute value) of the magnetic
field of −1.18 G/km as indicated in Fig. 8. By comparison, with
the Tenerife Infrared Polarimeter (TIP) mounted on the VTT,
Balthasar (2006) observed three Fe i lines at 15 648, 15 452, and
10 896 Å in eight spots. The spots were not all close to disk
center, but the results were corrected for 3D effects. Balthasar
applied the SIR inversion (Ruiz Cobo & del Toro Iniesta 1992)
and determined the horizontal derivatives of the magnetic field

Table 1. Formation heights in the model atmosphere of a very bright
network element for the spectral lines of interest in the paper of the
VAL F model.

λ (Å) Element Height [km]
6151.6 Fe i 170, 27
5250.2 Fe i 215, 38
5247.6 Cr i 244, 82
6302.5 Fe i 267, 31
5250.7 Fe i 328, 89
6301.5 Fe i 332, 13

and derived from them the vertical derivative (via div B = 0).
He obtained a value of 0.5 G/km in the umbra. Measurements
of the full Stokes vector were obtained with the two differ-
ent spectral lines Fe i 10783 and Si i 10786 Å observed simul-
taneously by Balthasar & Gömöry (2008). These authors also
applied the difference method, which yielded a different re-
sult. They found penumbral values varying between 1−2 G/km
(Balthasar & Gömöry 2008). Westendorp Plaza et al. (2001)
used the SIR inversion code to invert spectropolarimetric data
of the same Fe i 6301.5 and 6302.5 Å photospheric lines ob-
served with the Advanced Stokes Polarimeter. The SIR inversion
code computed the line response functions so that the line forma-
tion depth was also derived. Westendorp Plaza et al. (2001) re-
ported 1.5−2 G/km. With the Gregory-Coudé Telescope (GCT)
at Tenerife, Pahlke & Wiehr (1990) observed the circular polar-
ization of six lines in a spot umbra, Si i 6142.9 Å, Zr i 6143.2 Å,
Fe ii 6149.2 Å, Ti i 6149.7 Å, Fe i 6151.6 Å, and Na i 6154.2 Å.
These authors used a refined model of the circular polariza-
tion, which was applied with a magnetic field vertical gradi-
ent, and the best agreement between the six lines was a gradient
of 2 G/km.

4. Conclusion

We proposed an extension of the Unno-Rachkovsky solution
assuming that asymmetries in Stokes polarization spectral line
profiles can be attributed to gradients in the velocity (and mag-
netic field) over the line-forming region. We found our results
in agreement with the modeling of height formation (Vernazza
et al. 1981) for field strengths of approximately 0.2 kG up
to 1.2 kG.

We obtained results with the inversion method (Bommier
et al. 2007) as well as the quantitative bisector method (Rayrole
1967; Bommier et al. 2005) to show the self-consistency of
the modeling. We applied the bisector method accurately for
a stronger field, as has been intuited by Semel (1967). The
first application would be to develop quick-look processing data
codes able to operate during observations. A tomography of
the 3D shape of the magnetic field depending on the forma-
tion height of the different lines of the solar atmosphere can
then derived. Most observational studies of active-region mag-
netism are based on photospheric measurements that are used
to infer the coronal field (Démoulin et al. 1997). To derive
the magnitude and the time duration of the magnetic field, we
propose to determine the free magnetic energy of the active
region using maps of the vector magnetic field and inversion
codes (Bommier et al. 2007; Molodij et al. 2011), and to mea-
sure the horizontal photospheric motions with local correlation
tracking (Molodij et al. 2010) from high spatial resolution ob-
servations obtained from space- and ground-based observations
using adaptive optics. A combination of vector magnetograms
and Hα data would be of great interest to predict ejections of
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Fig. 9. Scatter plots of the mean value of the longitudinal magnetic field of the different lines (ordinates) calculated for intervals of 100 G of the
longitudinal field of Fe i 6302.50 Å (abscissa). Top to bottom left in ordinates: Fe i 5250.22 Å, Cr i 5247.57 Å, Fe i 5250.65 Å. Top to bottom right
in ordinates: Fe i 6301.5 Å, and Fe i 6151.62 Å. A linear regime is determined for magnetic field values laying from 200 to 1200 G.

coronal mass in the interplanetary medium (Schmieder et al.
2011). Prospective projects are to study the evolution of the three
components of the magnetic field in the corona and analyze the
emerging flux derived from vector magnetograms where the az-
imuth ambiguity is solved in the photospheric vector magnetic
field measurements from observations of 6301 and 6302 Å spec-
tral lines.

Appendix A: Formation height models

Table 1 lists the formation heights in model atmospheres of
very bright network elements for the spectral lines of interest
from the VAL F model (Vernazza et al. 1981). To compute the
line formation depth, we used the temperature, electron pressure
and gas pressure from the atmospheric model. The continuum
absorption coefficient was evaluated as in the MALIP code of
(Landi Degl’Innocenti 1976), i.e., by including H− bound-free,
H− free-free, neutral hydrogen atom opacity, Rayleigh scattering
on H atoms, and Thompson scattering on free electrons. The line
absorption coefficient was derived from the Boltzmann and Saha
equilibrium laws, taking the first two ions of iron into account.
The atomic data were taken from Wiese (2012) or Moore (1945)

and the partition functions from Wittmann (1974). The iron
abundance was assumed to be 7.60, and the chromium abun-
dance 5.67 (in the usual logarithmic scale where the hydrogen
abundance is 12). A depth-independent microturbulent veloc-
ity field of 1 km s−1 was introduced. Finally, for layers above
τ5000 = 0.1, departures from LTE in the ionization equilibrium
were simulated by applying Saha’s law with a constant “radia-
tion temperature” of 5100 K instead of the electron temperature
provided by the atmospheric model. To obtain the result, the line
center optical depth grid was scaled to the continuum using the
respective absorption coefficients. The continuum optical depth
grid was the one provided with the atmospheric model and the
transfer equation was not explicitly solved again. The formation
height of the line center was then determined as follows. Given
the grid of line center optical depths, the formation height of the
line center is the height for which the optical depth along the
line of sight is unity (Eddington-Barbier approximation), i.e.,
the height for which τ/μ = 1, where τ is the line center opti-
cal depth along the vertical, and μ the cosine of the heliocentric
angle θ (here assumed to be 0). As can be seen in Fig. 5 of Bruls
et al. (1991), this conveniently represents the depth where the
contribution function has its maximum.
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Table B.1. Spectroscopic performances and spatial resolution for three
magnifying factors of the last transfer optics.

Optics reduction factor 1 1/2 1/4
Spatial pixel (arcsec) 0.09 0.18 0.39
Field of view (arcsec) 25.7 51.5 111.5

Spectral pixel: 4500 Å (mÅ) 3.25 6.51 13.02
Spectral pixel: 5000 Å (mÅ) 3.56 7.13 14.27
Spectral pixel: 6000 Å (mÅ) 3.69 7.39 14.80
Spectral pixel: 7000 Å (mÅ) 4.94 9.89 19.79
Spectral pixel: 8000 Å (mÅ) 5.49 10.99 21.98
Spectral pixel: 8500 Å (mÅ) 6.38 12.76 25.52

Notes. The bold-face right column corresponds to the best configuration
with a spatial resolution of 0.39 arcsec.

Appendix B: Observational setup

To obtain realistic measurements of the magnetic field simul-
taneously with determining the thermal and dynamic state of
the solar atmosphere, we observed one region of the Sun si-
multaneously at different wavelength, as suggested by Rayrole
(1967, 1971). To do this, Rayrole designed a telescope able to
measure the physical parameters of the solar atmosphere quan-
titatively. During the campaign, we observed six different spec-
tral lines indicated in Table B.2, i.e., a total of seven detectors
(including the slit-field camera at 460.7 nm) were running per-
fectly synchronized. Table B.1 gives the spectral pixel, the spa-
tial pixel, and the corresponding field of view for three magnify-
ing factors of the optical setup. The instrumental configuration
during the 1999 THEMIS campaign telescope has previously
been described in detail (Molodij et al. 1996).

B.1. Polarimeter

The polarimeter is located at the telescope prime focus, before
any oblique reflection in the optical path, and makes THEMIS a
“polarization-free” telescope. The quarter wave plates are achro-
matic over a 400−700 nm spectral range; hence the phase of
each of the plate is 90 ± 4 deg in this range. In the 1999 in-
strumental setting configuration, the plates can be independently
oriented at three different discrete angular positions across a
45 deg range of steps of 22.5 deg. Depending on the quarter-
wave plates orientation, the three Stokes parameter combina-
tions are obtained successively. The entire scan of the region
(160 × 110 arcsec2) took 35 min for ten spectral domains and
the Stokes sequence (Q,U,V). Studies have previously been
published to analyze the noise polarimetric sensitivity level for
the non-magnetic FeI 5576 Å line (Bommier & Rayrole 2002).
Since first light in 1998, interesting measurements such as quiet-
Sun center-to-limb variations of the scattering polarization have
been carried out, eventually modified by the Hanle effect (Stenflo
& Keller 1996; Stenflo 1997). Typically, weak polarization was
obtained at the limb with a sensitivity of Q/I � 10−4 related to
the so-called second solar spectrum (Trujillo-Bueno et al. 2001;
Bommier & Molodij 2002; Arnaud & Faurobert 2003). The large
photon collector and the high quality of the optical surfaces in
combination with unique full-Stokes spectropolarimetry multi-
line capability improved our knowledge of the prominences in
the magnetic field as indicated in Paletou et al. (2001).

B.2. Spectral resolution

The two dispersers were used in additive mode (i.e., adding
the grating dispersions) operating in its spectropolarimetric
MTR (MultTi-Raies) mode. With the adapted slit masks in the

predisperser focus plane (SP1) one can simultaneously select a
number of spectral lines. The size of the spectral pixel, of the
spatial pixel, and the observed field are defined when selecting
the dispersion orders of the predisperser and the echelle spec-
trograph, and the magnification of the last transfer optics be-
fore the detectors. Three different gratings can be exchanged
in the spectrograph when selecting the first disperser. Two of
them (150 grooves/mm and 1200 grooves/mm) are commonly
used for spectropolarimetry observations. The second spectro-
graph is a large camera mirror echelle grating (79 grooves/mm)
that produces high dispersion-spectra of the domains selected by
the masks in the focus plane (SP1). Table B.1 lists the spectral
pixel, the spatial pixel, and the corresponding field-of-view after
the last transfer optics when using the 150 grooves spectrograph
with 384 pixels along the wavelength dispersion. The spectral
resolution of the entire spectrograph and detector system was
verified during this observational campaign. The system deliv-
ers a dispersion depending on the wavelength for the selected
magnifying factor of the optics.

B.3. Spatial resolution

A testing method based on wavefront-curvature sensing
(Roddier & Roddier 1993) has been applied to determine the
permanent aberrations of the telescope and the transfer optics
(up to 80 optical surfaces). The analysis has shown a wave-
front dominated by astigmatisms coming principally from the
entrance window and mechanical constraints on the primary mir-
ror M1 of the telescope. The highest spatial resolution values
were estimated at 0.3 up to 0.4 arcsec (λ = 0.5 μm). In this MTR
configuration, the telescope system delivers a pixel resolution of
0.39 arcsec on the detector, i.e., an image resolution of 0.8 arcsec
(�4.5 times its diffraction limit). These performances were com-
pared with space observations (Molodij & Aulanier 2012) and
were verified by night time observations of stellar images using
a curvature-wavefront analysis, from determining the tempera-
ture contrast analyzed via the intensity difference between the
granule center and the intergranular lane, i.e., when determining
statistically the root mean square of the intensity fluctuations ex-
pressed in units of the mean intensity of the granulation images
at 4307 Å, and with a calibrated scintillometer (Seykora 1993).

B.4. Instrumental setup

The basic configuration of the MTR mode originally included
twenty Thomson TH 7863 CMOS cameras (288 × 384 pixels
23 μm size), which were necessary to simultaneously record ten
spectral domains in two Stokes parameters along 384 points.
The high-speed data acquisition system can record one full
CCD image per second and per camera. It is also possible to
record subrasters of the field of view. The analogical digital con-
verters are 12 bit-coded and cooled by Peltier cells refreshed
by water circulation. The frame-reading time is about 236 ms
and the acquisition-time setting from 2 ms up to 20 s. The
frame-readings of all cameras are simultaneous while the dig-
ital conversion is sequential, so that the highest acquisition rate
of the whole data acquisition system can record up to 14 acquisi-
tions per second at the same time (3.1 Mo per second). In spite of
a large full-well (106 charges), we report a limitation by the shot
noise in the spot umbra for the exposure time (around 300 ms).
The polarimetric resolution of 2 × 10−3 is currently achieved in
one record on one pixel whose optimal size is set at 0.4 arcsec,
the spectral resolution being lower than of 20 mÅ for the entire
accessible spectral domain.
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Table B.2. Atomic parameters of lines observed during the 1999 campaign.

λ (Å) Ion Mult. Trans. Exc. Pot. π comp. σ comp.

5247.57 Cr i 18 5D0–5P1 3.31 0.0 2.5
0.96 0.5 0.5

5250.22 Fe i 1 5D0–7D1 2.47 0.0 3.0
0.12 0.5 0.5

5250.65 Fe i 66 5P2–5P3 4.54 0.33 0.16 0.0 2.0 1.83 1.66 1.5 1.33
2.19 0.14 0.23 0.26 0.03 0.08 0.17 0.28 0.43

6151.62 Fe i 62 5P3–5D2 4.17 0.33 0.16 0.0 2.0 1.83 1.66 1.5 1.33
2.17 0.14 0.23 0.26 0.43 0.28 0.17 0.08 0.03

6301.51 Fe i 816 5P2–5D2 5.60 0.66 0.33 2.16 1.83 1.5 1.16
3.64 0.40 0.10 0.2 0.3 0.3 0.2

6302.50 Fe i 816 5P1–5D0 5.63 0.0 2.5
3.67 0.5 0.5

Notes. For each line we indicate from left to right the wavelength, the atomic transition and the multiplet number, the excitation potentials (upper
and lower level in eV), the Landé factor combination and relative intensity for the π components and for the σ components.

Appendix C: Quantitative bisector method

The different methods based on the Zeeman effect to measure
the solar magnetic field have been described and discussed by
Beckers (1971). The Zeeman effect refers to the splitting of spec-
tral lines in the presence of a magnetic field. This splitting is
proportional to the field strength. The splitting pattern depends
on the atomic transition and on the magnetic field strength. The
intensity of the Zeeman components depends on the direction
of the magnetic field. For strong fields and favorable lines, the
splitting is large enough to be directly measurable. In that case,
it is rather simple to measure both the strength and direction
of the magnetic field (Rayrole 1967; Beckers 1969). But in so-
lar physics, the Zeeman splitting ΔλB is usually much smaller
than the line width. However, in that case, the splitting mani-
fests itself through a polarization variation along the line profile.
This relation has been discussed in detail by Stenflo (1971). The
method used to measure all interesting physical parameters re-
quires determining a relative displacement as precisely as pos-
sible. We used the method described in detail by Bommier &
Rayrole (2002) that was developed by Rayrole (1967), in which
the parameter to be determined is not the line minimum (whose
precise determination in discrete data may be difficult), nor the
line center of gravity, but the line bisector position at a given
depth in the profile (this depth is determined by the parameter ng
introduced below). A profile is given, for instance, by a row of
pixels of the image. To reduce the noise in the data that could
disturb the subsequent analysis, the first step is to perform a con-
volution of this data vector with a normalized stepwise function
of width ns pixels{

f (i) = 1/ns 0 ≤ i ≤ ns
f (i) = 0 elsewhere. (C.1)

The width of the stepwise function ns is called the “slit width”
(as if the signal was entering a theoretical slit of width ns). The
result of the convolution is a smoothed profile p(i). The second
step is to derive the differences between the convolved function
values p(i) taken at pixels separated by a quantity ng, which we
call the “slit gap” (as if two theoretical slits were placed at posi-
tions i and i + ng). We compute

d(i) = p(i + ng) − p(i). (C.2)

The abscissa of the zero value of this last d(i) function is then
searched for, in terms of fractional pixels. A linear interpolation
between two pixels where d(i) takes values with opposite signs
is performed. Since the zero of d(i) falls near an inflexion point

of d(i), the linear interpolation is accurate to the second order.
The (generally fractional) i-value thus obtained is taken as the
line position. This method is very sensitive, reliable, and precise
as demonstrated in Bommier & Rayrole (2002).

Behaviors of magnetic and dynamic structures of the solar at-
mosphere are derived from the bisector method, which measures
the shift of the two polarized spectral lines. Mass motions shift
the two polarized spectral lines I+V and I−V in the same direc-
tion, whereas the magnetic field shifts the two lines in opposite
spectral direction. The subtraction and the addition of the two
opposite polarized spectra positions are related, to the line-of-
sight magnetic field and the line-of-sight velocity respectively.

The longitudinal magnetic field component is determined
from the difference between line positions determined with
the bisector method in I + V and I − V spectra, denoted
as Δλ (+ or −).

From the Zeeman effect law, associated to geometrical con-
sideration, it can be shown that (Semel 1967)

Δλ =
1
2

(Δλ+ − Δλ−) = 4.67 × 10−2 ḡ λ2 B cosψ, (C.3)

where Δλ is expressed in mÅ, the wavelength λ in μm. B is the
field strength in Gauss, ψ the angle between the magnetic field
vector and the line-of-sight. ḡ is the effective Landé factor given,
for instance, by Bommier et al. (2005)

ḡ =
gs

2
+ Jd

gd

4
, (C.4)

where{
gs = gu + gl
gd = gu − gl

(C.5)

and{
Js = [Ju(Ju + 1) + Jl(Jl + 1)]
Jd = [Ju(Ju + 1) − Jl(Jl + 1)], (C.6)

where u and l denote the upper and lower levels respectively,
and g is the Landé factor of a level of total kinetic momemtum J.

It is important to remark that no weak field approximation
was performed, so that the law remains valid even for strong
fields (Semel 1967).

The analytic relation between the wavelength fluctuationsΔλ
and the velocity field v is

Δλ =
1
2

(Δλ+ + Δλ−) =
λ

30.0
v cosψ, (C.7)

where v is expressed in m s−1.
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The zero offset mean velocity is determined from the large
field of view of 2 arcmin, invoking the velocity uniformity on
large field of view. Therefore, the relative measurement is not
affected by the line shift due to solar or earth rotations.

Clearly, to determine the field strength, one needs to know
the thermodynamic state associated with the magnetic field.
Thermal properties appear in the calibration of magnetographs,
and the polarization profiles of spectrally resolved Stokes mea-
surements provide not only vector field information, but also
thermal and dynamic information. The absorption coefficient
maps characterize the local thermodynamic parameters in which
the magnetic field appears as a perturbation. This peculiar be-
havior is visible when observing the line depression map of
Fe i 5576 Å, which is insensitive to the Zeeman effect, but
nonetheless displays spatial variations generated by the mag-
netic field, as shown in Molodij & Rayrole (2006). This behav-
ior is a direct consequence of the coupling between the thermo-
dynamic state and the magnetic field. For the center-of-gravity
method, a suggestion would be to separate the magnetic structure
from the thermodynamic structure by simultaneous observations
of magnetically sensitive and insensitive lines.

Nevertheless, the bisector method yields line position shifts
that agree with the theoretical values derived from the com-
puted theoretical profiles with the Unno (1956) and Rachkovsky
(1962) models. The center-of-gravity method appears to be reli-
able for measuring velocities in the lower half of these formation
heights and for measuring field strengths across the whole range
of heights, for fields up to intermediate strength (Uitenbroek
2003).
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