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Abstract. This paper presents and interprets some observations of the limb polarization of Sr  4607 Å obtained with the spec-
tropolarimeter of the French-Italian telescope THEMIS in quiet regions close to the solar North Pole on 2002 December 7–9.
The linear polarization was measured for a series of limb distances ranging from 4 to 160 arcsec, corresponding to heights of
optical depth unity in the line core ranging from about 330 to 220 km, respectively, above the τ5000 = 1 level. To increase the
polarimetric sensitivity, the data were averaged along the spectrograph slit (one arcmin long) set parallel to the solar limb. Since
the data show no rotation of the linear polarization direction with respect to the limb direction, the observed depolarization is
ascribed to the Hanle effect of a turbulent weak magnetic field, the zero-field polarization being derived from a model. The in-
terpretation is performed by means of an algorithm which describes the process of line formation in terms of the atomic density
matrix formalism, the solar atmosphere being described by an empirical, plane-parallel model. The collisional rates entering
the model (inelastic collisions with electrons, elastic depolarizing collisions with neutral hydrogen), have been computed by
applying fast semi-classical methods having a typical accuracy of the order of 20% or better (see Derouich 2004), leading to 6%
inaccuracy on the magnetic field strength determination. We assume a unimodal distribution for the intensity of the turbulent
field. The computed intensity profile has been adjusted to the observed one in both depth and width, by varying both micro-
turbulent and macroturbulent velocities. The best adjustment is obtained for respectively 1.87 km s−1 (micro) and 1.78 km s−1

(macro). The evaluation of the magnetic depolarization leads then to the average value of 46 Gauss for the turbulent magnetic
field strength, with a gradient of −0.12 Gauss/km. Our results are in very good agreement with the value of 60 Gauss determined
at large µ, in the volume-filling field case, by Trujillo Bueno et al. (2004, Nature, 430, 326), using a 3D magneto-convective
simulation. This validates our method.
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1. Introduction

Spectral lines are linearly polarized close to the solar limb. This
phenomenon has been known for a long time and is thought
to be due to the scattering by atoms of the solar radiation
which is particularly anisotropic in the top layers of the so-
lar atmosphere. The spectrum of the linear polarization, for
which the name of “second solar spectrum” was suggested by
V.V. Ivanov during the First Solar Polarization Workshop
(St Petersburg, Russia, 8–12 May 1995), shows structures very

� based on observations made with the french-italian telescope
THEMIS operated by CNRS and CNR on the island of Tenerife in
the spanish Observatorio del Teide of the Instituto de Astrofísica de
Canarias.

different from those of the intensity spectrum, and is therefore
rich in new information, particularly on symmetry-breaking
features like velocity or magnetic fields. The Sr  4607 Å line
was found to be one of the most polarized of the second solar
spectrum (Stenflo et al. 1983a,b), so that further observations
have been devoted to define its center-to-limb behavior (Stenflo
et al. 1997), in particular with the spectropolarimeter of the
French-Italian THÉMIS solar telescope (Faurobert et al. 2001;
Trujillo Bueno et al. 2001; Bommier & Molodij 2002; and the
present observations). An atlas of the second solar spectrum
was also obtained with the ZIMPOL II polarimeter at IRSOL,
Locarno (Gandorfer 2000, 2002). This atlas provides a further
observation of the linear polarization of Sr  4607 Å at 5 arcsec
from the solar limb.
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Fig. 1. Superimposed observations for all the limb distances listed in
Table 1. The Stokes parameters Q and U are expressed in the limb
reference frame. Dotted lines: intensity I in arbitrary units. The slit
has been positioned parallel to the solar limb and the data have been
averaged along the slit (one arcmin long) to increase the polarimet-
ric sensitivity. The Sr  line is 460.7333 nm and the neighboring line
at 460.7651 nm is a Fe  line that depolarizes the continuum. The
broken line is the theoretical value of the limb polarization to which
the observed continuum polarization has been superimposed (see text
for details).

When observing outside active regions, the linear polariza-
tion of the Sr  4607 Å line, which is of the order of 1% at
5 arcsec from the solar limb, has been found to be parallel to
the limb direction, as confirmed by the present observations
(see Sect. 2 and Fig. 1). When observing with low spatial res-
olution, no rotation of the polarization direction with respect
to the limb direction is observed (see also Trujillo Bueno et al.
2001; and Stenflo 2002). Such a rotation would be introduced
in the scattering polarization by the presence of a deterministic,
weak magnetic field (Hanle effect). These features make this
line particularly suitable for attempting a theoretical interpreta-
tion of its polarization degree. Fortunately, the 2-level approxi-
mation is suitable for its interpretation because the 4607 Å line
is the resonance line of the Sr  atom, 5s2 1S0 → 5s5p 1P1,
with a Landé factor of the upper level g = 1. Depolarizing ef-
fects due to hyperfine structure can be safely neglected since
the only isotope of Sr having nuclear spin I � 0 has a very low

natural abundance (7%). Relatively simple polarized radiative
transfer models have been built up, which show that the theo-
retical linear polarization degree, evaluated for a plane-parallel
atmosphere in the absence of a magnetic field, is higher than
the observed one. This resulting depolarization effect (joined
to the fact that no rotation of the polarization direction is ob-
served) has been ascribed to the Hanle effect due to a turbulent
weak magnetic field (see the first model in Faurobert-Scholl
1993; and the most recent one developed for the interpretation
of the THÉMIS data, in Faurobert et al. 2001).

To model the magnetic depolarization, the further depolar-
ization effect due to collisions of the Sr atoms with neutral
hydrogen atoms has to be taken into account. The correspond-
ing rates were poorly known, but quantum chemistry calcula-
tions have been recently developed (see the first calculations
and resulting interpretation in Faurobert-Scholl et al. 1995),
and are now available for a better diagnostic of the turbulent
magnetic field.

The aim of the present work is threefold:

– To achieve precise polarimetric observations with the
THÉMIS telescope at several distances from the limb by
using the beam exchange technique described in Bommier
& Molodij (2002). We have obtained measurements rang-
ing from 4 to 160 arcsec from the solar limb. The slit has
been positioned parallel to the solar limb in a quiet region
(North Pole), and the data have been averaged along the slit
to increase polarimetric sensitivity. Our results display the
linear polarization Stokes parameters, showing in particu-
lar the absence of rotation of the polarization direction (see
Sect. 2 and Fig. 1).

– To apply the atomic density matrix method for polarized ra-
diative transfer developed by Landi Degl’Innocenti et al.
(1990) to model the line polarization. Although based on
a different approach for solving the coupled equations of
statistical equilibrium and non-LTE radiative transfer, this
method is in principle equivalent to the “scattering method”
used by Faurobert-Scholl (1993), and should obviously
produce the same results. Complete frequency redistribu-
tion is assumed (see a more detailed description of the
method in Sect. 3).

– To develop fast semi-classical methods for computing the
collisional rates, validated by comparison of their results
with more complex methods based on quantum chemistry.
The interest of these approximate methods is their abil-
ity to evaluate collisional rates with a typical accuracy of
about 20% or better, without any need for using heavier and
more time-consuming quantum chemistry methods. Such
a semi-classical method has been developed for isotropic
collisions of neutral atoms or ions with electrons by Seaton
(1962) and Sahal-Bréchot (1969a,b). We have applied this
method for the evaluation of inelastic collisional rates.
More recently, a further semi-classical method has been de-
veloped for isotropic collisions of atoms with neutral hy-
drogen by Anstee & O’Mara (1991, 1995), and generalized
to the evaluation of collisional elastic depolarization cross-
sections by Derouich et al. (2003) and Derouich (2004).
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Table 1. Observational data and results of interpretation. From left to right: observational data: date, limb distance dlimb, cosine of the helio-
centric angle µ, ratio of line center intensity to the neighboring continuum intensity Icent/Icont, line center linear polarization degree p (Q/I
of Fig. 1), theoretical continuum polarization degree pcont (see text); results of interpretation: height of formation of the line center above
the τ5000 = 1 level h (see text for its definition), microturbulent velocity vmicro, macroturbulent velocity vmacro, mircoturbulent magnetic field
strength B, field strength in Hanle relative units (Γ parameter, see Sect. 3.2), where the value 1 corresponds to the maximum of sensitivity.

date dlimb µ Icent/Icont p pcont h vmicro vmacro B Γ

arcsec cos θ % % km km s−1 km s−1 Gauss
2002/12/07 4 0.091 0.647 1.244 0.131 328 1.80 1.75 39 1.72
2002/12/08 4 0.091 0.642 1.225 0.131 328 1.95 1.75 42 1.85
2002/12/07 10 0.144 0.587 0.959 0.081 300 1.90 1.55 44 1.93
2002/12/08 10 0.144 0.587 0.869 0.081 300 2.10 1.75 50 2.20
2002/12/08 20 0.203 0.554 0.829 0.053 280 1.95 1.80 36 1.57
2002/12/09 20 0.203 0.558 0.715 0.053 280 1.75 1.65 46 2.00
2002/12/09 40 0.286 0.516 0.522 0.032 260 2.05 1.90 50 2.20
2002/12/09 80 0.400 0.503 0.325 0.018 239 1.70 1.90 54 2.37
2002/12/09 160 0.553 0.496 0.199 0.009 220 1.65 2.00 53 2.33

We have applied this last method for evaluating depolar-
izing rates due to elastic collisions with neutral hydrogen
atoms (see Sect. 3).

The comparison between our observations and the polarization
computed from a plane-parallel atmosphere has confirmed the
existence of a depolarizing effect that can be ascribed to a tur-
bulent weak magnetic field. In Sect. 2, we present our obser-
vations and data reduction procedure, leading to the observed
intensity and polarization profiles. In Sect. 3, we describe the
model for the formation of the line polarization, leading to the
theoretical intensity and polarization profiles. Section 4 is de-
voted to the main instrumental effects that are taken into ac-
count in the theoretical calculation. The computed profiles are
then compared to the observed ones, leading to the diagnostic
of the turbulent magnetic field strength and of the microscopic
and macroscopic velocities. The results are given and discussed
in Sect. 5.

2. Observations and data reduction

The observations were obtained with the spectropolarimeter of
the THÉMIS solar telescope (Izaña, Tenerife, Spain), on 2002,
December 7–9.

2.1. Observational procedure

The observational procedure followed is very similar to the one
described in Bommier & Molodij (2002). The slit, 1 arcmin
long and 0.5 arcsec wide, was positioned parallel to the solar
limb, at the North Pole where no magnetic activity was appar-
ently present (the data have been further averaged along the slit
to increase polarimetric sensitivity). The observations were ob-
tained for a series of distances between the slit and the limb
ranging from 4 to 160 arcsec, corresponding to heliocentric an-
gles θ from 85◦ to 55◦ (see Table 1). Apart from the 4 arcsec
limb distance, the limb was not visible on the slit-view camera,
so that the following procedure was used for fixing the limb
distance: the slit was first positioned as well as possible at the
intensity inflexion point as shown by a radial cut in the slit-
view real time image (taken in the continuum at 4307 Å). This

Table 2. Positions of the two quarter-wave plates (QWP1 and QWP2)
of the analyzer, and resulting output signals after the beam splitter
(last column). The first column gives the conventional name of the
setting of the polarimeter. QWP1 is the first plate encountered by the
Sun’s light.

name QWP1 QWP2 Output
+Q +45◦ −45◦ I ± Q
+U 0◦ +45◦ I ± U
+V −45◦ 0◦ I ± V
−Q +45◦ +45◦ I ∓ Q
−U 0◦ −45◦ I ∓ U
−V +45◦ 0◦ I ∓ V

inflexion point was considered as the limb position. Then, the
slit was moved at the desired limb distance by performing a
radial displacement with the pursuit tool of the telescope.

One of the differences with respect to the 2000 campaign
described in Bommier & Molodij (2002) is that the polar-
ization analyzer was replaced by a new version that allows
beam exchange in any of the polarization Stokes parame-
ters (Q,U,V), so that we sequentially recorded the images cor-
responding to the 6 analyzer positions, respectively denoted
as +Q,−Q,+U,−U,+V,−V . The corresponding quarter-wave
plates positions are listed in Table 2 (the Stokes parameter are
here given in the analyzer reference frame, which is rotated 45◦
from the limb reference frame). These plates positions are the
ones that give fewer fringes (Bommier & Molodij 2002, for U;
and Semel 2003, for Q).

As in Bommier & Molodij (2002), the acquisition of limb
images and flat field images were interleaved, in order to re-
trieve the same fringes positions on both series of images.
Fringes can thus be eliminated from the limb images by using
the flat field images (fringe displacements are probably corre-
lated to the telescope drift, that we manually correct at each
tipping). On December 7, we interleaved packages of 10 se-
quences of 6 limb and flat images, twice, so that we have
20 × 6 limb and flat images for the two limb distances 4 and
10 arcsec observed on that day. On December 8, the packages
were of 5 sequences of 6 images, interleaved four times so that
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we have 20 × 6 limb and flat images for the two limb posi-
tions of 4 and 10 arcsec, and interleaved two times so that
we have 10 × 6 limb and flat images for the limb distance of
20 arcsec. On December 9, we interleaved packages of 5 se-
quences of 6 limb and flat images, twice, so that we have 10×6
limb and flat images at 20, 40, 80 and 160 arcsec from the solar
limb. As usual, the flat field images were recorded by rapidly
moving the solar image on the spectrograph slit along a random
ellipse centered on disk center (or elsewhere in a quiet region if
a sunspot was found in the vicinity of disk center). The integra-
tion time was 13s on December 7, 8 and 11s on December 9.

Two different cameras were used to acquire the images in
the two polarization states obtained after the beam splitter, I+X
and I−X, where X is one of the polarization Stokes parameters.
The magnification factor of the camera optics was about 1/2.

2.2. Data reduction and results

The data reduction technique and methods are those described
in Bommier & Rayrole (2002) and Bommier & Molodij (2002),
apart from the generalized beam exchange method that has be-
come useless with the new polarization analyzer, where the
usual beam exchange is available for the three polarization
Stokes parameters Q,U and V . One of the characteristics of
our method is that the data are averaged along the slit as soon
as possible in the reduction process, just after line destretching
and flat field correction, and before the polarization analysis
(profile subtraction) which includes a correction of the differ-
ence in dispersion between the two channels.

The results of the polarization analysis are given in Fig. 1,
where the Stokes parameters are now expressed in the limb ref-
erence frame, and where the dotted line is the intensity profile
in arbitrary units. The intensity and polarization profiles are su-
perimposed for all the different limb distances. The continuum
polarization degree has been arbitrarily adjusted to the theoret-
ical value, which is 0 for U/I. For Q/I, we have taken the theo-
retical value of the continuum polarization as given by Fluri &
Stenflo (1999), following the method described in Bommier &
Molodij (2002). The Sr  line is located at 4607.333 Å, and the
neighbouring line is a Fe  line with wavelength 4607.651 Å.
In Q/I, the polarization at the different limb distances is visible
in the Sr  line (the polarization decreases when the limb dis-
tance increases), and it is clearly visible in the figure that the
Fe  line “depolarizes the continuum”, as shown by Stenflo et al.
(1997). No significant polarization is found in U/I, so that no
rotation of the linear polarization direction with respect to the
zero magnetic field direction (the limb direction) is observed, in
full agreement with the observational results of Trujillo Bueno
et al. (2001) obtained for a limb distance <1 arcsec.

The values of the line center polarization degree (Q/I, now
denoted as p) are given in Table 1 for the different limb dis-
tances. The theoretical continuum polarization degree, pcont,
that we have used to set the value of the observed continuum
polarization is also given. It can be seen that these polariza-
tion degrees are in good agreement with those of Faurobert
et al. (2001) obtained in 2000 with THÉMIS, and with the
one observed in 2001 by Gandorfer (2002) with ZIMPOL II

at IRSOL, Locarno. No difference is also found with our
THÉMIS 2000 campaign (Bommier & Molodij 2002), thus
raising serious doubts about the possibility of a cyclic varia-
tion suggested by the difference found with the 1994 data of
Stenflo et al. (1997) showing a polarization degree larger by
a factor of 1.5. Further investigation is however necessary to
reach firm conclusions on the possible 11-year cyclic variation
of the polarization.

Table 1 also displays the ratio Icent/Icont of the line center
intensity to the neighboring continuum intensity, for the various
limb distances.

3. Model for the formation of the line polarization

The diagnostic of the various quantities (microturbulent or
macroturbulent velocity, magnetic field) is done by comparing
the observed and theoretical polarization profiles. The present
section describes the theoretical methods used for the interpre-
tation of the observed profiles and for fitting the data by vary-
ing the relevant parameters. A density matrix polarized radia-
tive transfer code has been used. Since no rotation of the linear
polarization direction with respect to the limb direction is ob-
served, a unimodal, turbulent magnetic field has been assumed,
as proposed by Stenflo (1982) and Faurobert-Scholl (1993). A
plane-parallel atmosphere has also been assumed.

3.1. Polarized radiative transfer in the atomic density
matrix formalism

As already stated in the introduction, the 2-level atom approxi-
mation can be applied to the description of the Sr  4607 Å line
formation. Moreover, as stated by Faurobert-Scholl (1993),
partial frequency redistribution effects are not very important
for this line, so that complete redistribution can be safely as-
sumed. Under these conditions, the density matrix method for
polarized radiative transfer in the presence of weak magnetic
fields (Hanle effect), developed by Landi Degl’Innocenti et al.
(1990), and applied by Bommier et al. (1991) to the case of a
plane-parallel isothermal and isodense atmosphere permeated
by a deterministic magnetic field, can be generalized to the case
of a turbulent weak magnetic field in a model atmosphere.

In the density matrix formalism of Landi Degl’Innocenti
et al. (1990), the quantities to be computed are the atomic
density matrix elements of the upper level, expressed in the ir-
reducible tensors basis (ρK

Q). They obey an integral equation ob-
tained by reporting the formal solution of the polarized radia-
tive transfer equation into the statistical equilibrium equation
for the atomic density matrix elements. On the contrary, in the
“scattering method” used by Faurobert-Scholl (1993; see also
Rees 1978; Faurobert-Scholl & Frisch 1989; Faurobert-Scholl
1991), an integral equation is obtained for the generalized
source function by reporting the formal solution of the statis-
tical equilibrium equation (which is very simple for a 2-level
atom) into the transfer equation. Although both methods fol-
low different strategies, they are in principle equivalent so
that no difference is expected in the results. The generalized
source function and the density matrix elements are fully
equivalent, apart from a normalization factor, in the complete
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redistribution approximation (Landi Degl’Innocenti et al. 1990;
Landi Degl’Innocenti & Bommier 1994; Frisch 1998).

The continuous absorption has been added to the formal-
ism, introducing thus the additional parameter β defined by

β =
kc

kL
(1)

which is the ratio of the continuous absorption coefficient kc

and the line absorption coefficient kL, which is equal to the η(0)

coefficient of Landi Degl’Innocenti et al. (1991, Eq. (25)), and
which is also η0 of Landi Degl’Innocenti et al. (1990, Eq. (13)).

To numerically solve the integral equation, the density ma-
trix elements have to be discretized over a grid of optical depth
points. As described in Bommier & Landi Degl’Innocenti
(1998), several interpolation methods for the density matrix el-
ements between the grid points have been envisaged: linear,
quadratic or cubic spline. Although the quadratic and cubic
spline interpolations converge much faster and give accurate
results in the isothermal and isodense atmosphere case (analyt-
ical tests are provided by the

√
ε-law, see Landi Degl’Innocenti

& Bommier 1994), they have to be abandoned due to numerical
instability in the model atmosphere case, where we have then
preferred the linear interpolation, the only one that is stable.

3.2. Microturbulent magnetic field

The magnetic field is assumed to be unimodal and microturbu-
lent, which means that, at any optical depth, the magnetic field
is constant in intensity and has an isotropic distribution of di-
rections. Moreover, we suppose that the correlation length of
the “microturbulent eddies” is infinitely small, so that the di-
rection of the magnetic field at optical depth τ is completely
uncorrelated to the direction at optical depth τ′, no matter how
close the two points are in space.

The spatial average leading to the turbulent magnetic field
model cannot be directly performed in the formalism devel-
oped in Landi Degl’Innocenti et al. (1990), because the mag-
netic kernel, which has to be angle averaged at each optical
depth τ, is multiplied by the density matrix element at the same
optical depth τ (see Eq. (8) of that paper). A different treat-
ment of the magnetic kernel has then to be performed (see also
Trujillo Bueno and Manso Sainz 1999). The statistical equilib-
rium equation for the upper level density matrix element ρk

q (J′)
at optical depth τ in a uniform magnetic field can be written as
(see Landi Degl’Innocenti et al. 1990)

(1 + iΓ′q)
[
1 + δ(k) (1 − ε′)

] √
2J′ + 1

[
ρk

q (J′)
]

xyz
=

(1 − ε′) Babs

A
w(k)

J′J (−1)q
[
J̄k−q (ν0)

]
xyz

+ (1 − ε′) CJJ′

A
δk,0δq,0.

(2)

The lower level population
√

2J + 1
[
ρ0

0 (J)
]

xyz
that should mul-

tiply the r.h.s. of this equation, is assumed to be equal to 1 (the
lower level is moreover assumed to be unpolarized). Γ′ is the

reduced magnetic field strength as defined in Eq. (59) of Landi
Degl’Innocenti et al. (1990), which has to be rewritten here as

Γ′ =
Γ

1 + ε + δ(2)
=

gJ′e0B

2mc(A +CJ′J + D(2))
(3)

to correct a misprint about the Landé factor gJ′ . In this equa-
tion, Γ = (gJ′e0B)/(2mcA) is the value of the magnetic field B
in relative units; A, CJ′J (ε = CJ′J/A) and D(2) (δ(2) = D(2)/A)
are respectively: the Einstein coefficient for spontaneous emis-
sion, the collisional de-excitation coefficient and the collisional
depolarizing rate. The ε′ coefficient is defined as

ε′ =
CJ′J

A + CJ′J
, (4)

so that

1

1 + ε + δ(2)
=

(1 − ε′)
1 + δ(2) (1 − ε′) · (5)

Babs is the Einstein coefficient for absorption, and w(k)
J′J is a

coefficient related to the atomic polarisability, that is defined
and tabulated in Landi Degl’Innocenti (1984). J̄k−q (ν0) is a
tensor describing the incident radiation intensity and angu-
lar distribution, averaged over the absorption profile (see also
Landi Degl’Innocenti 1984). The statistical equilibrium equa-
tion Eq. (2) involves tensorial quantities defined in the mag-
netic field reference frame xyz, where the z axis is the magnetic
field direction. Before averaging on all possible directions of
the magnetic field in modelling the microturbulent field, it is
necessary to rewrite this equation in the fixed atmosphere ref-
erence frame XYZ, where the Z axis is the vertical of the atmo-
sphere. From

[
ρk

q

]
XYZ
=

∑

q′

[
ρk

q′
]

xyz
[D(k)

q′q]∗(R) (6)

and
[
J̄k

q

]
XYZ
=

∑

q′

[
J̄k

q′
]

xyz
D(k)

q′q(R), (7)

where R is the rotation bringing xyz on XYZ and D(k)
q′q is the

rotation matrix element, one gets

[
1 + δ(k) (1 − ε′)

] √
2J′ + 1

[
ρk

q (J′)
]
XYZ
=

(1 − ε′) Babs

A
w(k)

J′J

∑

q′

1
1 + iΓ′q′

×
∑

q′′
(−1)q′′

[
J̄k
−q′′ (ν0)

]
XYZ
D(k)

q′q′′ (R)[D(k)
q′q]∗(R)

+ (1 − ε′) CJJ′

A
δk,0δq,0.

(8)

This equation can be integrated over all possible directions de-
scribing the turbulent magnetic field. From the Weyl theorem
(Weyl 1939; see also Brink & Satchler 1979)
∮

dΩ
4π
D(k)

q′q′′ (R)[D(k)
q′q]∗(R) = δq′′ ,q

1
2k + 1

, (9)
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the statistical equilibrium equation can be written in the case of
a turbulent magnetic field, as
[
1 + δ(k) (1 − ε′)

] √
2J′ + 1

[
ρk

q (J′)
]
XYZ
=

(1 − ε′) µk
Babs

A
w(k)

J′J (−1)q
[
J̄k−q (ν0)

]
XYZ

+ (1 − ε′) CJJ′

A
δk,0δq,0.

(10)

This equation differs from the non-magnetic polarized equation
only by the presence of the µk factor, given by

µk =
1

2k + 1

k∑

q′=−k

1
1 + iΓ′q′

· (11)

In particular

µ0 = 1 (12)

and

µ2 =
1
5

[
1 +

2

1 + (Γ′)2
+

2

1 + 4 (Γ′)2

]
, (13)

which are the only ones that intervene in our calculations. The
result is that the turbulent case can be easily derived from
the non-magnetic case (both polarized), by simply multiply-
ing the r.h.s. of the integral equations by the proper µk (k =
0, 2) factor. However, as a consequence, the test provided by
the analytical

√
ε-law, as detailed by Landi Degl’Innocenti &

Bommier (1994) for arbitrary magnetic fields is no longer valid
in the case of a microturbulent magnetic field.

3.3. Atmospheric model

The parameters entering the integral equation for the density-
matrix elements, and that are allowed to vary with depth, are the
following ones: a) the temperature T that determines the value
of the Planck function; b) the coefficient ε′ describing inelas-
tic collisions by electrons (see Eq. (4)), where CJ′J depends on
temperature and electron density; and c) the upper level depo-
larizing rate D(2) due to elastic collisions with neutral hydrogen
atoms, that depends on the temperature and neutral hydrogen
density. The temperature, electron pressure and gas pressure
have been 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 τ5000 = 1 level. Above
−70 km, this model is very similar to the Quiet Sun FAL C
(Fontenla et al. 1993).

The introduction of the depth-dependence of the β coeffi-
cient (ratio of the continuum to the line absorption coefficient
defined in Eq. (1)) requires particular attention, because the
argument of the integro-exponential functions En entering the
kernels K of the integral equations (see Eqs. (56) and (61) of
Landi Degl’Innocenti et al. 1990) depends on both β and the ab-
sorption profile φ(x) where x is the frequency in adimensional
units (x = (ν−ν0)/∆νD): by introducing the continuous absorp-
tion coefficient in the formalism, En

[
τφ(x)

]
has to be replaced

by En
[
τ (φ(x) + β)

]
for a constant β, and by

En

[∫ τ

0

(
φ(x) + β

(
τ′

))
dτ′

]
(14)

for a depth-dependent β. We have applied the trapezoidal rule
to evaluate the integral that now appears as the argument of the
integro-exponential function.

Finally, both the intensity of the microturbulent magnetic
field and the line Doppler width ∆νD (which includes microtur-
bulent velocity) have been assumed to be depth-independent.
The generalization to depth-dependent fields (turbulent or not)
can be easily handled by our theoretical approach, whereas the
introduction of a depth-dependent Doppler width would imply
a heavier modification of our codes.

3.4. Evaluation of the grid of line center optical depths

The numerical solution of the integral equations for the density
matrix elements requires the determination of the line opac-
ity with respect to the continuum opacity. The continuum ab-
sorption coefficient has been 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 elec-
trons. For the line center optical depth evaluation, atomic data
have been taken from Allen (1973) and partition functions
from Wittmann. The strontium abundance has been assumed
to be 2.93 (in the usual logarithmic scale where the abundance
of hydrogen is 12). A depth-independent microturbulent veloc-
ity field of 1 km s−1 has been introduced. LTE ionization equi-
librium has been assumed by using Saha’s law to determine
the Sr  and Sr  abundances with respect to Sr . Finally,
departures from LTE in the ionization equilibrium have been
simulated by applying Saha’s law with a constant “radiation
temperature” of 5100 ◦K instead of the electron temperature
provided by the atmosphere model, for depths higher than the
one corresponding to τ5000 = 0.1.

The height of formation of the line center has then been de-
termined 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 τ/µ = 1, where τ is the line center optical
depth along the vertical, and µ is the cosine of the heliocentric
angle θ. The heights obtained for each of the observed µ values
are given in Table 1, in km above the τ5000 = 1 level. The cor-
responding temperatures have been used to derive the value of
the Doppler width ∆νD, which also includes the microturbulent
velocity (see Eq. (17)), and which is considered τ-independent
in our model.

3.5. Atomic data

3.5.1. Radiative rates

The Einstein spontaneous emission coefficient has been taken
from NIST (2004)

A = 2.01 × 108 s−1, (15)

leading to the oscillator strength value

f = 1.92. (16)
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3.5.2. Elastic collisions: Depolarizing rates

As already stated, the depolarizing effect due to elastic col-
lisions (that induce depolarizing transitions between Zeeman
sublevels) is mainly due to collisions with neutral hydrogen
atoms. Since these collisions are isotropic, the correspond-
ing rate for the density matrix element ρK

Q depends only on
the multipolar order K, so that it is denoted as D(K) in Landi
Degl’Innocenti et al. (1990, 1991), with D(0) = 0.

A semi-classical method for computing the depolarizing
rates has been derived from the formalism of Anstee & O’Mara
(1991, 1995), and is presented in Derouich et al. (2003) and
Derouich (2004) with results for atomic p states like the up-
per level of the Sr  4607 Å line. The corresponding code has
been used to compute the depolarizing rate D(2) at each optical
depth. The results can be fitted as

D(2) = 1.36 × 10−8nH

( T
5000

)0.374

rad s−1,

where nH is the number of neutral hydrogen atoms per cubic
centimeter and T is the temperature in Kelvin. This rate is in
very close agreement (a few percent difference in the line for-
mation temperature range) with the one used by Faurobert et al.
(1995, Eqs. (32)–(33), 2001, Eq. (11)), obtained by a quantum
chemistry method.

3.5.3. Inelastic collisions: Transfer rates

For the transfer rates due to inelastic collisions, that en-
ter the ε′ coefficient (see Eq. (4) for definition; and Landi
Degl’Innocenti et al. 1990, 1991), the main contribution is the
one due to electrons. We have used the semi-classical method
of Seaton (1962) and Sahal-Bréchot (1969a,b), completed with
a model of momentum transfer during the collision (Bommier,
to be published), to compute the excitation rates CJJ′ . The de-
excitation rates CJ′J have been derived by applying the mir-
coreversibility law. The semi-classical method is estimated to
be accurate to within 20%. It has been found in addition that
the method of Van Regemorter (1962) used by Faurobert et al.
(1995, 2001) gives results in good agreement with the present
semi-classical ones.

3.6. Microturbulent and macroturbulent velocities

The microturbulent and macroturbulent velocities are generally
introduced to take into account non-thermal motions in the the-
oretical calculations of the emergent profiles. The microturbu-
lent motions occur on scales that are small when compared to
the photon mean free path, so that they constitute an additional
source of line broadening besides the thermal broadening (col-
lisional broadening has been neglected). The microturbulent
velocity vmicro has then been introduced as usual in the Doppler
width ∆νD

∆νD =
ν0
c

√
2kBT

M
+ v2micro , (17)

where ν0 is the line center frequency, c the speed of light,
kB the Boltzmann constant, T the temperature at the height

of line center formation (see the determination in Sect. 3.4),
and M the atomic weight taken from Allen (1973): 87.62 a.m.u.
for strontium. The macroturbulent velocity corresponds to mo-
tions occuring on scales larger than the photon mean free path
(Mihalas 1978). They have been taken into account by means
of a convolution of the theoretical emerging profiles in each
Stokes parameter with a Gaussian of the form

1

x
√
π

exp

−
(
ν − ν0
x∆νD

)2
 , (18)

where

x =
vmacro√

2kBT
M
+ v2micro

, (19)

vmacro being the macroturbulent velocity (same approach as in
Faurobert-Scholl et al. 2001).

4. Introduction of the instrumental parameters
in the interpretation

The observed profiles are influenced by various instrumental
effects, such as the instrumental profile due to the spectrograph
non-zero slit width that introduces finite spectral resolution,
diffraction limit of the telescope, scattered and stray light, ghost
images in the spectrograph, etc. To compensate, we have intro-
duced two effects in our theoretical model: the spectrograph slit
width effect, which prevails by far over the diffraction limit, and
the global effect of scattered, stray and ghost lights. These ef-
fects are taken into account in the evaluation of the theoretical
profile to be compared with the observed one.

4.1. Instrumental profile and spectrograph slit width
effect

The way to take into account the instrumental profile is to con-
volve the theoretical profile with a function that describes this
instrumental effect. Instead of the instrumental profile itself, a
reasonable choice is to convolve the theoretical profile by the
spectral cut of the entrance slit image on the camera. This spec-
tral cut is a stepwise function, for which we have determined
the spectral width of 19 mÅ corresponding to the 0.5 arcsec en-
trance slit that we have used on THÉMIS. Performing this step-
wise convolution on the theoretical profile, we have derived an
increase of 1.0% of the Sr  4607 Å line center intensity, result-
ing thus in a rather small effect.

4.2. Scattered, stray and ghost light effect

The amplitude of this effect has been determined by comparing
the observed profile at disk center (i.e., the mean profile of the
flat field images that have been taken in the disk center vicin-
ity), to an atlas profile (Delbouille et al. 1973). This has led us
to the determination of a scattered, stray and ghost light level
of 8.5% of the continuum intensity, this rate r1 being defined as
follows: in any point along the profile, it is assumed that

Io (ν) = Ia (ν) + Is, (20)
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Io (ν) being the observed intensity, Ia (ν) being the atlas one,
and Is the scattered light intensity assumed to be frequency-
independent and unpolarized. Both observed and atlas profiles
being further normalized to their continuum level, the value
of Is in this relative unit is our rate r1 and is determined by
the comparison of the profiles at two different frequency points
(one in line center and one in continuum). It has to be empha-
sized that r1 is different from the line center intensity differ-
ence, both profiles being normalized to their continuum level:
this other rate r2 is related to r1 by

r2 = 0.6r1 (21)

for the Sr  4607 Å line (0.6 being the line depth in relative
units). For our present THÉMIS observations, r2 is then 5.1%.
In this determination, both observed and atlas profiles have
been corrected at the Sr I 4607 Å line center for the instru-
mental profile effect: the THÉMIS profile as described above,
and the atlas profile by taking into account the instrumental
profile width of 6 mÅ as displayed in Delbouille et al. (1973)
(this last effect results in an increase of only 0.10% of the
Sr I 4607 Å line center intensity). The parasitic light has been
assumed to be unpolarized, and the corresponding level of un-
polarized intensity has been added to the computed intensity
before comparison with observations. It represents the global
effect of the light scattered in the telescope, in the transfer op-
tics and in the spectrograph, of the stray light, and of the ghost
images. With the present rate of 8.5%, this correction is not
negligible at all.

5. Results and discussion

The results are displayed in Table 1, in terms of vmicro (km s−1),
vmacro (km s−1), and B (Gauss). They have been obtained by
comparing the theoretical profiles to the observed ones (mod-
ified according to the procedure outlined in the previous sec-
tion to account for instrumental effects). The best fits are dis-
played in Fig. 2 for the data obtained on 2002 December 7
and 9. Within a good approximation, the relative intensity pro-
file I/Icont is independent of the magnetic field strength B, so
that the velocities vmicro and vmacro have been firstly determined
from the intensity profiles by applying a zero-field model, the
magnetic field being determined in a second step from the po-
larization profile. The behavior of the theoretical intensity pro-
file as a function of the velocities is as follows: the microturbu-
lent velocity mainly determines the profile width, whereas the
macroturbulent velocity mainly determines the profile height.
The best fit is obtained by an iterative method which consists
in first adjusting the profile width with vmicro, then the profile
height with vmacro, and repeating the procedure until the differ-
ence between theoretical and observed profiles reaches its min-
imum. This yields a pair of values (vmicro, vmacro), which is thus
uniquely determined. Using this pair of values, the turbulent
magnetic field strength is determined by adjusting the line cen-
ter theoretical polarization profile derived from the magnetized
model, to the observed one (to which continuum polarization
has been subtracted), without further adjustment of the polar-
ization profile width. Figure 3 displays the observed center-to-
limb variation of the line polarization degree together with the

Fig. 2. Superposition of adjusted theoretical profiles (lines) and ob-
servations (dots) of 2002 December 7 and 9. The theoretical intensity
profiles have been computed in a non-magnetized atmosphere and are
used to determine vmicro and vmacro. Given these values, the theoret-
ical polarization profiles, adjusted to the observations at line center
only, are used to determine the microturbulent field strength B from
the magnetized atmosphere model.

derived magnetic field strengths. An exponential least square
fit to the observations, given by the law

p = 0.01507 exp(−3.84 µ) , (22)

is also shown.
The resulting values for the three parameters vmicro, vmacro,

and B are shown in Table 1. The average values are:

vmicro = 1.87 km s−1,

vmacro = 1.78 km s−1, (23)

B = 46 Gauss.

The turbulent magnetic field strength ranges from 36 to
54 Gauss, and the standard deviation over the nine ob-
served points is 6 Gauss for the magnetic field, and 0.15 and
0.13 km s−1 for the micorturbulent and macroturbulent veloci-
ties respectively. As it can be seen in Table 1, it is found that the
velocities are rather constant along the investigated depths. The
measurement depth in atmosphere is however lower for vmicro,
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Fig. 3. Top: center-to-limb variation of the observed linear polariza-
tion (dots), with an exponential least square fit (line, see Eq. (22)), to-
gether with the values of the determined microturbulent field strength
in Gauss. Bottom: microturbulent field strength in Gauss, as a function
of the height above the τ5000 = 1 level in km. This height results from
our line opacity evaluation (see text). The error bars show the effect of
the polarimetric inaccuracy only, the theoretical data being assumed
to be sure at this stage. The line is a least square fit whose equation
is provided.

mainly derived from the line width, than for vmacro, mainly de-
rived from the line center. In addition, this vmicro value is dif-
ferent from the depth-independent one introduced in the line
opacity computation (see Sect. 3.4): this can be admitted be-
cause both velocities do not correspond to the same depth in the
atmosphere. The variation of the magnetic field strength with
height is shown in the lower part of Fig. 3. The figure shows a
trend towards a decrease with height. A linear regression anal-
ysis gives a gradient of −0.12 Gauss/km with a correlation co-
efficient R = 0.69. The error bars on the determination of the
magnetic field are assumed to be due only to the polarimetric
accuracy which is estimated to be 2 × 10−4 (see Fig. 1 and
Bommier & Molodij 2002). The inaccuracy value in terms of
magnetic field strength has been obtained by the derivation of
Eq. (13), ignoring the collision effects at this stage.

The present magnetic field strengths are about twice the
values of 20–30 Gauss derived by Faurobert et al. (2001)
from their THÉMIS observations. Faurobert et al. (2001) as-
sume the values vmicro = 1 km s−1, about half the value, and
vmacro = 2.5 km s−1, this last one being determined by adjust-
ment of the theoretical intensity profile to the observed one.
When we use Faurobert’s values of vmicro and vmacro on our
observational data, we find the adjustement unsatisfying, but
we then derive the turbulent field strength in the range 14–
28 Gauss (average value 23 Gauss) from our model and our
observations, in good agreement with the field strength of 20–
30 Gauss determined by Faurobert et al. (2001), which shows
that both theoretical methods are in good agreement.

The value vmicro = 1 km s−1 that has been used by Faurobert
et al. (2001) has been taken from Fontenla et al. (1991). The
microturbulent velocity value of Fontenla et al. (1991) is the
result of a semi-empirical determination, and, as the authors
point out, is of minor importance in their model, because it is
used for introducing the turbulent pressure that does not play a
very important role.

We think that a proper adjustment of the theoretical profile
to the observed one requires two free parameters, one mainly
sensitive to the width and one mainly sensitive to the depth,
as vmicro and vmacro are respectively. With only one free param-
eter, as done by Faurobert et al. (2001), the adjustment cannot
be fully achieved.

Shchukina & Trujillo Bueno (2003) have considered the
FAL-C model including its given height-dependent microtur-
bulent velocity, and they have also concluded that, by varying
only vmacro, it is impossible to fit both line width and height.
Shchukina & Trujillo Bueno find a difference of a factor of 2
in the derived microturbulent field strength, according to the
performed adjustment: the field strength is found to be about
two times higher when the adjustment is performed on the line
height.

5.1. Effect of the accuracy of the depolarizing collision
rates

We have analyzed the effect of a possible inaccuracy of the de-
polarizing collision rates on the retrieved value of the turbulent
magnetic field. From a numerical evaluation, we have obtained
that, as the depolarizing collision rates are given within 20% or
less inaccuracy by the semi-classical method (Derouich et al.
2003; Derouich 2004), the induced inaccuracy on the magnetic
field strength is only 6% or less (Sr  4607 Å case). This is due
to the fact that the Hanle effect is characterized by the factor Γ′
defined in Eq. (3). For a fixed Γ′, we have, by differentiation

δB
B
= − D(2)

A +CJ′J + D(2)

δD(2)

D(2)
, (24)

which explains our findings since A � D(2) and C 	 A. It can
then be concluded that the magnetic field strength is well de-
termined, even if some uncertainty remains on the depolarizing
collision rates.
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6. Conclusion

Similarly to previous authors, we come to a conclusion about
the existence of a microturbulent magnetic field, as shown by
the fact that no rotation of the polarization direction with re-
spect to the limb direction is observed (see Fig. 1), and by the
fact that the observed polarization is considerably lower than
what is expected from plane-parallel, realistic models of the
solar atmosphere. The main criticism that can be made to these
observations is that the spatial resolution is poor, because the
data have been averaged along the slit which was one arcmin
long. To increase the spatial resolution without decreasing too
much the polarimetric sensitivity probably requires further in-
strumental progress.

From three observed quantities, which are the line width,
height and center polarization, we derive by adjustment
three physical quantities: vmicro, vmacro and the turbulent field
strength B. In particular, the adjustment of the line width is
essential.

Theoretical modelling of the Sr  4607 Å line can be im-
proved only by a full non-LTE treatment of the Sr /Sr  ioniza-
tion equilibrium (multi-level radiative transfer), and by apply-
ing multi-dimensional radiative transfer to magneto-convective
simulations of the solar atmosphere, as done by Shchukina &
Trujillo Bueno (2003) and Trujillo Bueno et al. (2004). These
improvements are welcome since they will contribute to eval-
uate more realistically the polarization of the Sr  4607 Å line
without the need to introduce ad-hoc parameters such as vmicro

and vmacro. We think, however, that the results obtained in
the present paper on the value of the turbulent field will not
be much affected by these more sophisticated investigations:
indeed, Trujillo Bueno et al. (2004) derive a magnetic field
strength of 60 Gauss, in the volume-filling field case, for µ ≥
0.2, which is in very good agreement with our values of 50,
54 and 53 Gauss obtained in this µ range. This validates our
method.

For any Hanle magnetic field determination, the polariza-
tion rate in the absence of a magnetic field has to be evalu-
ated, in order to retrieve the magnetic depolarization. In the
present analysis, the zero-field polarization degree is derived
from a theoretical model, so that the present determination
can be qualified as a model-dependent one. Two kinds of
model-independent techniques have indeed been proposed with
promising objectives: the differential Hanle effect, where the
magnetic field is derived from the ratio of two lines of differ-
ent magnetic sensitivity (see analysis in Stenflo et al. 1998;
Berdyugina & Fluri 2004). However, in this case, the model
independence is rigorously obtained only if the two lines are
formed in the same conditions. The second model-independent
technique concerns lines showing far coherent wings that are
insensitive to the magnetic field, unlike the line core. For
the moment, such a feature has been found in one line only,
Ca  4227 Å. The technique of Hanle histograms based on this
feature can be found in Bianda et al. (1998), but the field deter-
mination is statistical. In an analysis like the present one, the
magnetic field strength is determined together with the height
of formation of the line resulting from the model, thus pro-
viding some information on the height dependence of the field

strength, which is of great interest for now understanding the
solar atmosphere.
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