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Abstract.

Scattering polarization measurements were obtained with THEMIS in July 2000, close to the solar

south Pole and to the east Equator and in a period of maximum solar activity. Using the THEMIS multi-lines
spectro-polarimetric mode (MTR), we observed simultaneously four spectral domains containing the 460.7 nm
Sr1 line, several molecular lines around 515.9 nm and the Na1 D; and Nat Ds lines. This allows us to scan
different altitudes in the solar atmosphere at the same time and provides us with a large set of constraints to
study the behaviour of the magnetic field. This paper is devoted to the SrI line which exhibits quite a strong
linear polarization peak outside active regions. A detailed radiative transfer modeling is performed in order to
interpret the observed center-to-limb variations of the line intensity and polarization. It was shown previously
(Faurobert-Scholl 1993) that this line, which is sensitive to the Hanle effect, can be used as a diagnostic tool for the
presence of weak turbulent magnetic fields in the solar photosphere outside active regions. The line polarization
rates that we measured in July 2000 are 25% lower than what has been reported previously, for observations
near the minimum, or in the increasing phase, of the activity cycle (Stenflo et al. 1980). They are in agreement
with other observations performed with a different observational set-up in August 2000 (Bommier & Molodij
2001). We show that they are consistent with the presence of a weak turbulent magnetic field with an average
strength between 20 G and 30 G in the upper solar photosphere. This is about twice the value which was derived
from previous observations. This result raises the possiblity of a long-term variation of the turbulent photospheric

magnetic field with the activity cycle.
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1. Introduction

THEMIS has been especially designed for precise mea-
surements of the vector magnetic field, simultaneously in
several spectral bands chosen inside a large spectral do-
main. Its design minimizes instrumental polarization. See
Arnaud et al. (1998) for a description of this telescope.
It is thus particulary well suited for observations of linear
scattering polarization outside active regions which forms
the so-called second solar spectrum (Stenflo et al. 1997).
There is no cross-talk from I to the other Stokes param-
eters which is a condition for a precise determination of
the polarization zero level. This is important as, near the
limb, continuum polarization is no longer negligeable when
compared to the polarization of most of the lines and it
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has to be taken into account to determine the polariza-
tion zero level. The absence of cross-talk makes also the
polarization measurements insensitive to detector system
non-linearities.

An atlas of the linear polarization of the solar spec-
trum observed close to the limb outside active regions has
been published recently (Gandorfer 2000). It was obtained
with the ZIMPOL II polarimeter at IRSOL in Locarno. It
shows that a large number of spectral lines are linearly
polarized with polarization features which are quite dif-
ferent to the intensity spectrum. A first presentation of
the observations that we carried out at THEMIS in July
2000 for several spectral domains of the second solar spec-
trum is given in Arnaud et al. (2001). For most of the
lines which are detected, the polarization mechanisms are
still under debate. However, this is not the case for the
now well understood polarization in the Sr I line, which
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exhibits one of the largest polarization of the second solar
spectrum. This line is a normal triplet, and it is formed
by multiple scattering in the solar photosphere. Its radia-
tive transfer modeling has first been presented in detail
in Faurobert-Scholl (1993) taking into account the depo-
larizing Hanle effect due to a weak turbulent magnetic
field. This provides a diagnostic tool for turbulent mag-
netic fields which do not give rise to a measurable Zeeman
effect because they have a mixed polarity at small scales.
However the diagnostic relies on a precise calculation of
the polarization rate expected in the absence of a mag-
netic field. This requires a good knowledge of the atmo-
spheric model for quiet regions and precise values for the
cross-section of depolarizing collisions. Atmospheric mod-
els are indeed reliable for the solar quiet photosphere and
precise numerical calculations of collisional cross-sections
have been performed for this line (see Faurobert-Scholl
et al. 1995; Faurobert-Scholl 1996). The radiative trans-
fer modeling has been controlled with the center-to-limb
variations of the intensity profiles, which are not sensitive
to weak magnetic fields.

In the following section we describe our observational
set-up and we discuss some instrumental problems which
limit the accuracy of the polarization measurements. We
show that the main limitation is due to residual fringes
which cannot be completely eliminated by the reduction
procedure. Presently we estimate the accuracy on polar-
ization rates to 0.5 x 1073 (0.05%), however the noise level
is lower by a factor 10. We give the center-to-limb varia-
tions of the polarization rate observed between one arcsec
and 100 arcsec from the solar limb. The results are signif-
icantly smaller than those obtained at different periods of
the activity cycle.

The third section is devoted to the radiative trans-
fer modeling of the line intensity and linear polarization.
The observed polarization rates are between 60% and 80%
of the value which is expected in the absence of a mag-
netic field. We show that the center-to-limb variations
of the depolarization reflect the depth-dependence of a
“depolarization factor” which depends on the magnetic
strength and on the depolarizing collision rate. The range
of limb distances that were investigated gives access to the
layer between 260 km and 380 km above the depth where
75000 = 1. The depolarization is consistent with the pres-
ence of a weak turbulent magnetic field between 20 G and
30 G in this region.

2. Observations
2.1. Observational procedure

We report here on observations performed with THEMIS
on July 2, 2000. The observations were made for slit posi-
tions very close to the solar south Pole for one part and to
the east Equator for the other part, under excellent seeing
conditions during the morning.

The polarization analysis package of THEMIS (cf.
Paletou & Molodij 2001) consists of two identical Fichou
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achromatic quarter-wave elements, made up of two plates
in quartz and in MgF5, followed by a calcite beam splitter.
Two beams of orthogonal polarization exit the polarime-
ter and go through the spectrometer for spectral analysis.
They are recorded on one single CCD.

In principle the polarization signal is given by the dif-
ference between the two beams, but differences between
the two optical paths and pixel to pixel variations of the
sensitivity in the two parts of the detector will also con-
tribute to the signal. However high precision spectropo-
larimetry can be achieved with such a system by applying
the beam exchange technique (Semel 1994; Donati et al.
1990).

At THEMIS, up to summer 2000, the fast axis of the
quater-wave plates could be oriented only at three differ-
ent angular positions, namely at 0°, 22.5° and 45°. With
this limitation the beam exchange technique was possible
for one Stokes parameter only. We were interested in a
precise determination of the center-to-limb variations of
the Stokes parameter (). This parameter is defined in a
standard way, with respect to a system of axis parallel
and perpendicular to the solar limb, so that positive @
represents linear polarization parallel to the solar limb.
In this reference system, for symmetry reasons, both U
and V are zero in regions where there is no net magnetic
flux. In order to perform beam exchange measurements
for Stokes @), with the available configuration of the quar-
ter wave plates, we had to orientate the entrance slit in
a direction making an angle of 45° with the solar limb
direction.

Four different polarization measurements were per-
formed sequentially, I+ @, I +U, I+V and IFQ were
recorded for the two beams. We used exposure times be-
tween 0.9 and 2 s and repeated the sequence at least
25 times to accumulate enough photons for the required
sensitivity. The Stokes parameter () was obtained by com-
bining the first and the fourth image of each beam. This
avoids any spurious signal induced by differences between
the two beams but, as the two images are taken with a
time delay of a few seconds, we have to take into account
seeing-induced cross talk from I to Q.

Let us define the ratio of image 1 and image 4, for each
beam, denoted by a and b respectively,

_I—FQ—'—OQI _I—Q—OQI. (1)
T T 0wl " T TrQfasl
The terms o o1 represent cross talk from I to @) at the two

successive times where the images 1 and 4 were recorded.
The linear polarization rate p = /I is then obtained by
1—rap

1+ Ta,b (2)
Notice that in the absence of cross talk these expressions
give exactly the polarization rate /I, without any re-
striction to small polarization rates. Taking into account
Eq. (1) and neglecting a4 2 as compared to I in the de-
nominator, we obtain

B Q (o1 + a2)
Pa,b = T + # (3)
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Then we averaged the results of the two beams to obtain
the polarization rate as

pa+pb
p=—a (4)

This increases the signal-to-noise ratio and makes the sig-
nal free from the cross-talk terms which are eliminated.

The polarization rate Q/I is determined from the ra-
tio of images corresponding to the same beam but with
two different configurations of the quarter wave plates.
All the images were destretched so as to have the spa-
tial resolution exactly along the detector columns and the
spectral one along the rows. In principle with the method
that we implemented it is unnecessary to correct the im-
ages for flat-field gain tables. However, this is not the case
because the images are affected by the presence of inter-
ference fringes which are different for different positions of
the quater wave plates and which slowly change with time.
So we do have to correct each image by a flat-field table.
This is described in the section devoted to data reduction.

We could not apply the beam exchange method to all
the Stokes parameters because of the limitations of the
first polarimeter on THEMIS. So more residual instrumen-
tal effects are present in the Stokes parameters, U and V.
In this paper, we present the results for Q.

As scattering polarization decreases very fast with limb
distance it is important to precisely know the distance to
the limb, as well as to take into account the image smear-
ing. This is also required to be able to compare scatter-
ing polarization measurements obtained very close to the
limb, at different times, in different observing conditions.
When observing very near to it, we kept the solar limb
inside the slit field of view. We define the limb position
by the inflexion point in the continuum intensity profile
at the limb. Its location in the image can be determined
with an accuracy better than half a pixel. Taking into
account the inclination of the entrance slit, one pixel rep-
resents 0.28 arcsec in the direction perpendicular to the
limb. For limb distances larger than the slit length, where
the limb is not on the image, we first take a short series of
images at the limb and we rely on the polar coordinates
given by the guiding system of the telescope to move the
telescope radially to a given distance inside the disk. In
order to increase the signal to noise ratio, we average over
a small interval of 1 to 2 arcsec along the slit. This aver-
aging has a similar smoothing effect as image motion and
smearing: it reduces the spatial resolution in the direction
perpendicular to the limb. The values of p which are given
in Table 1 are the mean values for each interval.

2.2. Instrumental effects
2.2.1. Stray light

To estimate the stray light we compared our observations
to FTS observations published by Stenflo et al. (1983),
FTS observations can be considered free from stray light.
This comparison was done for the 460.7 nm Sr1 line and
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for the Na1 Dy line at p = 0.1 which corresponds to a
limb distance of 5 arcsec. A stray light upper limit of 1.5%
of the continuum has been estimated for Sri1 line and of
less than 1% for the sodium line. On the other hand, the
comparison of the observed intensity profiles with a radia-
tive transfer modeling indicates that the stray ligth level
slightly increases when 1 decreases, reaching values of the
order of 2% at p = 0.05.

2.2.2. Instrumental polarization

No instrumental cross-talk among the Stokes parameters
has been observed. We made some investigation of a pos-
sible depolarization due to birefringence occuring in the
windows enclosing the helium filled tube of the telescope.
In very clear sky conditions, frequent at Izania, sky bright-
ness is mainly due to molecular Rayleigh scattering and is
highly linearly polarized in the direction radial to the solar
direction. In the red, the polarization rate can reach 70%
to 80%, at 90° from the Sun (Coulson 1988). We measured
this polarization, with a red filter with a 5 nm bandpass,
simultaneously with THEMIS and with a small polarime-
ter fed with a 4 cm lens, pointed directly to the sky. The
comparison of the results shows that, if any depolariza-
tion occurs, its level is below the accuracy of the measure-
ments of our testing device (better than 5%). Moreover,
the comparison of our measurements with those performed
at Locarno with Zimpol IT (Gandorfer 2000) in the sodium
lines (the strontium line was not in the observed domain
with Zimpol) are in very good agreement so we are quite
confident about the absence of any depolarization by the
entrance and exit windows of THEMIS.

2.2.3. Fringes

With many plane parallel optical surfaces, fringes are un-
avoidable. They change when the retarders rotate so they
do not cancel out while computing the Stokes parameters.
Flat-fielding, in principle not necessary with the beam ex-
change technique, is here in fact very useful as it removes
the fringes to a large extent, but not completly, as they
are not perfectly stable.

The peak to peak amplitude of their residual after flat-
fielding is of the order of 10=2 of the continuum intensity
(Ic) at 460 nm. They can be afterwards reduced further,
for instance by Fourier filtering. However, such data pro-
cessing can also affect the signal. We shall describe in the
following the procedure that we used to reduce the resid-
ual fringes at a level of 0.05%. Fringes are presently an
important limitation of the polarimetric precision.

2.3. Data reduction procedure

The classical photometric corrections, dark current sub-
traction and flat-field division, have been first applied to
the data. The flat-field images have been built up from
scans made while the telescope was moving in a way to
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have the solar image describing a pseudo-ellipse centered
near the disc center. The telescope pointing direction and
the angular size of the pseudo-ellipse were chosen to avoid
active regions across the slit field of view. This was not
an easy task, the Sun being very active at this time. The
images of the flat-field scans were stacked for each of the
four retarder positions used for the observations.

The four resulting flat-field images, corresponding to
the four positions of the retarder, contain spectral features
along the row axis, that have to be removed in order to get
flat-field gain tables. This is achieved in a standard way.
Each image is divided by the mean spectrum obtained by
averaging over the rows. This provides four flat-field gain
tables where one can see several fringes systems, with var-
ious orientations and interfringe spacing. However, we do
not get in these tables the components of the fringes which
lie along the row axis because they are removed when we
divide by the average spectrum. When dividing the near
limb images by the flat-field gain tables, fringes are re-
duced by about one order of magnitude (they do not com-
pletly vanish because they are not perfectly stable). The
flat-fielded images are then recentered in the spectral di-
rection (along the rows) and when it was possible to use
the limb for this purpose, also in the spatial one, in a way
to limit image smearing due to image motions and point-
ing drifts. Then the polarization is extracted as explained
above. As flat-fielding does not correct the fringes along
the row axis, we get a modulation, of the order of 0.6%
peak to peak, added to the @/I profiles (see Fig. 1).

We used the following method to reduce it to an ac-
ceptable level. Let us consider the images that are used to
obtain the flat-field gain tables; we can compute pseudo
Q/I profiles by using Egs. (1) to (4). They should be zero
because the flat-field images are obtained in such a way
that they should not be polarized. The pseudo Q/I sig-
nal that we obtain is due to the presence of fringes and
possibly other instrumental effects. So the average spectra
obtained by averaging over the rows contain the compo-
nents of the fringes along the spectral axis. These pseudo
mean @Q/I profiles are subtracted from the Q/I profiles
obtained for the data. The result of this correction proce-
dure is shown in Fig. 1 for the Srl line. The modulation of
the polarization profile appears clearly on the dot-dashed
curve. Its is quite well removed when one subtracts the
fringe present in the flat-field average row, as explained
previously. The residual fringes that we can see in the con-
tinuum have a peak to peak amplitude of about 0.05%.

2.4. Results

The Strontium I 460.7 nm line has one of the largest po-
larization rates of the second solar spectrum. Its linear
polarization has been measured first by Wiehr (1978). It
has been extensively observed by Stenflo and co-workers
who reported on its center to limb variations (Stenflo
et al. 1980) as well as on a variability of the polarization
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Fig. 1. I (dotted line) and Q/I profiles at p = 0.1. The dashed-
dotted line represents the Q/I profile before correction of the
fringe present in the flat-field average row. About one half pe-
riod of this fringe is visible in the wavelength range of the
figure. Its peak to peak amplitude is about 1%. The flat-field
correction allows to reduce by one order of magnitude the am-
plitude of all the fringes, except for this one. The full line dis-
plays the Q/I profile after subtraction of the flat field “pseudo
Q/I”, as explained in the text. It can be noticed that one effect
of this fringe, which is also corrected, is a weak spurious pos-
itive @ signal in the 460.76 nm Fel line in place of the actual
continuum depolarization.
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Fig. 2. Polarization profiles of the SrI 460.73 nm at 5 dis-
tances from the solar limb: 1.3 arcsec (p = 0.05), full line;
5 arcsec (¢ = 0.10), dashed line; 19.5 arcsec (p = 0.20), full
line; 50 arcsec (p = 0.32), dashed line; 96 arcsec (p = 0.44),
full line and the intensity at g = 0.20 in arbitrary units (dotted
line). The continuum depolarization in the Fel 460.76 nm line
is visible near the solar limb. Fringe residuals make the con-
tinuum polarization difficult to measure. The Q/I continuum
level is determined as explained in the text.

amplitude (Stenflo et al. 1997), which is likely due to spa-
tially changing Hanle depolarization.

The ZIMPOL 1994 and the IRSOL 1995 observations
reported by Stenflo et al. (1997) display polarization val-
ues between 1.55% and 1.95% very near to the limb and
between 0.7% and 1.05% at p = 0.20 (1 = cos®).
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Table 1. Variations with p of Q/I, in units of 10™* for the
406.7 nm Sr1 line center and continuum.

I Sr1 Cont.
460.73 nm 460 nm
0.05 123 19
0.08 107 14
0.10 95 11
0.13 81 9
0.15 69 7.4
0.18 61 6.2
0.20 53 5.4
0.23 46 4.6
0.29 39 3.4
0.32 37 2.9
0.35 33 2.6
0.44 23 1.8

We measured polarization values of 1.23% at u = 0.05
and of 0.53% at u = 0.2. They are in good agreement with
other recent THEMIS observations (Bommier & Molodij
2001).

Those differences may come from magnetic field vari-
ations inducing different Hanle depolarizations or from
other physical changes in the solar atmosphere.

Figure 2 shows the /I polarization profiles that we
derived for 5 limb distances, and Tablel gives the value
of the line core polarization that we obtain for all the
observed limb distances.

The Q/I continuum level is, as it is visible in Fig. 2,
too much affected by fringe residuals to be accurately mea-
sured. So we determined an average continuum polariza-
tion level (by a simple averaging over the fringe residuals)
and we adjusted its value to the one which is calculated
with the radiative transfer modeling described in the fol-
lowing section. The calculated continuum polarization is
given in Table 1. To obtain the value of the polarization
peak we first measure the amplitude of the peak above the
average continuum level and we add it to the continuum
polarization derived from the model. The inaccuracy in
the determination of the average continuum level, due to
fringe residuals, is thus the main source of inaccuracy in
the value of the polarization peak.

3. Radiative transfer modeling

The Srl line at 460.7 nm is a resonance line and a nor-
mal triplet. Its radiative de-excitation rate is quite large
I'k = 2.01 x 10® s~!. Therefore, although it is formed
in the photosphere, radiative transitions dominate over
collisional transitions. Photon scattering is thus the domi-
nant mechanism for the line formation. The intensity and
polarization profiles, together with continuum intensity
and polarization, are calculated as described in Faurobert-
Scholl (1993) and Faurobert-Scholl et al. (1995). Let us
first briefly recall the main steps of these calculations.

Investigation of weak solar magnetic fields
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3.1. Method of modeling

We proceed in two steps. First, the line and continuum
intensities are obtained by a non-LTE caculation where
the polarization is neglected. For that we use the MULTI
code of Carlson with a quite simple atomic model for the
Strontium atom (see Faurobert-Scholl 1993). This pro-
vides us with the line optical depth scale as a function
of the altitude in the photosphere and allows us to calcu-
late creation and destruction coefficients for the equivalent
two-level atom form of the line source function. This two-
level atom formalism is then used to calculate the scatter-
ing polarization. This is justified because the line is mainly
formed by absorptions and emissions between the upper
and lower atomic levels of the transition. The polarized
line source function is a two-component vector for the two
Stokes parameter I and @ (U and V' are vanishing in the
absence of a net magnetic vector), namely

Sp(1,2,9Q) = [Jse + (€'B+nB")U/(1+ " +1n), (5)

where Jg. denotes the scattering term, B is the Planck
function and U is the vector (1,0)". As usual 7 is the line
integrated optical depth, x is the frequency measured from
line center in Doppler width units and €2 is the propagation
direction of photons. The expression (5) has the same form
as for a two-level atom with an additional creation term
nB* and a sink term n which are due to the coupling with
the continuum.

Scattering of photons leads to both partial frequency
redistribution and linear polarization. The scattering term

is given by
/+oo / 4oy

R(z,2',Q,Q, B

Jse(T,2,8)
B)I(r,2',QY), (6)

where R is the redistribution matrix, I is the Stokes vec-
tor of the radiation field, I = (I,Q)" and ¢(z) is the
absorption profile. The exact derivation of the redistribu-
tion matrix in the presence of magnetic fields and colli-
sions was achieved recently by Bommier (1997a,b) (see
also Bommier & Stenflo 1999 for an illustrative classical
approach). It leads to complex analytical expressions for
the redistribution matrix, because frequency redistribu-
tion is coupled to angular and polarization redistribution.

The behaviour of the redistribution matrix depends
on 2D frequency domains referred to as the “core” and
the “wing” domains whose boundaries depend both on
2z and 2/. The definition of these domains is given in
Bommier (1997b) (see also Faurobert et al. 2001). However
it was shown numerically that in non-magnetic media or
in the presence of a turbulent magnetic field angle-average
approximations may be safely used (see Faurobert et al.
2001). Moreover, in these cases one can also use a simple
definition of the core domain as x < z., where z. is a cut
off frequency of the order of a few Doppler widths and x
is the emergent frequency (see Faurobert et al. 1999). In
each domain, angular and polarization redistribution are
decoupled from frequency redistribution.
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For a normal triplet, in the line core, we have

R(z,2',Q,Y) = [yRu(z,2') + bRuu(z,2')|Pu(Q,, B)
+cRii(x, 2") P, (7)

where PH denotes the Hanle phase matrix and 1515 the
isotropic phase matrix; 7, b and ¢ are branching ratio co-
efficients which depend on the radiative and collisional
transition rates. Their expressions are given in Faurobert-
Scholl (1993). Ry and Ry are angle-averaged frequency
redistribution functions referring respectively to coherent
and incoherent scattering. In the wing domain we have a
similar expression but the Hanle phase matrix is replaced
by the Rayleigh phase matrix.

In the presence of a weak turbulent magnetic field, the
Hanle phase matrix reduces to
Pu(Q,9Y,B) = Py + ZWQWBP@) (Q, Q). (8)
In this equation W5 is a numerical constant which depends
on the quantum numbers J and J’ of the upper and lower
levels of the line transition. It is equal to unity for a normal
triplet. Wp is a depolarization factor which depends on
the average strength of the turbulent magnetic field and
on the depolarizing collision rate. It is given by

1+443 )7

0
Wg=1-04 +
o (HV%

where ~yy is the so-called Hanle parameter,

v = 0.88¢; (10)

B

Tr 1 DO’
where gy is the Landé factor of the upper level, I'r is
the radiative transition rate and D) is the depolarizing
collision rate, both given in units of 107 s~!; for the Srl
460.7 nm line I'r = 20.1 in this unit. The sensitivity do-
main of the line to the Hanle effect corresponds to vg = 1,
i.e. to magnetic fields of about 20 G. Depolarizing colli-
sions are mainly due to neutral hydrogen. We recall that
the collision rate may be written as (see Faurobert-Scholl
et al. 1995)

D) = 1.37Ng(T/5000)°1¢, (11)

where Ny is the neutral hydrogen density and T the tem-
perature.

In a plane parallel atmosphere with a turbulent
isotropic magnetic field, the radiation field is symmet-
rical with respect to the vertical direction. The ma-
trix P (Q, Q) reduces to a 2 x 2 matrix denoted by
P0(2) (u, p) which depends only on the cosines p and p' of
colatitudes for the incoming and outgoing directions

(2
PO( ) (Ma ,LL/ =
L(G=2)(1=3u%) (1=30))(1 =)\
2 \ (1= p2)(1—302) 31— p2)(1— )
The isotropic phase matrix has only one non-zero element,

ﬁ’is(l, 1) = 1. This matrix does not give rise to polariza-
tion.

——

— W
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We see from Egs. (8) to (10) that the phase matrix
is very similar to the Rayleigh phase matrix except for
the additional depolarization factor W which is equal to
unity when B = 0 and smaller that one in the presence of
a turbulent magnetic field.

We also take into account the polarization in the con-
tinuum spectrum, which is due to Thomson scattering
by free electrons and to Rayleigh scattering by hydrogen
molecules. For both processes the scattering phase matrix
is of the Rayleigh type. The continuum source function is
written

+oo /!
S = [kaBU + kg / /dQ

PR Q/ Q (’T LL' Q/)]/(ka+ksC)a (13>

where k, is the continuum absorption coefficient and kg
is the scattering coefficient.

The scattering and absorption coefficients of the quiet
solar atmosphere in the line frequency range are calculated
as in MULTT with the Uppsala opacity package.

3.2. Intensity and polarization profiles

We use the atmospheric model of Fontenla et al. (1993,
Model C) with a microturbulent velocity of 1 km ~! in
the upper photosphere. The polarized radiative transfer
equation with partial frequency redistribution is solved as
described in Faurobert-Scholl (1993). The intensity and
polarization profiles are convolved with a Gaussian profile
in order to simulate the smearing effect of macroturbulent
velocities in the photosphere and finite spectral resolution.
A good fitting of the intensity profiles observed close to
the solar limb is achieved with macroturbulent velocities
of 2.5 km 1.

Figure 3 shows the comparison between the calculation
and the intensity profiles observed at p = 0.05, 0.10, 0.18
and 0.44. For p = 0.05 we had to take into account a
fraction of stray light of 2% of the continuum intensity in
order to get a good fit of the intensity in the line core.

Figure 4 is devoted to the linear polarization profiles.
We compare the observed profiles with those which are
derived from the model without any magnetic field. This
shows that the observed polarization rates are smaller
than the polarization calculated with a non-magnetic
model.

In the following we shall assume that the depolariza-
tion is due to the Hanle effect of a turbulent weak magnetic
field. Figure 5 shows the same quantities as in Fig. 4, but
for a model that takes into account the depolarizing Hanle
effect due to a depth-independent turbulent magnetic field
of 25 G. Quite a good agreement with the observed profiles
is now obtained.

3.3. Sensitivity of the diagnostics to the magnetic
strength

In this section we address the question of the sensitiv-
ity of the Hanle effect diagnostics. First, we define the
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Fig. 3. Intensity profiles of the Sr1 460.73 nm line at 4 dis-
tances from the solar limb: p = 0.05, 0.1, 0.18 and 0.44. The
dashed lines refer to the observed profiles, full lines show the
results of the radiative transfer modeling.
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Fig. 4. Polarization profiles of the Sr1460.73 nm line at 4 dis-
tances from the solar limb: p = 0.05, 0.1, 0.18 and 0.44. The
dashed lines refer to the observed profiles, full lines show the
results of the radiative transfer modeling with B = 0.

depolarization as the ratio of the line core polarization in
the presence of a magnetic field and of the non-magnetic
polarization, < Qp >/< Qo >. The brackets mean that
we consider an average value of the polarization over a
frequency band in the line core. We checked that the de-
polarization is not very sensitive to the width of the fre-
quency band if we keep it smaller or equal to the width of
the line core. The results which are shown in the following
are obtained for a band-width of 40 mA. This averaging
is aimed at smoothing the observed profiles over several
pixels of the frequency grid (the pixel size is 15 mA).
The Hanle effect does not depend on frequency, as
shown by Eq. (8). The effect of a turbulent magnetic field
on the phase matrix is contained in the coefficient Wpg
which multiplies with the matrix ]50(2). Thus, in the case
where the emergent polarization is created by one single
scattering in the atmosphere the depolarization is equal
to the value of Wy at the depth point where the scat-
tering occurs. The depolarization is then sensitive to the
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Fig. 5. Polarization profiles of the Sr1 line. Same as in Fig. 4
but for B =25 G.

value of the magnetic field at the corresponding depth.
The Strontium line is formed by multiple scattering, but
this is not a very thick line so the number of scatterings by
line photons in the photosphere is small. Figure 6 shows
that < Qp >/< Qo >~ Wpg(T = u), i.e. that the depo-
larization as a function of u is very close to the coefficient
W as a function of the line optical depth 7. The reason is
that < Qp > and < )y > scale as the second component
of the emissivity vector defined in Eq. (6), which is pro-
portional to Wp. As we already noticed, in the presence
of a turbulent magnetic field, the Hanle phase matrix is
identical to the Rayleigh phase matrix, except for the de-
polarizing factor Wg, so the ratio < Qp >/< Qo > takes
the value of Wg at the optical depths where the emergent
polarization is formed. For values of 1 between 0.05 and
0.44 the corresponding depths are between 380 km and
260 km above the depth where 15000 = 1.

The depolarizing coefficient Wp is related to the Hanle
parameter vy which depends on the square of the mag-
netic strength. We checked that the response function of
the depolarization to a small variation of B? at one point
in the atmosphere is a very narrow peak localized at the
perturbation depth. This is not a surprising result because
it is well known that the Hanle effect is a local effect.

The observed points are shown on the lower panel of
Fig. 6. Their center-to-limb variations are well represented
by the Hanle depolarization due to turbulent magnetic
fields between 20 G and 30 G located in the upper pho-
tosphere, between 260 km and 380 km. The scatter of the
observed points does not allow us to measure any gradient
of the magnetic strength in this layer.

4, Conclusions

The results which are presented here lead to the question
of a possible variation of the turbulent photospheric mag-
netic field with the solar activity cycle. The origin of the
turbulent field is still under debate (Cattaneo 1999). It
could be due either to a local small scale dynamo in the
photosphere, or to an alpha-omega dynamo acting just
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Fig.6. Upper panel: variations of the depolarization coeffi-
cient Wg defined in Eq. (9) as function of the line optical thick-
ness 7. The selected range for T corresponds to the values of
u where the line depolarization has been measured. The three
curves correspond to three values of the magnetic strength B,
dashed line: B = 20 G, dot-dashed line: B = 25 G, double-
dot-dashed line: B = 30 G. Lower panel: variation of the line
depolarization as a function of y for the same three values of B.
The asterisks show the observed points.

below the photosphere. It could also be the result of the
dissipation of the magnetic fields of sunspots by an ef-
fective magnetic diffusivity. This third mechanism would
certainly contribute to an increase of the turbulent field
during the maxima of solar activity. But the other two
mechanisms could also be enhanced during activity max-
ima. Global changes in the dynamics and thermodynamics
of the Sun are observed in correlation with the activity cy-
cle, affecting for example the solar radius and its luminos-
ity. The so-called “quiet regions” are likely to be sensitive
to such changes as well.

Observational studies of the long term variations of the
photospheric turbulent magnetic field should be continued
with a single well calibrated instrument in order to confirm
this variability.
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