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Abstract. We present center-to-limb measurements of the scattering polarization observed in molecular lines of C2 and MgH
in the spectral range between 515.7 and 516.1 nm, together with a radiative transfer model for the formation of these lines. The
observations were performed in July 2000 with THEMIS inside the south polar limb. We were able to measure the polarization at
distances between 1 arcsec and 50 arcsec from the solar limb. The lines appear as very weak absorption features in the intensity
spectrum but their linear polarization clearly dominates in the polarization spectrum. We introduce here a simple radiative
transfer model which allows to interpret the observed center-to-limb variations of both the intensity and linear polarization.
The basic assumption is that molecular lines are formed higher in the photosphere than the continuous photospheric radiation.
Molecules are thus illuminated by the polarized continuum photospheric radiation field. We account for a possible Hanle effect
due to weak unresolved magnetic fields but we neglect depolarizing collisions. The model depends on four parameters which
are determined by fitting both the intensity and polarization in 9 molecular lines of the observed spectral domain. Making use
of the differential Hanle effect in the different lines of C2 we show that the C2 lines are affected by the Hanle effect due to a
weak unresolved magnetic field. Its mean strength is on the order of 15 Gauss in the upper photosphere and increases to values
on the order of 50 Gauss at larger depths. These results are in good agreement with those derived previously (Faurobert et al.
2001) from the linear polarization of the SrI 460.7 nm line which was observed simultaneously. Such a weak field has almost
no effect on the MgH lines.
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1. Introduction

In a previous paper (Faurobert & Arnaud 2001 hereafter
Paper I) we reported on observations of the scattering polariza-
tion in molecular emission line observed off-limb, in the low
chromosphere with THEMIS. The present paper is devoted to
the center-to-limb variation of the linear polarization measured
in the same molecular lines when they are observed on the
solar disk, as absorption lines. Such observations were first per-
formed by Stenflo et al. (1997) with the ZIMPOL polarime-
ter at Kitt Peak, but for a smaller range of limb-distances
(between 10 arcsec and 20 arcsec from the limb). The linear po-
larization sharply decreases when the limb distance increases,
so that its measurements at large limb distances requires very
accurate polarimetry. THEMIS is a telescope which was spe-
cially designed for precise measurements of the polarization in
the visible solar spectrum (see Arnaud et al. 1998), we present
here spectro-polarimetric observations with a polarimetric sen-
sitivity reaching the order of 10−5. This allows to investigate
the center-to-limb variation of the linear polarization in the
molecular lines on a larger domain, namely for limb distances
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between 1 arcsec and 40 arcsec. This corresponds to cosines of
the heliocentric angle between 0.05 and 0.33. We also observed
linear polarization for larger limb-distances but the accuracy
of the measurements is degraded by the presence of residual
fringes.

In the second part of this paper we give some details about
the observing set-up and reduction procedures and we present
the observed intensity and polarization spectra. We show that
the accuracy of the polarimetric measurements is mainly lim-
ited by the presence of residual fringes in the polarization
spectrum.

In the third part we introduce a simple radiative transfer
model which allows to interpret the observations. The molec-
ular line forming region is assumed to be a thin layer which
is illuminated by the continuum photospheric radiation field,
formed below. The incident radiation is polarized due to scat-
tering by free electrons and hydrogen atoms in the photosphere.
It is considered as a known quantity, which is derived from an
independent radiative transfer calculation of the continuum ra-
diation in the solar photosphere. The incident radiation field is
either absorbed or scattered by the molecules. We can consider
the radiation field as the superposition of a diffuse radiation
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and of a directly transmitted one. This approach is standard for
example in planetary atmosphere modeling (see Chandrasekar
1960). The source function for the diffuse radiation field con-
tains a scattering term and a thermal emission term. We pro-
pose an approximate form for the source function based on
the assumption that the molecular layer is optically thin. The
emergent radiation field is then obtained by an integration of
the source function along the line of sight. We obtain analyti-
cal expressions for the intensity and polarization as functions
of the heliocentric angle. They are very fast to compute even
for a large set of model grids.

Let us notice that this model is slightly different from the
one we used in PaperI, first because we did not take into ac-
count the polarization of the photospheric incident radiation
and also because we neglected the attenuation of the transmit-
ted radiation inside the slab. This first approach was valid for
emission lines formed by single scattering in a very thin slab.

The present model is more accurate, it relies on four pa-
rameters, namely the optical thickness of the molecular layer,
the value of the Planck function, the fraction of molecular scat-
tering with respect to absorption processes and the Hanle de-
polarization coefficient. A parameter study of the model is per-
formed for typical ranges of the parameter values. Then we
compare the results to the center-to-limb variations of both the
intensity and linear polarization observed in 9 molecular lines
inside our spectral domain. We recall that this domain contains
2 MgH lines and 4 triplet lines of C2. The P1 and P2 compo-
nents of the triplets are blended, they are treated as one single
line, whereas the P3 lines are well separated. The most sensi-
tive parameters for the line intensity are the Planck function
and the optical thickness of the layer, they can be adjusted
to fit the observed center-to-limb variations. The polarization
also depends on the product of the scattering and Hanle coef-
ficients. Its value may be determined from the observations. In
order to go further and distinguish between scattering polariza-
tion and Hanle effect we compare the polarization observed in
C2 blended and unblended lines which have different effective
Landé factors. We show that their polarization ratio is different
from what is expected in the absence of Hanle effect. As all the
triplet lines of C2 have the same radiative transition rate and
probably the same sensitivity to depolarizing collisions as well
but a different sensitivity to the Hanle effect, the polarization
ratio of blended and unblended lines depends on the magnetic
strength only. This is an ideal case for implementing a diagnos-
tics procedure based on the so-called differential Hanle effect
(see Stenflo et al. 1998).

The Landé factors and life-times of the relevent molecular
levels are given in Table 2 (from Berdyugina 2003), from these
values we derive that the sensitivity domains to the Hanle ef-
fect are for magnetic fields on the order of 28 Gauss, 56 Gauss
and of 160 Gauss respectively for theP3 lines of C2, for the
blendedP1 andP2 lines and for the MgH lines. By measuring
the differential Hanle effect we derive the depolarization factor
for the C2 lines, and the mean strength of the weak unresolved
magnetic field. We obtain values between 0. and 15 Gauss in
the upper photosphere, at limb-distances between 1 arcsec and
20 arcsec, and larger values on the order of 45 Gauss at limb-
distances of 40 arcsec corresponding to deeper regions in the

photosphere. This is in quite good agreement with the values
between 20 Gauss and 30 Gauss derived previously from the
linear polarization of the SrI line at 460.7 nm (Faurobert et al.
2001) which was observed simultaneously.

Such a weak field has almost no effect on the polarization
in the MgH lines.

2. Observations

The observations were made for slit positions very close to the
solar south pole under good seeing conditions. The polariza-
tion analysis package of THEMIS (cf. Paletou & Molodij 2001)
consists in two identical Fichou achromatic quarter-wave ele-
ments, each made up of two plates in quartz and in MgF2, fol-
lowed by a calcite beam splitter. Two beams of orthogonal po-
larization exit the polarimeter and go through the spectrometer
for spectral analysis. They were recorded on one single CCD.
High precision spectropolarimetry can be achieved with such a
system by applying the beam exchange technique (Semel 1994;
Donati et al. 1990). The beam exchange was at the time of
the observations only possible for one of the linear polariza-
tion Stokes parameter. We performed it for the Stokes param-
eterQ. This implied to orientate the slit at 45◦ from the solar
limb direction. The parameterQ is defined in a standard way,
with respect to a system of axis parallel and perpendicular to
the solar limb (see next section). In this reference system, for
symmetry reasons, bothU andV are equal to zero in regions
where there is no net magnetic flux. We could check that in the
regions where we observed,U andV are indeed below our de-
tection limit, less than one order of magnitude smaller thanQ.
Let us notice that we always observed linear polarization paral-
lel to the solar limb, which corresponds to negative values ofQ,
according to the standard definition of Chandrasekhar. In this
paper we thus show−Q in all the figures, this allows a more
clear presentation of the results.

For observations up to 20 arcsec from the solar limb, we
kept the limb inside the slit field of view (Fig. 1). and with the
slit direction at 45◦ of the solar limb. The slit width is 0.5 arcsec
and the pixel size is 0.28 arcsec in the direction perpendicular
to the limb. The spectral resolution is of 1.6 pm per pixel. The
solar limb position is defined as the inflexion point of the limb
darkening curve.

The observation procedure we used, together with the re-
duction technique that we applied, are described in details in
Faurobert et al. (2001). The exposure time was of 2 s and
we added 300 polarization sequences to accumulate enough
photons to reach an adequate polarimetric sensitivity. A polar-
ization sequence consists, for each beam, in four images, one
for each of the four different orientations of the quarter-waves
plates we used (for each image, one getsI + or − an other
Stokes parameter,± means that the sign is+ for the first beam
and− for the second beam,∓ meaning the reverse):

S0 = I ± Q, S1 = I ∓ Q, S2 = I ± U,

S3 = I ∓ V.

Actually, the Fichou elements are not perfectly achromatic so
not exactly quarter-wave at 5160 Å. For a retardation ofΦ in
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Fig. 1.From left to right and top to bottom: observedI ,−Q/I , U/I , V/I spectral images of the molecular lines domain.I does appear in emission
above the solar limb whereQ/I is also visible.Q/I decreases in absolute value with the distance from the limb and is, in the line core, of the
order of 10−3 at 5 arcsec inside the Sun and of 5×10−4 at 20 arcsec. OnU/I andV/I spectral images are only visible, mostly below the 5×10−4

level, fringes and line intensity residuals.

place of 90◦ the intensities obtained for the four images of a
polarization sequence, are now related toI , Q, U andV by:

S0 = I ± Q,

S1 = I ∓ Q(2 sin2Φ − 1)∓ 2V sinΦ cosΦ,

S2 = I ± QcosΦ ± U sin2Φ ∓ V sinΦ cosΦ,

S3 = I ± QcosΦ ∓ V sinΦ.

Φ being known, the four Stokes parameters can be easily com-
puted for each of the two beams, from the simple linear combi-
nations of the four measurements of a sequence which can be
deduced – for instance by inverting a 4× 4 matrix – from the
above linear relations. Adding all the polarization sequences
and combining the results obtained for each of the two beams,
we end up with Stokes parameters free of beam differences and
seeing effects. At 5160 Å,Φ = 95◦. For our observationsU and
V are at least an order of magnitude lower thanQ. In this case,
Q is almost not sensitive to this departure of the retarders from
quarter-wave.

A polarimetric sensitivity of 0.001% to 0.002% can be
achieved for such polarization sequences, with averaging over
a small interval ofµ (= cosθ), θ is the angle between the prop-
agation direction and the local solar radius.

Figure 2 shows the intensity spectrum, normalized by the
intensity Ic observed in the continuum at disk center, together
with −Q/I atµ = 0.33.

The flat-field images have been built up from scans made
while the telescope was moving in a way to have the solar im-
age describing a pseudo-ellipse centered near the solar disc,

in a location chosen to avoid active regions passing across the
field of view. The flat-field scans images were stacked for each
of the four retarder positions. The four resulting images were
destretched to have wavelength variations along the detector
rows and spatial variations along the columns. They were then
flattened in the usual way, dividing each image by its average
row in order to remove the spectral features. “Channel fringes”
(cf. Semel 2003) do form inside the analysis package. They can
be removed to a large extend, not perfecty, by flat-fielding, as
explained in Faurobert et al. (2001).

The Themis polarization analysis package is installed at the
first focus of this Ritchey-Chretien telescope, before any fold-
ing mirror. At this level, instrumental polarization may only
occurs from birefringency inside the closing windows of the
helium filled telescope tube. There is actually no evidence of
such effects which, anyway, can not produce cross-talk between
I and the other Stokes parameters. For this reason, Themis
is the only present time large solar telescope where the zero
polarization level should be obtained free of instrumental ef-
fects. This may allow continuum polarization measurements
which are very important for second solar spectrum obser-
vations where lines scattering polarization is of the same or-
der as continuum polarization. However, for the observations
reported here, continuum polarization is not very well mea-
sured due to fringe residuals which, more generally, limit the
polarimetric precision. It is why we still use model values
for continuum polarization. Figure 3 presents our continuum
polarization measurements, compared to the model polariza-
tion, both are very consistent (notice the oscillations of the
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Fig. 2. I , normalized by the intensityIc in the continuum at disk center and multiplied by 5× 10−4, (dashed-dotted line) and−Q/I atµ = 0.33.
Fringe residuals are present, at a level of 5× 10−5 peak to valley, the noise level forQ/I is about 1× 10−5.

Fig. 3. Continuum polarization measured for several values ofµ, and
(full line) the polarization obtained from the solar atmosphere model.
Measurements validate the model even if scattered by 4× 10−4 peak
to valley amplitude fringe residuals.

polarization with respect to the model curve, due to fringe
residuals). Continuous radiation polarization was measured by
Leroy (1972) and Mickey & Orrall (1974) but with broad-band
filters. Wiehr (1975) performed spectro-polarimetric measure-
ments but for different spectral domains and with a lower ac-
curacy. Recently Wiehr & Bianda (2003) measured the linear
scattering polarization in the blue domain with interferometric
filters quite close to the solar limb.

3. Radiative transfer modeling

3.1. Diffuse radiation field

Up to now very few theoretical studies have been devoted
to the formation of polarized molecular lines. Mohan Rao &
Rangarajan (1999) proposed an interpretation of the linear po-
larization observed by Stenflo & Keller (1997) in MgH absorp-
tion lines at 516.5933 nm and 516.8147 nm, close to the solar
limb and a simple single scattering model was used to interpret
the emission line observations in Paper I.

In the present model, the thin molecular layer is illumi-
nated by the incident continuous radiation emitted by the pho-
tosphere. Due to limb-darkening, the photospheric radiation
field is anisotropic and polarized. Inside the slab, the incident
radiation is scattered by molecular dipole-type transitions.

In the spectral domain where we observed, the molecular
lines ofC2 andMgH are due to electronic transitionsA3Πg -
X3Πu andA2Π3/2,1/2 - X2Σ, respectively, in the vibration band
(0, 0). TheC2 lines belong to the P branch. In our observations
they appear as doublets; the “blue” line of the doublets corre-
spond toP1 andP2 components, which are blended, and the
“red” component belongs to theP3 branch. The identification
and rotational quantum numbers for all the molecular lines of
our spectral domain are taken from Pierce (1968) and given in
Table 2.

As the molecular absorption lines are very weak (see
Fig. 1) we assume that the molecular layer is optically thin.
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We account for a possible depolarizing Hanle effect of weak
and unresolved magnetic fields.

The incident radiation field is symmetrical with respect to
the radial axis and varies with respect to the angleθ between
its propagation direction and the local solar radius. It does not
dependent on frequency in the spectral interval of interest. Its
specific intensity and polarization are denoted byI inc(µ) and
Qinc(µ), respectively, whereµ is the cosine ofθ.

Inside the slab, the radiation field is either scattered by
molecules or absorbed by the slab material. We denote byksc

the scattering opacity and byka the opacity due to absorption
processes. The absorption term is balanced by a thermal emis-
sion term which is proportional to the Planck function. We in-
troduce the optical thicknessτ such that dτ = −(ka + ksc)dz
and the Stokes vector for the linearly polarized radiation field
I = (I ,Q)†. We define here the Stokes parametersI andQ, as
in Chandrasekhar (1960);I is the specific intensity of the radia-
tion field, andQ = I l−Ir, whereI l andIr denote the components
which are respectively perpendicular and parallel to the limb.
According to this definition, negative values ofQ correspond to
a linear polarization parallel to the limb. The polarized transfer
equation is written as

µ
dI (τ, µ)

dτ
= I (τ, µ) − ksc

ksc+ ka

∫ 1

−1

dµ′

2
P̂(µ, µ′)I (τ, µ′)

− ka

ksc+ ka
Bth. (1)

In the following we shall use the notationcsc = ksc/(ksc+ ka),
the vectorBth = (Bth, 0)† where Bth is the Planck function.
The notation† denotes the transposed vector. In the scatter-
ing integralP̂(µ, µ′) is the scattering phase matrix,µ andµ′ re-
fer respectively to the propagation directions of the re-emitted
and of the incident radiation fields. Here, we do not take into
account any frequency redistribution mechanism. This is con-
sistent with the approximations that we shall introduce in the
following, showing that the source function depends mainly
on the incident radiation which is frequency independent (see
Eqs. (14) and (15)).

The general form of the scattering phase matrix for dipolar
electric transitions in the presence of Hanle effect of a weak
unresolved magnetic field is

P̂(µ, µ′) = Â(µ)Â†(µ′), (2)

with

Â(µ) =


1
√

W2WB
8

(
1− 3µ2

)

0 3
√

W2WB
8

(
1− µ2

)
 . (3)

The coefficient W2 is the intrinsic polarizability of the line.
Berdyugina et al. (2002) showed thatW2 = 0.4 for the MgH
lines in our domain and thatW2 = 0.1 for the C2 lines we are
considering here. The factorWB is the Hanle depolarizing fac-
tor. For the special case of a microturbulent magnetic field with
a single-valued field strength and an isotropic angular distribu-
tion (Stenflo 1982) it is related to the Hanle coefficientγH by

WB = 1− 0.4

 γ
2
H

1+ γ2
H

+
4γ2

H

1+ 4γ2
H

 , (4)

where

γH = 0.88gJ
B

ΓR + D(2)
, (5)

is the Hanle parameter, which depends on the Land´e factor of
the line (gJ), the mean magnetic intensity (B), here given in
Gauss, the line transition rate (ΓR) and the depolarizing colli-
sion rate (D(2)), here both given in units of 107 s−1. When the
magnetic strength increases from zero to infinity the Hanle de-
polarizing factorWB decreases from 1 to 0.2.

The transfer Eq. (1) has to be solved with the boundary
condition

I (T, µ) = I inc(µ), for µ > 0, (6)

whereI inc is the photospheric incident radiation field, it is de-
fined for positive values ofµ only.

Let us introduce the diffuse radiation fieldI d(τ, µ) such that

I (τ, µ) = I d(τ, µ) + I inc(µ) exp(−T − τ)/µ), (7)

T denotes the optical thickness of the molecular layer, the sec-
ond term is the transmitted radiation field at depthτ in the di-
rectionµ. Substituting this expression in the transfer equation
for I we find that the diffuse radiation field obeys the transfer
equation

µ
dI d(τ, µ)

dτ
= I d(τ, µ) − Sd(τ, µ), (8)

with

Sd(τ, µ) = csc

∫ 1

−1

dµ′

2
P̂(µ, µ′)I d(τ, µ′)

+csc

∫ 1

0

dµ′

2
P̂(µ, µ′)I inc(µ

′) exp
(−(T − τ)/µ′)

+(1− csc)Bth. (9)

The boundary condition for Eq. (8) is

I d(T, µ) = 0, for µ > 0. (10)

The source function for the diffuse radiation field is formed by
the sum of three terms, namely the scattering integral of the
diffuse field, the scattering integral of the transmitted field and
a thermal creation term which does not give rise to polarization.

The formal solution of Eq. (8) for the emergent radiation
field yields

I (0, µ) =
∫ T

0
Sd(τ, µ) exp(−τ/µ)dτ

µ
+ I inc(µ) exp(−T/µ). (11)

We now introduce two approximations, which are valid for op-
tically thin slabs. First, we assume that the source functionSd

is independent of the optical depth in the slab, the emergent
radiation field may thus be written as

I (0, µ) = Sd(µ)(1− exp(−T/µ)) + I inc(µ) exp(−T/µ), (12)

whereSd(µ) is computed at slab center.
We also assume that the scattering term of the diffuse ra-

diation field is negligible with respect to the scattering term of
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the transmitted radiation. The diffuse source function is thus
given by

Sd(µ) = csc

∫ 1

0

dµ′

2
P̂(µ, µ′)I inc(µ′) exp(−(T/2µ′)

+(1− csc)Bth. (13)

Making use of the factorization of the scattering phase matrix
given in Eq. (2) we derive the explicit expressions of the two
components ofSd,

SI (µ) = csc

∫ 1

0

dµ′

2
I inc(µ′) exp

(−T/2µ′
)

+csc
W2WB

8

(
1− 3µ2

)
I1(T)

+ (1− csc) Bth, (14)

and

SQ(µ) = csc
3W2WB

8

(
1− µ2

)
I1(T), (15)

with

I1(T) =
∫ 1

0

dµ′

2
exp
(−T/2µ′

)

×
[(

1− 3µ′2
)
I inc(µ′) + 3

(
1− µ′2

)
Qinc(µ′)

]
. (16)

The integrals are restricted to positive values ofµ because the
incident radiation propagates outwards. Let us remark here that
these approximations may be considered as a generalization
of the so-called “last scattering approximation” (Stenflo 1994)
which allows to take into account consistently the coupling of
the line with the continuum, avoiding the ad-hoc definition of
any “effective”W2 coefficient.

3.2. Computation of grids of models

We first give in Table 1 the limb-darkeningI inc(µ)/I inc(1) and
polarization degree−Qinc(µ)/I inc(µ) for the incident photo-
spheric radiation field atλ = 5160 Å, (the calculations are
described in Paper I).

The analytical expression (12) for the radiation field, with
the approximations (14) and (15) for the source function, is
very easily computed for a set of parameter values forT, Bth,
csc and WB. The Planck function values are taken between
0.4 × 10−5 and 1.3 × 10−5, which corresponds to the temper-
ature range from the middle to the upper photosphere. The op-
tical thickness varies between 0.01 to 0.15 by step of 0.01, the
scattering coefficient between 0.02 to 0.20 by step of 0.01 and
the Hanle depolarizing coefficient from 1 to 0.2 by step of 0.1.

Figures 4 and 5 show respectively the center-to-limb vari-
ations of the intensity and of the polarization degree−Q/I
obtained from the model for lines with an intrinsic polariz-
ability W2 = 0.4, together with the observed values in the
2 MgH lines of our spectral domain. For the C2 lines we dis-
tinguish the blended and unblended lines which have different
optical depths and different polarization rates. Figures 6 and 7
are devoted to the C2 blended lines at 515.76 nm, 515.85 nm

Table 1.Center-to-limb variations of the continuum intensity and po-
larization degree atλ = 5160. Å. Results of a radiative transfer calcu-
lation for the quiet Sun.

µ I inc(µ)/I inc(µ = 1) (%) −Qinc/I inc (%)
0.05 31.8 0.083
0.075 34.6 0.061
0.10 37.1 0.048
0.125 39.5 0.040
0.15 41.9 0.033
0.173 43.9 0.029
0.20 46.3 0.025
0.33 56.8 0.013
0.41 62.0 0.010
0.50 69.1 0.007
0.60 75.8 0.004
0.70 82.2 0.003
0.80 88.4 0.001
1.0 1. 0.

515.95 nm and 516.10 nm, and Figs. 8 and 9 to the C2 un-
blended lines at 515.77 nm and 515.87 nm. On each figure the
4 panels correspond to the grid of models obtained when one of
the four parameters varies, the 3 others being set to the values
which give the best fit to the observed quantities. The optimal
choice of parameter values is given in Table 2.

We see in Figs. 4–9 that the line intensity depends both on
the value of the Planck function and on the optical thickness,
but is not sensitive to the scattering coefficient and to the Hanle
depolarizing coefficient. This is due to the relatively small val-
ues of the scattering coefficient that we must consider in order
to account for the observed polarization rates. The fitting of the
line intensity allows to determine the Planck function and opti-
cal thickness. We notice that the Planck function is the same for
all the lines of our spectral domain, i.e.Bth = 0.9× 10−5, this
corresponds to the quiet sun value at the altitudez = 300 km,
in the photosphere. As expected, the optical thickness of the
blended lines of C2 is twice that of the unblended lines. Once
T andBth are determined, we adjust the productcscWB in order
to fit the observed polarization rates. The fitting is indeed possi-
ble with one single value ofcscWB for the MgH lines, whereas
for the C2 lines we have to consider depth-variations of this
product. In Table 2 we give an average value, valid forµ < 0.2.

Let us now explain how we can determine separatelycsc

andWB. We can first notice that the scattering coefficientscsc

are the same for the blended and unblended lines, because both
the absorption and the scattering opacities are multiplied by
a factor of two for the blended lines as compared to the un-
blended ones. However the Hanle depolarization factors in the
presence of a weak unresolved magnetic field are different in
both types of lines. The reason is that their effective Landé fac-
tors are differents. The Land´e factors of the molecular energy
levels are given in Table 2, we see that the P2 lines are almost
not sensitive to magnetic fields, and that P1 and P3 lines have
almost the same Land´e factors, in absolute value. The absolute
value of the effective Lande factor for the blended P1 and P2
lines is thus half the value of the P3 ones. We recall that the
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(a) (b)

(c) (d)

Fig. 4. Center-to-limb variations of the intensity in lines withW2 = 0.4, for grids of models witha) a set of values forBth between 0.5 × 10−5

and 1.3× 10−5 with a step of 0.1× 10−5; b) a set of values ofT between 0.02 and 0.14 with a step of 0.02;c) a set of values ofcsc between 0.02
and 0.14 with a step of 0.02;d) a set ofWB values from 1. to 0.2 with a step of 0.2. The symbols show the observed quantities in the MgH lines.

Table 2.Values of the model parameters for the observed molecular lines.

Molecular line Branch (J) ΓR(s−1) gJ W2 T Bth cscWB

(MgH) 515.70 nm Q (17) 1.78× 107 0.059 0.4 0.04 0.9× 10−5 0.05
(C2) 515.76 nm P1 (30)+ P2 (29) 0.36× 107 P1: 0.066, P2: 0.003 0.1 0.12 0.9× 10−5 0.12
(C2) 515.77 nm P3 (28) 0.36× 107 −0.065 0.1 0.06 0.9× 10−5 0.12
(C2) 515.85 nm P1 (29)+ P2 (28) 0.36× 107 P1: 0.068, P2: 0.003 0.1 0.12 0.9× 10−5 0.12
(C2) 515.87 nm P3 (27) 0.36× 107 −0.067 0.1 0.06 0.9× 10−5 0.12
(C2) 515.95 nm P1 (28)+ P2 (27) 0.36× 107 P1: 0.071, P2: 0.004 0.1 0.12 0.9× 10−5 0.12
(C2) 515.96 nm P3 (26) 0.36× 107 −0.07 0.1 0.06 0.9× 10−5 0.12

(MgH) 515.98 nm Q (16) 1.78× 107 −0.056 0.4 0.04 0.9× 10−5 0.05
(C2) 516.10 nm P1(26)+ P2 (25) 0.36× 107 P1: 0.076, P2: 0.004 0.1 0.12 0.9× 10−5 0.12

Hanle effect of weak unresolved magnetic fields depends only
on the absolute value of the Land´e factor as shown by Eq. (4).

Let us now see how the ratio of the Stokes parameterQ in
both lines depends on the ratio of their Hanle depolarization
factors. From Eqs. (12) and (15) we derive

Qs(µ)
Qd(µ)

=
Ss

Q(µ)(1− exp(−Ts/µ)) + Qinc(µ) exp(−Ts/µ)

Sd
Q(µ)(1− exp(−Td/µ)) + Qinc(µ) exp(−Td/µ)

,

where we denote by the indexess andd the quantities refer-
ring to the unblended and blended lines respectively. As the
polarization in the lines is much larger than in the continuum
the second term in the expressions ofQ may be neglected in a
first approximation. Expanding the exponential term for small
values of the optical depthsTs andTd we write

Qs(µ)
Qd(µ)

' Ss
Q(µ)Ts

Sd
Q(µ)Td

· (17)
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Fig. 5. Center-to-limb variations of the polarization in lines withW2 = 0.4, for the same parameter values as in Fig. 4.

Fig. 6. Same as Fig. 4, for lines withW2 = 0.1. The symbols show the observed quantities in the C2 blended lines. Inb), the set of values ofT
ranges from 0.04 to 0.16 with a step of 0.02.
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Fig. 7. Same as Fig. 5 for lines withW2 = 0.1 and for the C2 blended lines.b) shows the same set of values forT as Fig. 6b.

Fig. 8. Same as Fig. 6, for the C2 unblended lines.
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Fig. 9. Same as Fig. 7 for the C2 unblended lines.

The source functionsSs
Q(µ) andSd

Q(µ) depend on the product
cscWB and on an integral term depending on the anisotropy and
polarization of the continuum and on the line optical depth.
Using the fact that the scattering coefficients are identical for
blended and unblended lines and introducing the values of the
line optical depths we derive

Qs(µ)
Qd(µ)

' 0.5
WB(s)
WB(d)

I1(Ts)
I1(Td)

, (18)

whereI1(Ts,d) are given by Eq. (16).
We notice that the ratioI1(Ts)/I1(Td) is different from unity

because it depends on the optical depths of the blended and
unblended lines. The line optical depths have to be known, to-
gether with the continuum radiation anisotropy and polariza-
tion, in order to derive the ratio of the Hanle depolarization
factors from the observed values of the Stokes parameterQ in
both types of lines. The observed values ofQs(µ)/Qd(µ) have
been obtained by averaging over the blended and unblended
lines respectively.

Figure 10 shows how this ratio varies as a function ofµ.
The different curves corresponding to different values of
WB(s)/WB(d) are derived from the full modelling and not from
the approximate expression (18). Comparing with the observed
Q ratio we can determineWB(s)/WB(d), its value is between
0.8 and 1. forµ ≤ 0.2, and decreases to 0.62 atµ = 0.33. The
ratio WB(s)/WB(d) is related toγH(s) andγH(d) as shown by
Eq. (4). As the blended and unblended lines have the same os-
cillator strength and probably the same depolarizing collision
rates, we can write

γH(s)/γH(d) = geff(s)/geff(d) = 2 (19)

Fig. 10. Center-to-limb variations of the ratio of the Stokes parame-
ter Q in unblended and blended lines of C2 for different values of the
ratio WB(s)/WB(d). From the top to the bottom the different curves
correspond to decreasing values ofWB(s)/WB(d) from 1. to 0.3, by
step of 0.1. The symbols refer to the observed values.

Using this equality and the values ofWB(s)/WB(d) derived
above, we can determineγH(s) andγH(d). We find thatγH(s) is
between 0. and 0.5 forµ ≤ 0.2, and increases to 1.6 atµ = 0.33.
This last value is not precisely determined because of the satu-
ration of the Hanle depolarization factor for largeγH. The cor-
responding strength of the unresolved magnetic field is smaller
or on the order of 15 Gauss forµ ≤ 0.2 and increases to values
on the order of 45 Gauss atµ = 0.33.
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Such a weak magnetic field givesWB(MgH) ' 1 forµ ≤ 0.2
andWB(MgH) ' 0.88 atµ = 0.33, it will thus only weakly
affect the polarization of the MgH lines.

Let us stress here that the determination ofWB from the ob-
servations of the line polarization requires to model accurately
enough the coupling between the line and continuum radiation
field. In particular we found that the polarized line source func-
tion given by Eq. (15) depends on the polarization and limb-
darkening of the continuum and on the line optical depth.

4. Discussion and conclusion

The diagnostics procedure described in this paper relies of the
differential Hanle effect in C2 lines, together with a detailed
modeling of the line formation process. Differential Hanle ef-
fect is likely to depend very weakly on the presence of depo-
larizing collisions because they would affect all the C2 lines in
the same way. It thus provides quite a powerful diagnostic tool.

In Paper I we presented observations performed in the
same spectral domain above the solar limb. In this case
the scattering of the photospheric radiation by the molecular
transitions gives rise to polarized emission lines. They give
access to the diagnostics of the temperature minimum region
between the photosphere and the chromosphere. We used a
simple single-scattering model to interprete these observations
and we showed that in the absence of Hanle effect the line po-
larization rate depends on the intrinsic polarizabilityW2 and
on the continuum photospheric radiation. This yields results
in agreement with the theory for the MgH lines, but in ex-
cess by a factor of about two for the C2 lines. This discrep-
ancy is reduced when one takes into account the polarization
of the incident continuum radiation, which was neglected in
Paper I, however an excess of polarization still remains in the
C2 lines, with respect to the expected non magnetic scattering
polarization.

We suspect that this problem may be due to the reduction
procedure that was used to remove the stray light from the ob-
served spectra. If we examine the intensity and polarization
ratio of the unblended and blended lines of C2, derived from
the observations shown in Figs. 1 and 2 of Paper I, we obtain
I s/Id ' 0.62 andQs/Qd ' 0.63. But the values that we expect
for optically thin scattering lines in the absence of a magnetic
field areI s/Id = 0.5 andQs/Qd = 0.5. This discrepancy indi-
cates that the reduction procedure which was used to correct the
spectrum from stray light has lead to an overestimation of the
polarization in the C2 lines. This has to be investigated further.
Reliable measurements of the polarization of these scattering
lines formed in the low chromosphere would give access to the
determination of weak magnetic fields in this layer by applying
the procedure that we have described in the present paper.
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