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SCATTERING POLARIZATION OF MOLECULAR LINES AT THE SOLAR LIMB

I. Mili¢! and M. Faurobert?

Abstract. Molecular lines formed in the upper photosphere of the Sun show linear scattering polarization,
when one observes close to the solar limb. This provides us with a diagnostic tool for measuring weak
magnetic fields in the solar photosphere through the differential Hanle effect in these lines. However, in
order to interpret polarization ratio measured in different lines of different optical thickness, one has to
model accurately enough the line formation processes. Observations performed close to and above the solar
limb give access to the still poorly known region of the temperature minimum between the photosphere and
the chromosphere. The modeling of such observations requires to account for the spherical geometry of the
solar atmosphere. Here we revisit the modeling of molecular solar line scattering polarization in spherical
geometry and we investigate its diagnostics potential.
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1 Introduction

The linear polarization of the solar spectrum, observed close to the solar limb, is due to the scattering of the
photospheric radiation field in spectral lines, and to Rayleigh and Thomson scattering in the continuum. Line
scattering polarization is modified by collisions and by the Hanle effect of weak magnetic fields. Some weak
absorption lines, such as the molecular lines of Cy and MgH, show relatively large linear scattering polarization
at the solar limb (Gandorfer|2000)). Molecular lines with different sensitivities to magnetic fields may provide us
with a model-independent diagnostics of weak magnetic fields, through the differential Hanle effect (Berdyugina
& Fluri|2004; Bommier et al.[|2006]). However, line polarization rates are also affected by depolarizing collisions
and radiative transfer, so the interpretation of the differential Hanle effect in lines with different optical depths
requires accurate modeling of the line formation process.

Here we investigate the effect of taking into account the spherical geometry of the solar atmosphere. There
are several reasons why this should affect the degree of scattering polarization. The most important one being
that at the solar limb, the line of sight intersects only a finite part of the solar atmosphere and crosses a more
dilute medium, where scattering processes dominate (see Fig. . In the following we consider as test cases
the MgH line at 515.98 nm and the Cs line at 515.96 nm and we compare the results for plane-parallel and
spherical geometries. We use FALC and FALX solar models (Fontenla et al.||[1990)) in order to inspect the effects
of different temperature distributions on line and continuum polarization. We solve the polarized radiative
transfer problem for the lines and continuum background radiation using a two-level formulation of the line
source function, without any approximation regarding the optical thickness of the line forming region. Elastic
and inelastic collisions play an important role in the scattering mechanism but their rates are presently poorly
known for the molecular lines that we are considering. We use estimates derived by Milic & Faurobert| (2011))
and Bommier et al.| (2006]) for these quantities. In Sect. 2 we describe the polarized transfer problem and our
method for solving it. Results for the linear polarization in spherical geometry are presented in Sect. 3.
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2 Radiative transfer

2.1 Transfer equation

In the absence of magnetic field (or in the case of a microturbulent, i.e. weak and unresolved, magnetic field),
for axially-symmetric radiation field, only two components of the radiation field Stokes vector are different from
zero, so we can write [ = (I, Q)" and cast the radiative transfer equation along the ray in following form,

“'<@+md 3), (2.1)

where $ is the source function vector, 7 is line-integrated optical depth along the ray, ¢, the absorbtion profile
and [ the continuum-to-line opacity ratio. The total source function vector can be written as a weighted sum
of the line and continuum source functions,
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Dealing with weak molecular lines, it is reasonable to assume complete redistribution, we also assume here that
the line may be modeled with a two-level formalism, so the line source vector is written,

Si(r,p) = (1—e¢) / / P, p)I (7, 1!, v)dpd ¢ dv + €By(T), (2.3)

and the continuum source function as,
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where p and p’ denote respectively the cosines of the heliocentric angles of the outgoing and ingoing radiation
propagation direction. The coefficient € is the branching ratio for collisional destruction of line photons. In the
continuum source function, €. = Xabs/(Xsc + Xabs), Where Xaps and xs. denote respectively the absorption and
scattering continuum opacities. By is the Planck function and P(u, i') is the scattering phase matrix. In the
non-magnetic case or in the presence of a microturbulent weak magnetic field, it is given by
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P, is the isotropic matrix, and I:’QO, the anisotropic part of the phase matrix, is given by
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W3 is the intrinsic polarizability, W, is the collisional depolarization coefficient and W the Hanle depolarization
coefficient. Neglecting inelastic collisions, we have
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where T, is the line radiative damping and D®) is the depolarizing collision rate. In this study we are mainly
interested in the effect of spherical geometry on the modeling of scattering polarization in lines and continua
observed at the solar limb, so we set Wg =1 .

The continuum radiation is not affected by collisional and Hanle depolarization, the relevant phase matrix
is the Rayleigh phase matrix P=P,+ P0 Here, the absorption and scattering opacity in the continuum are
derived from the Uppsala package, using FALC and FALX quiet sun models.
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Fig. 1. Geometry of radiative transfer with sphericity taken into account. The line of sight with impact parameter ry, is
located at height h above the solar limb, i.e. r, = Re + h.

2.2 Solving the radiative transfer problem in spherical geometry

First, let us notice that, since the solar atmosphere is very thin compared to the solar radius, sphericity effects
will be important for very inclined lines of sight only. As they play a negligible role in the angle averaged
intensity, level populations and line absorption coefficients may be computed in plane-parallel geometry and
the source function for the intensity is weakly affected by sphericity effects. In a first step, we solve the scalar
radiative transfer problem for the intensity, neglecting polarization and assuming a plane-parallel geometry.
After obtaining self-consistent values for the scalar source function, we take into account polarization and
spherical geometry. We start with the assumption S = (S,0)t, where S is the scalar source function computed
in the previous step and proceed iteratively, solving in turn the polarized transfer equation and computing
the source functions, until convergence. This iterative solution is in essence an ordinary A iteration for the
polarization, which converges relatively fast, in less than 10 iterations.

When solving the radiative transfer equation in spherical geometry, we avoid the partial differential equation
form by using the simpler, ”along the ray” approach, as described, for example, by |Avrett & Loeser| (1984).
We compute the scattering integral at each depth point with an angular grid containing both "core-rays” and
“surface rays”. Core-rays are rays which intersect the solar disk, whereas surface rays go across the limb. The
lower boundary condition for core-rays is derived from the diffusion approximation, whereas, for surface-rays,
we prescribe a condition of symmetry of the radiation field at the central depth point. In order to get a fine
angular mesh at the surface, we use 40 core-rays and as many surface-rays as depth points in the atmospheric
model. In the following we consider the line-of-sight limb distance §, given in arcsec by

h
§ = — x 960" 2.8
o 960, (28)
where h denotes the altitude of the line of sight with respect to the solar limb. As usual, we define the limb as
the point where the continuum limb darkening curve I(§) changes its behavior from concave to convex. From
our computations we find that the solar limb is located 325 km above the continuum formation height, for both
FALC and FALX models. This point is also used to define the solar radius.
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2.3 Molecular data

The line integrated opacity, neglecting stimulated emission, is given by

’I’Llhl/

X = Biu, (2.9)
where n; is the lower level number density and By, is the Einstein’s coefficient of radiative excitation which
follows from the coefficient of spontaneous emission A,,;.

The MgH line belongs to the Q band of the A?TI— X2 7(0,0) transition, with J = 16, J being the rotational
lower level quantum number, the Cs line belongs to the P3 band of the A3Hg — X311, transition with J = 26.
The molecular number densities obey the equilibrium equation, given by e.g. by |[Berdyugina et al.| (2003):

n(A)n(B)

(AB) " Kag, (2.10)

where, n(AB), n(A) and n(B) are, respectively, the molecule number densities and the constituting atom
densities, and Kap is the equilibrium constant. In general, equilibrium constants depend on temperature,
partition functions of molecule and constituting atoms and on the dissociation energy of the molecule. Conve-
nient polynomial expressions for equilibrium constants and molecule partition functions are given by [Sauval &
Tatum/ (1984). In general, in order to obtain exact molecular number densities, one should take into account
all molecules and all constituting atoms and solve a system of non-linear equations as explained by |Berdyugina
et al.| (2003). However, due to relatively high temperatures, molecular densities are small, so when computing
the MgH density, we may approximate n(Mg) with the total number density of magnesium derived from its
abundance relative to hydrogen. The situation is a bit more complicated when it comes to computing the C,
density, due to the presence of CO whose number density may be a significant fraction of the total number
density of carbon, especially in cool regions of the atmosphere. So we consider both CO and C, molecules
in equilibrium with atomic carbon and oxygen. Then to compute the line opacity, we assume that for weak
molecular lines the population of the lower level of the transition follows the LTE law. We adopt the values of
Ay given by [Faurobert & Arnaud| (2003).

In the case of molecular lines, elastic collisions are mainly due to neutral hydrogen atoms and both electrons
and neutral hydrogen contribute to inelastic collisions (Shapiro et al.|[2011)). As accurate collision rates are
presently not available for the molecular lines we are considering here, we use the empirical values derived by
Milic & Faurobert| (2011]) and Bommier et al.| (2006).

3 Results and discussion

3.1 Optical paths and line optical depth

We find that both molecules are mostly concentrated in a 200 km wide slab located about 100 km above the
base of the photosphere, and that the number density of Cs is a factor of 10 larger than that of MgH. In case of
FALC model, the MgH line center optical thickness, measured along the radial direction, is 0.17 at the base of
the photosphere, the Cs line is thicker, its optical thickness along the radial direction is larger by almost a factor
of 3 (=~ 0.45). Radial optical depths computed with the FALX model are very similar, except in the region of
the temperature minimum around z = 500 km, where molecular densities are larger due to cooler temperatures
in the FALX model. Let us now see the behavior of the line optical depths measured along the line-of-sight.

The left panel of Fig. [2| shows the variations of the line-of-sight optical depth as a function of limb distance
for both the MgH and Cs lines and the FALC model. We compare the results obtained in plane-parallel and
spherical geometries for lines of sight close to the limb. There is little difference between both geometries when
the limb-distance is larger than 5 arcsec, but they differ significantly at smaller limb distances. An important
thing to keep in mind is that, in spherical geometry, the optical path does not scale with observing direction
as simply as A7y, = A7/ (see Fig. . It shows a sharp maximum, for both lines, at § ~ —0.3”. This value
corresponds to the lines of sight which go through the molecular layer. Moving the line of sight outwards, we
mainly observe above the molecular layer, as a consequence the line optical depth rapidly goes to zero. In plane-
parallel geometry any line of sight always intersect the molecular layer, and the length of its path increases when
we go closer and closer to the limb, so that the line optical depths keep increasing. In plane-parallel geometry
we cannot model observations performed outside the limb.
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Fig. 2. Left: Comparison of line center optical path for spherical and plane-parallel geometry (triangles for MgH , and
squares for Cz). Right: Intensity at line center divided by the continuum intensity, in both models as a function of limb
distance. When observed above the limb, lines are seen in emission, but quickly disappear.

3.2 Line intensities and scattering polarization.

The right panel of Fig. [2] shows the emergent intensities at line center for the MgH and C; lines , for spherical
symmetry with FALC and FALX models, as functions of limb distance. Both lines go into emission above the
solar limb, for limb distances smaller than 0.4 arcsec, and quickly disappear at larger limb distances. This is
consistent with the observations reported by [Faurobert & Arnaud| (2002). When observed inside the limb both
lines are very weak absorption lines. The emission seen above the limb cannot be modeled in plane-parallel
geometry.

Figure [3| presents the comparison of the emergent polarization at line centers, as functions of §, computed in
spherical and plane-parallel geometries, with FALC and FALX models. Both geometries give the same results
at limb distances larger, in absolute value, than 5”, but they differ significantly at smaller limb distances. We
notice that the polarization rate shows a maximum, in absolute value, for the lines of sight where the optical
path shows a maximum (see Fig. [2)). That fact can be qualitatively explained in the following way, as the
slab optical thickness increases, the probability that a photon will be scattered in the line increases. So the
polarization increases. At larger distance above the limb the line optical depth decreases. This gives rise to the
local polarization maximum that we see in Fig. The polarization starts increasing again at larger distance
from the limb, where the line has disappeared (see Fig. [2). We then see the continuum polarization only, it
increases because continuum scattering opacity increases in the low chromosphere. We notice that with the
FALC model, values of the polarization maxima between 2% and 2,5% are consistent with the measurements
reported by [Faurobert & Arnaud| (2002), for the molecular lines seen in emission above the solar limb. With
FALX we recover the same general behavior as with the FALC model, but with much larger polarization rates,
the maximum reaches values on the order of 10 %. Such large rates have not been observed close to the solar
limb.

4 Conclusions

Taking into account the spherical geometry of the solar atmosphere allows us to compute the intensity and
scattering polarization of the solar spectrum at the limb. We have found that for our test-case lines of Cy and
MgH, scattering polarization shows maxima of a few percents at about 0.3 arcsec above the limb, where the
lines are in emission. The order of magnitude of these polarization maxima are consistent with the observed
rates when the FALC quiet sun model is used but the FALX model leads to much larger polarization rates.

The polarization maxima observed at 0.3” above the solar limb correspond to lines of sight crossing the
temperature minimum region between the photosphere and the chromosphere. More limb observations are
needed to make use of the differential Hanle effect in different molecular lines in order to investigate this region.
Such observations require few scattered light in the instrument and good seeing conditions.
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Fig. 3. Linear polarization at line center as a function of limb-distance for the MgH line (asterisks for spherical and
triangles for plane-parallel case) and the C; line (diamonds for spherical and squares for plane-parallel case). Left: FALC
model. Right: FALX model
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