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Abstract. We present an empirical approach to model the wing polarization of strong reso-

nance lines. This procedure based on ‘last scattering approximation’ (LSA) was developed
by Stenflo (1980, 1982), for coherent scattering in the laboratory frame. We generalize his
empirical approach to handle partial frequency redistribution (PRD). We illustrate this approach by applying it to the Ca  4227 Å line. The LSA approach is successful in reproducing
the observed Stokes Q/I polarization, including the location of the wing polarization maxima and the minima around the Doppler core, but fails to reproduce the observed spatial
variations of the far wing polarization in terms of magnetic field and PRD effects. This null
result points in the direction of a non-magnetic origin, which may include local deviations
from a plane-parallel stratification with an inhomogeneous solar atmosphere.
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The linearly polarized spectrum of the Sun
(Second Solar Spectrum), is formed by scattering of anisotropic radiation on the bound states
of atoms and molecules. The modification to
this non-magnetic scattering by magnetic fields
produces what is called Hanle effect.
The largest degree of linear polarization in the visible solar spectrum is exhibited by the strong resonance Ca  4227 Å
line (Stenflo, 1982). Recent observations by
Bianda et al. (2003) in this line showed for
the first time spatial variations of the linear
polarization (Q/I and U/I) in the far line
wings, which pointed to the possible existence of wing Hanle effect. These observations made in active regions is in contradiction with established fact that the Hanle efSend offprint requests to: M. Sampoorna

fect should only be effective in the line core
but not in the line wings, where it should approach the non-magnetic resonance scattering
limit (see Omont et al., 1973; Stenflo, 1994;
Landi Degl’Innocenti & Landolfi, 2004). Here
we present further such observations, this time
done in quiet regions. Again we find similar
spatial variations in the line wings, which we
refer to as the “(Q/I, U/I) wing signatures”.
We examine the magnetic origin for these
wing signatures. It may be possible if elastic
collisions are able to cause sufficient frequency
redistribution to make the Hanle effect show up
in the wings without causing excessive collisional depolarization, as suggested by recent
theories for partial frequency redistribution
(PRD) in magnetic fields (see Nagendra et al.,
2002, 2003; Sampoorna et al., 2007a,b). In this
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paper we explore the above suggestion, using the last scattering approximation (LSA) instead of full radiative-transfer modeling. The
results presented in this paper are discussed in
greater detail in Sampoorna et al. (2009).

I

Q/I

1. Observations
Spectropolarimetric recordings of the full
Stokes vector were obtained using the 45 cm
aperture Gregory Coudé Telescope (GCT)
at IRSOL (Locarno, Switzerland) and the
ZIMPOL-2 polarimeter system. In total 86 positions at different limb distances and at various
latitudes on the solar disk were recorded, with
the spectrograph slit parallel to the limb (which
defines the positive Stokes Q direction).
Spatially varying linear polarization structures in the wings (of Stokes Q and/or U)
are found in approximately half of all our
recordings. We illustrate in Fig. 1 a representative example. The spectrograph slit width was
125 microns, which corresponds to 100 , and its
length corresponded to about 17000 .
In the top panel, the Q/I profile shown by
the solid line is obtained by averaging outside
the interval where depolarization in the line
wings is observed, while the dashed line represents the profile obtained by averaging in the
interval (5500 - 7500 ) where depolarization is
seen. The difference between the two averaged
Q/I profiles is shown by the ∆(Q/I) line.
In the bottom panel of Fig. 1 the solid line
represents the U/I profile averaged over the
spatial interval 2900 - 4000 . Its shape resembles
a negative version of the Q/I profile. The absence of large signals in V/I shows that we are
observing a solar region where very weak longitudinal magnetic field components exist.

2. Theoretical model based on LSA
Quantitative modeling of the scattering polarization in Ca  4227 Å line requires the solution of the radiative transfer problem taking
into account PRD (see Holzreuter et al., 2005,
and references cited therein). For exploratory
purposes we can avoid such full-scale radiative transfer modeling by using semi-empirical
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Fig. 1. Observed Stokes I, Q/I, U/I, V/I profiles. The heliocentric angle corresponds to µ =
0.1. Note the depolarization in the Q/I wings
and the U/I signatures at the corresponding
wavelength positions. We refer to them together as the “(Q/I, U/I) wing signatures”.

approaches in terms of the LSA, which has
proven successful in the past (Stenflo, 1982).
LSA exploits the fact that the polarization
of the radiation that escapes the atmosphere is
determined by the anisotropy of the radiation
field at the place where the last scattering occurs. Since the polarization amplitudes in the
lines are small, the incident radiation at the
last scattering event can be assumed to be unpolarized. In other words, the emergent polarization is produced in a single scattering event
(the very last one) rather than through multiple
scattering within the atmosphere.
Under LSA the emergent scattering polarization in the presence of a weak magnetic field
is :

H
C 
Q
= S PQ,line
+ Pc
,
I
H +C
H +C

(1)

H
U
= S PU,line
;
I
H +C

(2)

H ≡ H(∆λ, a).

698

Sampoorna: Modeling the Second Solar Spectrum

PX,line with X = Q, U gives the contribution of
line to the linear polarization Q/I or U/I. LSA
allows us to write them in the form
R
Ri1 (λ, λ0 , Θ) kG,λ0 (µ) Iλ0 (µ = 1) dλ0
R
PX,line =
.(3)
R11 (λ, λ0 , Θ) Iλ0 (µ = 1) dλ0
Here, when X = Q, U, we have i = 2, 3 respectively. For the scattering redistribution matrix
elements Ri1 (λ, λ0 , Θ) with i = 1, 2, 3 we use
the Hanle-Zeeman theory (Sampoorna et al.,
2007a,b). Ri1 depend on the incoming (λ0 ) and
the outgoing (λ) wavelengths, and on the scattering angle Θ. The anisotropy factor kG,λ (µ)
describes the depolarization caused by the angular integration over the incident radiation.
The Voigt function H(∆λ, a) describes the
absorption probability for the Ca  4227 Å line,
with damping parameter a given by
"
#
ΓR + ΓI + ΓE
ΓI + Γ E
a=
(4)
= aR 1 +
,
4π∆νD
ΓR
where ∆νD is the Doppler width of the line,
ΓI , ΓR , and ΓE are respectively the inelastic,
radiative and elastic collision rates. Since the
inelastic collision rate ΓI  ΓE , we set ΓI = 0.
For the Ca  4227 Å the radiative width is ΓR =
2.18 × 108 s−1 . For a temperature T = 6000 K
and vturb = 2 kms−1 , we have ∆λD = 35.9 mÅ,
and aR = ΓR /(4π∆νD ) = 2.8 × 10−3 .
For a given choice of ΓE /ΓR , the free parameters of our model are S , C, Pc . The global
scaling parameter S is adjusted such that the
amplitude of the modeled Q/I blue wing maximum agrees with the observed value. The continuum opacity parameter C allows us to reproduce the overall shape of the observed Q/I in
the near and far wings of the Ca  4227 line.
In particular it determines the wavelength positions where the maximum wing polarization
is reached. The continuum polarization Pc is
fixed by the asymptotic behavior of Q/I far
from the line center.
We calculate kG,λ (µ) empirically using the
observed limb darkening function, cλ (µ) ≡
Iλ (µ)/Iλ (µ = 1) (see Sampoorna et al., 2009,
for details). We fit this cλ (µ) determined from
the observed data by
fλ (µ) = 1 − a0,λ − a1,λ + a0,λ µ + a1,λ µ2 .

(5)

Fig. 2. Plot of the anisotropy factor kG,λ (µ) as a
function of λ for disk position µ = 0.1.
Least square fitting of cλ (µ) in terms of fλ (µ)
gives us the coefficients a0,λ and a1,λ .
For use with LSA we obtain the kG,λ (µ) by
multiplying the Rayleigh phase matrix with an
unpolarized Stokes vector (I, 0, 0, 0)T and
integrating over all the incoming angles (see
Stenflo, 1982). This allows us to obtain a simple analytic form for kG,λ (µ), given by
!
3a0,λ a1,λ (1 − µ2 )
kG,λ (µ) =
(6)
+
.
64
20
fλ (µ)
Fig. 2 shows a plot of the anisotropy factor kG,λ (µ) for µ = 0.1. The resemblance of
kG,λ (µ) to the Iλ (µ) spectra is very striking in
the far wings. However, it also has a distinctive
shape in the core and wings of the Ca  4227 Å
line. kG,λ (µ) has a minimum in both the core of
the main line and the cores of the surrounding
blend lines. It is largest in the line wings, where
it reaches a nearly constant value.

3. Results
Figure 3 illustrates the important role played
by the kG,λ (µ), and PRD. Comparing the solid
and dashed line model profiles we see that
the entire structuring of the Q/I model profile, with the minima around the Ca  4227 Å
Doppler core and the blend line depressions are
all related to the kG,λ (µ) structure (see Fig. 2).
The blend line minima of the model profile
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Fig. 3. Role of kG,λ (µ) and PRD. The solid
line is the model profile computed using PRD
and kG,λ (µ) found by observations. The dotted
line is the observed Q/I in the non-magnetic
region. The dashed line is the model profile
with PRD and a flat kG,λ (µ) = 0.112. The dotdashed line is computed using the complete redistribution (CRD) approximation and non-flat
kG,λ (µ). The free parameters are S = 0.325,
C = 9.7 × 10−5 and Pc = 0.25 %.

(solid line) are less deep than in the observed
spectrum (dotted line). This is because we have
disregarded the fact that the blend line opacities can have intrinsic polarizability W2 = 0
and thus dilute the Ca  4227 line photons with
unpolarized photons. Further comparing solid
and dot-dashed line model profiles, we see that
it is not only kG,λ (µ) that governs the shape and
magnitude of the wing maxima in Q/I, but also
a realistic redistribution matrix, namely, PRD.
Comparison with the observed Q/I spectrum shows that LSA allows us to model the
Q/I wings extremely well and we can fit the
envelope (above the blend line depressions) of
the observed Q/I. The line core of Ca  4227
is however not modeled so well by LSA, although correct qualitative features like the Q/I
dips around the Doppler core are reproduced.
Clearly LSA does not work well enough in the
line core, and one may need radiative-transfer
physics to explain the core shape of Q/I.
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Figure 4 shows our attempts to model the
observed (Q/I, U/I) wing signatures in terms
of the wing Hanle effect. The parameters now
required for the modeling are Hanle ΓB =
geB/(2mΓR ) in standard notation, and (ϑB , ϕB )
representing the orientation of a directed magnetic field, defined with respect to the atmospheric normal. The elastic collision rate ΓE is
also used as a free parameter.
We introduce a quantity ∆(Q/I) =
(Q/I)mag − (Q/I)non−mag , which is a measure
of the depolarization caused together by the
magnetic field and elastic collisions. In the
top panel of Fig. 1 we observe depolarization in Q/I not only in the line core, but also
in the wings (compare the solid and dashed
lines in that figure). Our study shows that when
ΓE /ΓR = 0 we do not get any wing depolarization (∆(Q/I) ≈ 0), regardless of the choice of
the field parameters. However, when we introduce elastic collisions we find that for an optimum choice of the combination (ΓB , ΓE /ΓR ),
we do get wing depolarization (∆(Q/I) , 0)
in Q/I. For example, when (ΓB , ΓE /ΓR ) =
(10, 10) we observe Hanle depolarization that
extends into the wings as shown in Fig. 4 (compare the heavy solid and the thin solid lines),
but no wing peaks are obtained in ∆(Q/I) that
is represented by the dashed line.
Our modeling turns out to be unsuccessful in reproducing the observed wing maxima
in −U/I, contrary to our expectations. We expected that the elastic collisions play a significant role in transferring the Hanle effect from
the line core to the line wings without destroying the atomic polarization (Nagendra et al.,
2003; Bianda et al., 2003; Sampoorna et al.,
2007b). This expectation is satisfied to some
extent for Q/I for an optimum choice of
(ΓB , ΓE /ΓR ), but even in this optimized case we
fail to reproduce the wing maxima that are seen
in the observed ∆(Q/I).

4. Conclusions
The LSA gives excellent fit to the linear polarization that is observed in the wings of spectral
lines, as demonstrated for the case of the Ca 
4227 Å line. The most important quantity in
our modeling is the anisotropy factor kG,λ (µ),
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the framework of the currently available PRD
theory. This points in the direction of a nonmagnetic interpretation, such as local deviations from a plane-parallel stratification with
an inhomogeneous solar atmosphere containing “hot spots” (Holzreuter & Stenflo, 2007;
Trujillo Bueno & Shchukina, 2007).
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(ΓB , ϑB , ϕB ; ΓE /ΓR ) = (10, 90◦ , 135◦ ; 10).
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