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Abstract. The majority of all lines in the solar spectrum depolarize the continuum. Here we present a theoretical analysis of the

depolarizing lines. In a parameter survey where we vary the details of line formation such as height of formation, we find that
absorption and scattering lines have entirely different behavior. While the depolarization by absorption lines rapidly decreases
with increasing height of formation, the depolarization by scattering lines increases with height of formation. We interpret the
results in terms of a simple qualitative model that contains the relevant physics and support it with quantitative calculations.
The main relevant quantities are the anisotropy of the radiation field, which varies over the line profile, and the probability that
a photon undergoes polarized scattering above the height where the atmosphere becomes optically thin. For lines with intrinsic
polarization we find that the coupling between continuum and line polarization can be neglected.
Key words. line: formation – polarization – radiative transfer – scattering – Sun: atmosphere

1. Introduction
The observations by Stenflo & Keller (1996, 1997) and the atlas
recorded by Gandorfer 2000) have revealed the rich structure
of the linearly polarized spectrum of the Sun, which is formed
by coherent scattering and is known as the “second solar spectrum” (Ivanov 1991). In recent years there have been considerable advances both in observational techniques and in the development of numerical tools to model scattering polarization
(Stenflo & Nagendra 1996; Nagendra & Stenflo 1999). It has
now become urgent to implement such diagnostic tools so that
we can retrieve the information contents of the “second solar
spectrum”.
The Sun’s radiation field is in general polarized at all wavelengths in the visible. In the continuum the polarization is
mainly due to Thomson and Rayleigh scattering at free electrons and at neutral hydrogen, respectively. A large fraction of
the lines in the solar spectrum depolarize the continuum. In addition, lines with an intrinsic polarizability enhance the degree
of polarization when they are formed by coherent scattering.
The resulting total polarization has contributions from the continuum, line depolarization, and intrinsic line polarization. The
line polarization varies spatially and temporarily due to the influence of the structured magnetic fields via the Hanle effect.
To understand the relevant physical processes behind the “second solar spectrum” one needs to have a good knowledge of
each contributing process.
In the first survey of the “second solar spectrum” (Stenflo
et al. 1983a,b) it was noted that most lines depolarize the continuum polarization and appear as “absorption lines” in terms
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of linear polarization (Stokes Q/I). To extract the intrinsic line
polarization and separate it from the continuum contribution,
a simple scaling relation between the absorption profile shapes
in Stokes I and in Q/I was adopted, as suggested by the scatter plots of Q/I vs. I in the UV part of the spectrum, where the
continuum polarization is large (Stenflo et al. 1983a). This scaling relation is statistical in nature, since it does not account for
the individuality of the spectral lines, and no theoretical basis
for it has been available.
After the continuum polarization had been theoretically
studied and modeled by Fluri & Stenflo (1999a), they could
begin exploring the depolarizing lines, in particular the relation
between the line profile shape in terms of intensity and degree
polarization (Fluri & Stenflo 1999b). Additional insight into
the behavior of depolarizing lines has been obtained by Fluri &
Stenflo (2001) although only for absorption lines. In the present
paper we extend our study of depolarizing lines from absorption to scattering lines. The objective is to gain insight into how
depolarization originates.
Apart from deepening our understanding of the “second solar spectrum” a study of depolarizing lines is needed for further
reasons. The zero point of the polarization scale is not determined by the observations to sufficient accuracy. If we could
find a simple correlation between the profile shapes in intensity
and degree of polarization for depolarizing lines, then we could
infer the correct zero point from the Stokes spectra (Stenflo
et al. 1998). The purpose of the present paper may therefore be
summarized by the following two questions: how are depolarizing lines formed, and is there a simple relation between the
intensity and polarization profiles that is always valid?
In Sect. 2 we introduce the transfer equation and the formalism used. Section 3 is devoted to lines without intrinsic
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polarization to allow the depolarization effects to be isolated.
The aim is to survey the behavior of depolarizing lines when the
details of the line formation process are varied. Lines with intrinsic polarization are treated in Sect. 4 to study the non-linear
effects when both line and continuum polarization interact with
depolarization. The conclusions are presented in Sect. 5.

2. Modelling depolarization

S`,x

2.1. Transfer equation
We consider a plane-parallel, static solar atmosphere with homogeneous layers. It is sufficient to describe the radiation field
by the Stokes vector I = (I, Q) since we neglect magnetic fields
and since we define the coordinate system such that Stokes Q
represents linear polarization parallel to the nearest solar limb.
The continuum optical depth is defined as
dτc = − (κc + σc ) dz,

(1)

where κc is the continuum absorption coefficient, σc the continuum scattering coefficient, and z the geometric height. To
model depolarizing lines we solve the polarized radiative transfer equation
!
φx
∂I x
+ 1 (I x − S x ) .
(2)
=
µ
∂τc
β
Here and in the following the depth and angle dependence of
variables are in general omitted, while the frequency dependence is expressed by subscript x. The frequency x is always
given in units of the Doppler width (x = 0 at line center). As
usual, µ = cos ϑ, where ϑ is the angle between the direction
normal to the surface and the line of sight. The variable φ x is
the Voigt function with its area normalized to unity. The ratio
of continuum to line opacity β is given by
κc + σc
,
(3)
β=
κ`
where κ` is the integrated line absorption coefficient. If we
introduce the ratio
σc
,
(4)
ρ=
κc + σc
we can write the total source vector S x as
Sx =

(φ x /β)S`,x + (1 − ρ) Bth + ρSc
·
(φ x /β) + 1

(5)

The vector Bth = (B x0 , 0) is the thermal source term of the continuum with the Planck function B x0 at line center. Rayleigh
and Thomson scattering in the continuum enter via
1
Sc =
2

Z+1

P̂(µ, µ0 , Weff = 1)I x (µ0 ) dµ0 ,

(6)

−1

where we have used the property that the radiation field does
not depend on azimuth when the magnetic field is zero. The
scattering processes described by Eq. (6) are frequency coherent. The phase matrix is given by
3
(0)
(2)
P̂(µ, µ0 , Weff ) = P̂ + Weff P̂ (µ, µ0 ),
4

where Weff is the effective polarizability parameter. The ma(0)
trix P̂ represents unpolarized, isotropic scattering (first el(2)
ement one, all other elements zero), while P̂ accounts for
the scattering of the linear polarization and is given explicitly
e.g. in Stenflo (1994), where the notation P2 is used. The line
source function is given by

(7)

1−
=
2φ x

Z+∞Z+1

R̂(x, x0 ; µ, µ0 )I x0 (µ0 ) dµ0 dx0 +  Bth .

(8)

−∞ −1

The parameter  determines how much of the line is formed by
absorption and how much is formed by scattering. Pure absorption lines have  = 1.0, pure scattering lines  = 0.
In our radiative transfer code we have implemented the redistribution matrix given by Bommier (1997) in her approximation level III for weak magnetic fields. Since we assume a
non-magnetic atmosphere it simplifies to
R̂(x, x0 ; µ, µ0 ) = kc RII (x, x0 ) P̂(µ, µ0 , Weff = W2 )


 0

kc(2) − kc
0
W2  .
+ (1 − kc )RIII (x, x ) P̂ µ, µ , Weff =
1 − kc

(9)

The scalar functions RII and RIII represent angle averaged
frequency redistribution in the standard notation of Hummer
(1962). The polarization parameter W2 depends only on the total angular momentum quantum numbers J and J 0 of the lower
and upper level. A tabulation of W2 can be found for various
electric-dipole transitions in Landi Degl’Innocenti (1984). The
collisional parameters are defined as in Stenflo (1994), except
that here we also take inelastic collisions into account
kc =

ΓR + ΓI
,
ΓR + ΓI + ΓE

kc(2) =

ΓR + ΓI
·
ΓR + ΓI + D(2)

(10)
(11)

Here ΓR represents the radiative de-excitation rate, ΓE the elastic collision rate, ΓI the inelastic collision rate, and D(2) = 0.5ΓE
the rate of depolarizing elastic collisions.

2.2. Line opacity
The definition of the line opacity has to be done with special
care. Our aim is to study the behavior of different depolarizing
lines in a realistic solar environment. For this we need to introduce the line opacity both in an artificial way for a parameter
survey of idealized lines as well as for real lines.
We use the semi-empirical average quiet Sun model C of
Fontenla et al. (1993). Continuum opacities κc and σc are
obtained for 5000 Å with the opacity package currently built
into the MULTI code (Carlsson 1986), which is based on the
Uppsala opacity package of Gustafsson (1973).
In Sect. 3 we consider idealized lines in order to have
clearly defined circumstances, which allow unambiguous interpretations. For one type of lines, labeled “ME” for MilneEddington, the line opacity κ` is fixed by the value of β, which
is kept constant throughout the atmosphere. For a second type
of lines the depth dependence of κ` is given by a Gaussian
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Fig. 1. Depolarization of absorption lines. The intensity (left panel) and linear polarization (right panel) of pure absorption lines ( = 1.0) are
plotted for µ = 0.1. The continuum opacity at 5000 Å has been used. The lines differ only in the definition of the line opacity. The “0 km” and
the “400 km” lines have the line opacity centered around a height of 0 km and 400 km, respectively, while the ratio of line to continuum opacity
for the “ME” line remains constant throughout the whole atmosphere. The absolute value of the line opacity is chosen to give the same relative
line depth of 0.2 in intensity in all the three cases. Still the resulting depolarization differs greatly.

distribution in geometric height with a FWHM of 200 km.
The geometric height at the maximum of κ` is used to label
the corresponding line, e.g. “0 km”, or “400 km”.
In Sect. 4 we use the line opacity of a real line, namely the
Fe  line at 5956.7 Å (transition a5 F5 − z7 Po4 ). Nonetheless, the
other parameters except the atomic mass remain unchanged,
like the model atmosphere, or, in particular, the wavelength of
5000 Å at which the continuum opacity is defined. Thus we do
not claim to reproduce the observed Fe  line, since the only
objective is to replace the somewhat artificial definition of κ` in
Sect. 3 with a realistic distribution, without changing the other
parameters.

2.3. Numerical method
The transfer Eq. (2) is solved using the PALI code that has been
developed and extended in a series of papers (Faurobert-Scholl
et al. 1997; Paletou & Faurobert-Scholl 1997; Nagendra et al.
1998, 1999, 2000; Fluri & Nagendra 2003). It is basically an
Approximate Lambda Iteration method using a local approximate operator (Olson et al. 1986) but for a polarized radiation
field.
The code used in the present paper is an extension of the
version introduced in Fluri & Nagendra (2003). Here we have
in addition implemented polarized scattering in the continuum,
which adds extra terms to most equations of that paper. We
however refrain from writing down all these equations again.
As for computational details, we have used a logarithmic
optical depth grid with 10 points per decade, 5 Gaussian latitude angles, and a 101 point non-uniform frequency grid with
the last frequency point at x = 1000. Frequency is given with
respect to line center in units of the Doppler width at the temperature minimum.

3. Lines without intrinsic polarization
Many lines in the solar spectrum just depolarize the linear polarization in the continuum without showing any sign of intrinsic polarization. The present section addresses the behavior
of such lines. The aim is to understand the observed depolarization for a whole range of different lines, such as absorption
and scattering lines characterized by various parameters that
are introduced through different definitions of the line opacity.
First we will survey the resulting depolarization when moving
around in parameter space, and then provide interpretations of
the results.
In the present section the line opacity of all the lines plotted has been scaled such that the resulting relative line depth of
Stokes I at line center is exactly 0.2. By fixing this parameter
it becomes easier to compare different lines and to identify the
relevant processes that lead to depolarization, without confusing these processes with line-strength effects.
Apart from the line opacity and , all parameters have been
kept fixed. The radiative transition rate ΓR has the value of
the classical harmonic oscillator, i.e., 8.9 × 107 s−1 at 5000 Å.
The rate of elastic collisions is determined according to the
Lindholm theory for Van der Waals interactions between the
considered atom and neutral hydrogen or neutral helium (see
e.g. Mihalas 1978). We have assumed an atomic weight of 40,
which would correspond to Calcium. The microturbulent velocity, which enters in the Doppler width, has been set to the
constant value of 0.7 km s−1 .

3.1. Parameter survey
Figure 1 shows the line profiles of absorption lines with  = 1
in the direction µ = 0.1. The line opacity in the “0 km” line has
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Fig. 2. Depolarization of scattering lines. The same parameters as in Fig. 1 have been used to compute these lines, except that we choose  = 0
to obtain pure scattering lines. The intrinsic line polarizability is set to zero (W2 = 0). All three lines have the same relative line depth of 0.2 in
intensity at line center. The depolarization for the “400 km” line is much stronger than for the “0 km” line, in contrast to the absorption lines of
Fig. 1.

the maximum value κ`,max = 1.38 × 10−6 cm−1 , which is reached
at the geometric height of 0 km as indicated by its label. The
“400 km” line is obtained with κ`,max = 4.67 × 10−9 cm−1 at
400 km. The “ME” line is characterized by the constant value
β = (κc + σc )/κ` = 2.67. The emergent polarization p = Q/I
relative to its continuum value pc = Qc /Ic varies significantly
between the three lines although they have the same relative
line depth in intensity. The “400 km” line depolarizes the continuum only slightly, while the “0 km” line produces almost
complete depolarization. We therefore immediately see that it
is not possible to find a simple relation between line depth in
Stokes I and degree of depolarization. As the only difference
between the three lines is the depth dependence of κ` , the details of line formation has a decisive influence on the emerging
polarization.
In Fig. 2 the profiles of pure scattering lines with  = 0
are given, again for the line-of-sight defined by µ = 0.1. Note
that the intrinsic line polarizability W2 has been set to zero.
Basically the same lines as in Fig. 1 are illustrated, with the
only difference that the line opacities had to be renormalized
in order to again obtain the relative line depth of 0.2. For these
scattering lines the values of κ`,max are 3.93 × 10−7 cm−1 for the
“0 km” line and 7.08 × 10−8 cm−1 for the “400 km” line, while
the constant ratio of continuum to line opacity in the “ME” line
is β = 2.94. The resulting depolarization is practically identical
in the “0 km” and the “ME” lines. Almost complete depolarization is achieved in the “400 km” line. Interestingly the scattering and absorption lines behave in opposite ways. For scattering lines it is the “400 km’ line that has a nearly unpolarized
radiation field at line center, while it is the “0 km” line that is
nearly unpolarized if the line is formed by absorption.
The dependence on height of formation is brought out
more explicitly in Fig. 3. We have solved the radiative transfer
equation for many different lines formed at different heights.

The line opacity has been defined as for the “0 km” and the
“400 km” lines of Figs. 1 and 2. The maximum of κ` occurs
at a certain height and falls off to both sides according to a
Gaussian distribution with a FWHM of 200 km. Again, the absolute value of κ` has been scaled to yield a relative line depth
of 0.2 in the intensity profile.
The left panel of Fig. 3 shows the ratio of polarization p
to intensity I for x = 0, where both p and I are given in units
of their continuum values. Because I/Ic = 0.8 and because the
degree of continuum polarization is also the same for all the
computed lines, the quantity plotted in the left panel is really a
measure of the polarization at line center. A value of unity corresponds to no depolarization at all, while a value of zero represents complete depolarization. The data are plotted as functions
of the geometric height at which the line contribution function
of the intensity C I, line has its maximum. This height serves as
a measure for the height of formation of the line. The function C I, line is determined in the direction of µ = 0.1.
Interestingly the height dependence of absorption and scattering lines differ dramatically. Depolarization in scattering
lines increases steadily with height from moderate values
to almost complete depolarization in the upper photosphere.
Absorption lines on the other hand depolarize the continuum
strongly if they are formed deep in the atmosphere, while they
become almost invisible in linear polarization if they originate
from higher layers. The transition from large to small depolarization is much more rapid than for scattering lines and occurs
over as little as 50 km.
While the formation height is the relevant physical quantity,
it has not been the input parameter. Rather it is the height of the
maximum of the line opacity κ` that we define at the beginning.
The translation between the two quantities is shown in the right
panel of Fig. 3. Note in particular that even the “0 km” line is
formed above 200 km. This is due to the circumstance that the
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Fig. 3. Height dependence of depolarization in absorption (solid) and scattering (dashed) lines. The line opacity κ` is defined artificially by a
Gaussian distribution around a certain atmospheric height, which is varied from 0 km to 400 km. The absolute value of κ` is defined such that
I/Ic = 0.8 at line center. For each κ` the height of the maximum of the Stokes I line contribution function C I, line (right panel) is computed by
solving the radiative transfer problem. The resulting depolarization is plotted in the left panel. Polarization and C I, line are determined at line
center for µ = 0.1. Note that pc and I/Ic have the same values for all the lines. While depolarization in scattering lines increases with height,
absorption lines have the opposite behavior.

line-of-sight optical depth in the continuum reaches a value of
unity at 160 km for µ = 0.1. Below, the continuum is optically
thick. Since for line frequencies there is additional opacity, the
formation height is shifted still higher for line photons.

3.2. Interpretation
It is now possible to interpret the results obtained in the parameter survey of Sect. 3.1 to get a qualitative and conceptual understanding of depolarization. In the following we will discuss
a simple model that contains all the relevant physics involved
in the process of depolarization. We consider absorption and
scattering lines separately before validating the qualitative explanation with calculations that take the anisotropy of the radiation field into account.

Absorption lines
Figure 4 illustrates schematically regions in the atmosphere
where different types of opacity are of importance at different frequencies. We distinguish between continuum absorption opacity, line opacity, and opacity due to polarized
continuum scattering. The vertical scale gives the continuum
optical depth τc . The left panel represents a line formed deep
in the atmosphere, while the right panel corresponds to a line
that originates in high layers of the atmosphere.
Below τc = 1 the continuum is optically thick. If scattering
occurs in these layers (which is certainly the case), the resulting
polarization will be destroyed again by absorption processes
in the layers above. Polarization can start to be built up only
at heights where the atmosphere is becoming optically thin in
the continuum. These are the layers that are marked as polarized scattering in Fig. 4. We have however not extended this

scattering region to the top, because the scattering coefficient
σc that is the source of the emergent polarization decreases exponentially due to the drop in density.
In reality it is not possible to clearly separate the layers
where the continuum is optically thick and where polarized
scattering occurs. The contribution functions of Stokes I and Q
do indeed overlap in the continuum (Fluri & Stenflo 1999a).
The maximum of C Q however lies higher than the maximum
of C I . Qualitatively it is therefore justified to separate the two
regions, although only radiative transfer computations can give
us the complete and correct picture.
Let us first consider the case described by the left panel
of Fig. 4 and assume that the line opacity is entirely due to
absorption ( = 1). In the continuum, which is nearly reached at
x = 3, linear polarization is built up between τc = 1 and the top of
the scattering layer. The closer we move to the line center, the
larger becomes the line absorption. Photons can only escape
from higher layers, and the remaining portion inside the slab
that is available to the build-up of polarization diminishes. The
probability that a photon is scattered before emerging from the
top of the atmosphere is thus reduced, which in turns leads to a
reduced degree of polarization in the line.
If the line is formed above the layer of polarized scattering
(right panel of Fig. 4) the situation changes. For all frequencies
the same degree of polarization emerges from the scattering
layer, before the photons enter the slab that contains the line
opacity. If the line is optically thin it reduces Stokes I and Q by
the same factor by absorption. Therefore the ratio Q/I remains
constant. If in addition the temperature in these layers is much
smaller than in the lower photosphere, the additional reemitted
radiation due to thermal emission can be neglected. Thus the
resulting polarization emerging at the top of the atmosphere is
the same for all frequencies.
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Fig. 4. Schematic illustration of regions in the atmosphere with three different sources of opacity, given as functions of frequency, used to
qualitatively explain the height dependence of the depolarization (see text). Two extreme cases with line opacity deep (left panel) and high
(right panel) in the atmosphere are represented. We assume that the line opacity can either cause absorption or unpolarized scattering. Below
τc = 1 the atmosphere is optically thick in the continuum. Any polarization formed below would be destroyed again by absorption in these
layers. Above, where the atmosphere becomes transparent, the radiation field gets polarized by Thomson and Rayleigh scattering.

The qualitative picture given above neglects the frequency
dependence of the anisotropy of the radiation field. After a
discussion of scattering lines we will return to the anisotropy
effects.

Scattering lines
Let us now assume that the line opacity in Fig. 4 refers to unpolarized scattering, i.e.,  = 0 and W2 = 0. If the line is formed
deep in the photosphere the same arguments as for absorption
lines apply. The atmosphere becomes optically thin only at the
upper end of the line opacity region. Below, any polarization
would be destroyed, either by continuum absorption or by unpolarized line scattering. The emerging polarization at the top
of the atmosphere scales with the remaining path length inside the polarized scattering layer, which is much reduced when
moving towards the line center.
If the line originates from high layers (right panel of Fig. 4)
the situation becomes different as compared with absorption
lines. Let us first consider the case of an optically thin line.
Then Stokes Q is reduced by the fraction of the radiation field
that undergoes unpolarized line scattering. Stokes I on the other
hand is not altered that much, because the photon number is
conserved in scattering. The closer we get to the line center,
the smaller is the ratio Q/I, i.e., the continuum becomes depolarized. If the line becomes optically thick all line photons
reaching an observer at the top are due to unpolarized line scattering. As the line opacity lies above the polarized scattering

layer of the continuum, we then obtain a completely depolarized line at x = 0.
An example of an optically thick line formed at large height
is the “400 km” line in Fig 2. We recall that the maximum line
opacity used for this line has been κ`,max = 7.08 × 10−8 cm−1 .
If we would have chosen a smaller value, e.g. the κ`,max used
for the “400 km” absorption line of Fig. 1, then the line would
be optically thin also for µ = 0.1. Such a scattering line would
be invisible in the intensity spectrum but would depolarize the
continuum significantly (p/pc = 0.6 at line center), in agreement with the arguments above.

Geometric polarization factor
A necessary condition to get an emerging radiation field that
becomes linearly polarized by scattering processes is that the
radiation field is anisotropic in the layer where the scattering
occurs. One of the arguments given in the last two subsections
has been based on the path length inside the polarized scattering layer. The anisotropy of the radiation field has only been
included implicitly by assuming that the continuum scattering
really polarizes the radiation. In this subsection we will examine the influence of the anisotropy more quantitatively. As
we will see, the anisotropy varies across the line. At least for
lines formed deep in the atmosphere it is the combination of
anisotropy and scattering path length that is responsible for the
final degree of polarization.
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Fig. 5. Influence of the anisotropy of the radiation field and the optical thickness of the scattering layer. In the upper half the results for the
absorption lines of Fig. 1 are plotted. The lower half shows the results for the scattering lines of Fig. 2. The thin lines represent the emergent
polarization at the top of the atmosphere. In the left panel the geometric polarization factor kG (thick lines) relative to its continuum value is
given. It represents the influence of the anisotropy of the radiation field on the emergent polarization. The factor kG is given at the height where
the Stokes Q contribution function C Q has its maximum. In the right panel kG is multiplied with the quantity Pscat defined in Eq. (14). The
variable Pscat accounts only for the scattering opacity in the continuum and gives the probability that the scattering process described by kG
occurs. All curves refer to µ = 0.1. The thin, solid, horizontal line at 1.0 marks the continuum level. Note that all variables with subscript “c”
indicate continuum values.

A good measure of the anisotropy of the radiation field and
the expected degree of polarization is the geometric polarization factor kG , which has been introduced by Stenflo (1982) as


2 Z+1


3 1−µ
1 − 3µ02 I(µ0 ) dµ0 .
kG =
16 I(µ)

(12)

−1

Basically it is the average Stokes Q component that is produced
by a single dipole scattering event with an unpolarized incident
radiation field. Mathematically it is obtained when multiplying
the Rayleigh phase matrix with the incident Stokes vector and
integrating over all incident angles. Because the last scattering
process before a photon escapes from the solar atmosphere is

by far the most important one, kG should be an approximate
measure of the final degree of polarization.
The frequency dependence of kG (thick lines) normalized to
the continuum value is illustrated to the left in Fig. 5. The upper
half of the figure corresponds to the same three absorption lines
that were given in Fig. 1, while the lower half of Fig. 5 refers to
the three scattering lines of Fig. 2. For comparison the emergent
polarization (thin lines) is also plotted.
The polarization factor kG is determined for the layer,
where the Stokes Q contribution function C Q in the direction
µ = 0.1 reaches its maximum. This is a reasonable choice, since
the main scattering contributions occur around the height of
maximum C Q . It is the incident radiation field at these levels that should be used in Eq. (12). Note that this geometric
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height is in general frequency dependent. The disagreement
between kG and p is however significant (left side of Fig. 5).
The geometric polarization factor kG may explain about half
the amount of depolarization.
However, on the basis of the schematic model of Fig. 4 we
have argued that for lines formed deep in the atmosphere the
path length in the polarized scattering layer is of relevance.
This path length corresponds to the probability that a continuum scattering process occurs. It is given by the optical depth
scale
dτs = −σc dz.

(13)

The subscript “s” refers to scattering in the continuum. Let us
denote by τs (C Q ) the optical depth in this scale at the height
of max (C Q ). Then, along the line-of-sight, the intensity is reduced by a factor e−τs (CQ )/µ due to continuum scattering, and
the quantity
Pscat = 1 − e−τs (CQ )/µ ,

(14)

approximately corresponds to the scattering probability we are
looking for.
While the factor kG represents the polarization after one
scattering process, Pscat is the probability that such an event really occurs. The product of the two quantities should therefore
approximate the observed polarization:


(15)
p ≈ kG Pscat = kG 1 − e−τs (CQ )/µ .
This quantity is plotted in the panels to the right in Fig. 5. As
expected it agrees well with the emerging polarization for the
“ME” and the “0 km” absorption and scattering lines. All these
lines are optically thick below the height of line formation and
can therefore be described in terms of the simplified model in
the left panel of Fig. 4. In particular the “ME” and the “0 km”
scattering lines, which have nearly identical polarization profiles, confirm the validity of our interpretation. The difference
in the polarization factor kG is compensated for by the scattering probability factor Pscat .
A special case is the “400 km” scattering line. The jump
around x = 1.3 in kG and in the product kG Pscat occurs because
the line becomes optically thick at that frequency. The height of
max (C Q ) jumps from about 200 km to almost 500 km. The factor kG , which is evaluated at this height, changes significantly,
at the same time as the remaining optical thickness due to continuum scattering τs (C Q ) diminishes abruptly. In the line core
the observed polarization is well fitted by the simple model
of Eq. (15) because the line is optically thick. For larger frequencies x, where the line is optically thin, the unpolarized line
scattering replaces some fraction of the polarized photons by
unpolarized radiation. This mechanism that reduces Stokes Q
has not been included in Eq. (15). The degree of polarization is
therefore overestimated.
Similarly the “400 km” absorption line is not well fitted
by the approximation of Eq. (15). While the optically thin line
reduces Stokes I and Q by the same factor and leaves p unchanged, the thermal emission at this height cannot be neglected. Although the line is formed around the temperature
minimum it adds some thermal contribution to I, which results
in a slight overall depolarization.

4. Lines with intrinsic polarization
For lines with an intrinsic polarizability the situation becomes
more complex. Not only do we have the polarized continuum
that is depolarized, but also line polarization which is added. If
a magnetic field is present the line polarization is further modified by the Hanle effect. The polarized transfer Eq. (2) couples the continuum and line polarization in a non-linear way.
Because many of the spectral lines observed in the second solar spectrum have intrinsic polarizations that are of the same
order of magnitude as the polarization of the continuum (see
e.g. Gandorfer 2000), we need to clarify the role of the nonlinear effects due to the coupling between line and continuum
in order to be able to interpret the observed polarized profiles.

4.1. Atomic data for Fe I
To explore the interaction between line and continuum polarization we choose pure scattering lines ( = 0.0) with an intrinsic polarizability W2 ≥ 0.0 while taking the polarized continuum into account. We want to retain as many parameters as
possible from the survey of Sect. 3 but refrain from defining
the line opacity artificially as in that section. To introduce more
realism we will here use the line opacity of a real line. We have
chosen the Fe  line at 5956.7 Å that is due to the transition
a5 F5 − z7 Po4 . The line opacity κ` for this line is calculated with
the MULTI code of Carlsson (1986) for an 18 level Fe  model
atom with 17 transitions. MULTI solves the rate equations and
the radiative transfer equation simultaneously for a multilevel
atom while disregarding polarization.
It is not our intention here to model a specific line. We only
want to use a realistic depth dependence of the line opacity.
Therefore the other parameters that were used in Sect. 3 are
retained. The same model atmosphere is used, and the continuum opacity is still computed for 5000 Å. In particular the same
value for ΓR = 8.9 × 107 s−1 is adopted. The correct atomic
weight of Fe, 58.85, enters the calculation of the elastic collision rate ΓE .

4.2. Coupling of line and continuum polarization
The intensity and polarization of the Fe line obtained with the
parameters given above are plotted in Fig. 6 for various values of the intrinsic polarizability W2 . We have chosen W2 such
that the degree of polarization in the line is comparable to the
continuum polarization.
The line with W2 = 0.00 (solid) is an example of a pure depolarizing line without intrinsic polarization. From our survey
in Sect. 3 it is not surprising that this scattering line depolarizes the continuum almost completely. Note that the Fe  line
considered here is stronger than the lines surveyed in Sect. 3.
Increasing the value of W2 we add polarization with respect
to the W2 = 0.00 line. The curve for W2 = 0.02 (dash-dotted)
shows some depolarization around x = 1.5 and a total polarization at line center that is slightly larger than in the continuum. A similar effect but generally more pronounced is observed in many of the much stronger lines in the “second solar
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Fig. 6. Intensity and linear polarization in the Fe  line for different values of W2 . The line-of-sight is in the direction of µ = 0.1. All parameters
are the same as in Fig. 2 except for the atomic mass and the line opacity, which are defined by the Fe  line. This allows us to study depolarization
and line polarization for realistic atomic parameters. We have chosen the values of W2 such that the contributions to the total polarization from
continuum and line polarization as well as from depolarization are of the same order of magnitude. The intensity profiles are identical for the
four different lines. In both panels the thin horizontal line indicates the continuum level.

spectrum”, with a polarization peak in the line core combined
with substantial depolarization in the wings.
In the presence of a weak turbulent magnetic field with an
isotropic angular distribution of field vectors B the effective
polarizability Weff in the phase matrices of Eq. (9) should be
replaced by
"
#
2 2
2
Weff (B) = Weff (B = 0) 1 − sin α1 + sin α2 ·
5

(16)

The variables α1 and α2 depend on the magnetic field strength
and on the transition rates ΓR and ΓE (see e.g. Stenflo 1994;
Bommier 1997). Note however that the non-magnetic redistribution matrix of Eq. (9) becomes more complicated in the context of approximation level III of Bommier (1997) in the presence of magnetic fields, because a structuring with different
domains need to be introduced in the (x, x0 ) frequency space.
Still, apart from second order effects, it is sufficient to account
for a weak turbulent magnetic field simply by reducing the
value of W2 according to Eq. (16) without having to deal with
the structuring in (x, x0 ) space.
To explore the coupling between line and continuum we
introduce the difference
∆p(W2 ) =


1
pW2 − pW2 =0 .
W2

(17)

The variable pW2 represents the total degree of polarization Q/I
in a line with intrinsic polarizability W2 . The emergent polarization for exactly the same line but with W2 = 0 is denoted
pW2 =0 . Dividing the difference by W2 allows us to explore how
the emergent polarization scales over a large range of W2 values. From Fig. 6 we see that ∆p represents the intrinsic line
polarization that is linearly added on top of the purely depolarizing line with W2 = 0.

The degree of coupling between line and continuum can
be judged by comparing with a special case. If we would neglect the continuum polarization, all the emergent polarization
would be exclusively due to the intrinsic line polarizability, and
pW2 =0 would be identically zero. We get this case by first increasing κc by (κc + σc )/κc and subsequently setting σc = 0.
Then we have removed scattering from the continuum while
maintaining the same total opacity.
Figure 7 gives ∆p (polarization in percent) for W2 = 0.01
(solid), W2 = 0.50 (dotted), and W2 = 1.00 (dashed), while accounting for the polarization of the continuum. Each line is
overplotted with the results for a second case marked by the
filled circles. It is the special case that is obtained by neglecting
the continuum polarization. The perfect fit between the curves
and the filled circles proves that the intrinsic line polarization
can be dealt with independently from the continuum polarization. Depolarization needs to be represented correctly by the
W2 = 0.00 curve, but any intrinsic line polarization is just a linear superposition on top of this curve. The coupling between
intrinsic line polarization and the continuum opacity may thus
be neglected.
In Fig. 7 we notice that the scaling of the line polarization
with W2 is not perfectly linear. To explore this scaling property
we compare the line center (x = 0) values of ∆p(W2 ) in Fig. 7
for different W2 . Let us introduce the quantity
δ=

∆p(W2 )
,
limW2 →0 ∆p(W2 )

(18)

where ∆p(W2 ), defined by Eq. (17), is evaluated at x = 0. The
denominator of Eq. (18) can be approximated by the line center value of the solid curve in Fig. 7, while the numerator corresponds to ∆p(W2 ) (again at line center) for any W2 . A value
δ = 1 for all W2 would represent a linear scaling of the line
polarization with W2 .
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Fig. 7. The polarization of the Fe  line with a polarized continuum
when W2 is 0.01 (solid), 0.50 (dotted), and 1.00 (dashed) relative to
its value when W2 = 0.0. These curves coincide with the degree of
line polarization that are obtained when the continuum polarization is
neglected (filled circles). This demonstrates that the continuum polarization does not couple to the intrinsic line polarization.

In the following we compute the quantity δ for a whole set
of “Fe ” lines, all for an intrinsic line polarizability W2 = 1 (in
the numerator of Eq. (18)). These “Fe ” lines differ only in the
line opacity κ` , which is scaled with a depth independent factor.
This allows us to compute different lines with comparable parameters that vary only in the optical thickness. The larger the
line opacity the larger is the resulting line depth in intensity.
Figure 8 shows δ as a function of line depth for this set
of “Fe ” lines. When the line depth decreases, δ approaches 1,
which means that the line polarization for optically very thin
lines scales linearly with W2 . The nonlinearity with W2 appears
only for stronger lines, increases with line depth, and is therefore due to optical thickness effects.
Our calculations and Fig. 8 thus indicate that the nonlinear
scaling with W2 can be understood in terms of multiple scattering. Obviously the last scattering process is the most relevant for the emergent polarization. However, the larger the
line opacity due to scattering, the more scattering events occur. Therefore the incident radiation field at the last scattering
process is already partialy polarized, which leads to an additional increase of the emergent polarization. As the influence
of multiple scattering is more pronounced for stronger lines,
we obtain the monotonic growth of δ in Fig. 8.
The observed W2 scaling properties depend on the details
of line formation. While the “Fe ” lines should be representative for most real solar lines, it is possible to construct cases
with a different behavior. If we do the analysis of Figs. 7 and 8
not for the Fe  line but for the “0 km” scattering line of Fig. 2
(this time with W2 ≥ 0), we find that the intrinsic line polarization scales exactly linearly with W2 and that only the last

0.2
0.4
0.6
0.8
Line depth 1 − I/Ic (x=0)

1.0

Fig. 8. Influence of W2 and optical thickness of the line on the scattering polarization. δ, defined by Eq. (18), has been calculated for a
set of lines of the Fe  type. The different lines are obtained by scaling the line opacity with a depth independent factor, which results in
different intensity line depths. A value δ = 1 represents the case that
the emergent line polarization increases linearly with W2 . This value
is only approached for very thin lines. The stronger the line, the faster
the polarization increases with increasing W2 .

scattering process contributes to the observed polarization.
That line is formed very deep in the atmosphere where the continuum absorption is still relevant. Therefore, all the line polarization formed before the last scattering process is destroyed
again, in contrast to the Fe  line.

5. Conclusions
Our analysis of depolarizing lines in the solar spectrum has
allowed us to make a parameter survey of their behavior. We
find that the amount of depolarization is not well correlated
with the line depth in the intensity spectrum. Different lines
with the same depth in Stokes I can both cause complete and
barely visible depolarization, depending on the details of line
formation. In particular we have shown that for absorption lines
the depolarization decreases rapidly with height of formation,
if the intensity line depth is kept fixed. The opposite behavior is
found for pure scattering lines, which depolarize very strongly
if they are formed high in the atmosphere.
We have identified the relevant physical processes causing
depolarization. First we have studied lines with no intrinsic polarization. As is well known, the presence of an anisotropic radiation field is necessary to obtain scattering polarization. The
line opacity influences and in general reduces the anisotropy of
the radiation field in the line core, which results in smaller core
polarization than in the continuum. This can however only partially explain the amount of depolarization in different lines. In
the case of lines for which the atmosphere is optically thick below their height of formation, another relevant parameter is the
probability that a photon is scattered above the height where
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the atmosphere becomes optically thin. This probability scales
with the path length inside the optically thin slab in the direction of the line-of-sight. It is smaller in the line core than in the
continuum, which naturally leads to a smaller degree of polarization in the line. For optically thin lines formed high in the
atmosphere the depolarizing behavior is different for absorption and scattering lines. An absorption line filters out Stokes I
and Q by the same fraction, leaving the degree of polarization
unchanged. A scattering line (with W2 = 0) reduces primarily
Stokes Q and causes strong depolarization.
In a second part we have examined lines with intrinsic polarization. The total polarization is due to the combined effect
of continuum polarization, depolarization, intrinsic line polarization, and possibly further depolarization due to the Hanle
effect. A turbulent magnetic field would have the same effect
as reducing the value of W2 , a case that is covered by our analysis. We show that the coupling between continuum and intrinsic line polarization is very weak and can safely be neglected.
If the polarization profile shape of a line with W2 = 0 that depolarizes the continuum polarization is known, the intrinsic line
polarization of the same line (but with a non-zero W2 ) can just
be linearly added.
We have found that the intrinsic line polarization does not
scale entirely linearly with W2 . The (fairly small) deviation
from linearity can be understood in terms of multiple scattering. The polarization increases with W2 faster than linearly if
more than the last scattering process contributes to the formation of the emergent polarization.
The new insight that we have gained through the present
work represents a necessary step in understanding and making
diagnostic use of the richly structured “second solar spectrum”.
For magnetic-field diagnostics with the Hanle effect we need
to extract the intrinsic line polarization from the observed mixture of line and continuum. The various contributions from continuum polarization, intrinsic line polarization, magnetic-field
effects, and non-magnetic depolarization are generally of the
same order of magnitude and exhibit spatial and temporal variations. While this combination of effects greatly complicates
the interpretation, it provides us with potentially rich diagnostic opportunities that have yet to be exploited.
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