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Abstract

The linearly polarized solar limb spectrum caused by the absorption and scattering of anisotropic radiation has a
very rich diagnostic potential, given its sensitivity to the thermal, dynamic, and magnetic structure of the solar
atmosphere. A crucial first step toward its scientific exploitation is understanding the physical origin of the
observed spectral line polarization and its magnetic sensitivity via the Hanle and Zeeman effects. Here, we study
the linear polarization signals observed in the IR triplet of O I at 777 nm, describing in detail the multilevel
radiative transfer calculations that allowed us to decipher their physical origin. We investigate the sensitivity of the
calculated scattering polarization signals to various modeling parameters, finding that the observed fractional linear
polarization pattern originates mainly in the solar chromosphere, although the intensity profiles of the O I IR triplet
come mainly from the lower photosphere. We find that the three lines are sensitive, via the Hanle effect, to
magnetic fields with strengths between 0.01 and 30 G, in a extended region of the solar atmosphere. We show this
through calculations of the response function to magnetic field perturbations in a semi-empirical model of the quiet
Sun atmosphere. The dominant response of the linear polarization signals occurs at heights 1000~ km above the
visible model’s surface, which demonstrates that the scattering linear polarization signals of the oxygen IR triplet
encode information on the magnetism of the solar chromosphere.
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1. Introduction

The solar disk intensity profiles of the IR triplet of O I at
777 nm originate in the low photosphere, at heights where the
neutral hydrogen number density N 10 cmH

16 3> - and the
rates of elastic collisions between O I and H I atoms are much
larger than the rates of radiative transitions between the
multiplet’s atomic levels. Therefore, in the low photosphere,
elastic collisions are sufficiently efficient to practically destroy
the atomic level polarization (population imbalances and
quantum coherence between pairs of magnetic sublevels)
produced by anisotropic radiation pumping processes. Since
the radiatively induced polarization of the atomic levels is the
physical origin of the scattering line polarization observed in
quiet regions of the solar disk (see, e.g., the atlas of
Gandorfer 2000), one could thus expect a negligible amount
of scattering polarization in the oxygen IR triplet of the solar
disk radiation. However, spectropolarimetric observations of
the IR triplet of O I in quiet disk regions close to the solar limb
show clear scattering polarization signals, with line-center Q/I
amplitudes of about 0.1% in lines 777.2 and 777.42 nm and of
about −0.02% in line 777.54 nm (Trujillo Bueno et al. 2001).
We point out that our choice for the reference direction for
positive Stokes Q is the parallel to the nearest limb.

In a recent letter, we argued that the linear polarization
observed by Trujillo Bueno et al. (2001) in the O I IR triplet
originates in the solar chromosphere, far above the photo-
spheric region of formation of the intensity profiles (del Pino

Alemán & Trujillo Bueno 2015). The aim of the present paper
is to describe in detail the radiative transfer investigation that
led us to that conclusion, including additional material that is
useful for understanding the magnetic sensitivity of the lines.
Moreover, we provide a detailed presentation of the relevant
equations, along with the efficient radiative transfer code we
have developed for doing investigations of the generation and
transfer of spectral line polarization. We take into account the
linear polarization caused by the atomic level polarization that
is induced by anisotropic radiation pumping processes in
multilevel atomic systems and its modification by the Hanle
effect. We also consider the circular polarization induced by the
Zeeman effect.
The outline of the paper is as follows. In Section 2 we

present the radiative transfer and statistical equilibrium
equations (SEEs), showing the simplification obtained by the
weak anisotropy approximation (WAP), explaining the num-
erical method of solution, and demonstrating that the WAP
provides self-consistent results that are virtually indistinguish-
able from the “exact” results. Section 2 also describes the
numerical strategy that we have followed to solve the line
scattering polarization problem in given one-dimensional
models of the solar atmosphere. Our results for the unmagne-
tized reference case are described in Section 3, while Section 4
focuses on the impact of the Hanle effect and shows response
functions to magnetic field perturbations. Finally, in Section 5
we summarize the main results.

2. Formulation of the Problem

We solve the non-local thermodynamic equilibrium (NLTE)
problem of the generation and transfer of polarized radiation,
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which requires solving jointly the SEEs, which govern the
populations and quantum coherences of the atomic levels, and
the radiation transfer equation for the Stokes parameters, which
governs the radiation field. Our theoretical approach is based
on the density matrix theory described in Landi Degl’Innocenti
& Landolfi (2004), where the scattering line polarization
phenomenon is described as the temporal succession of first-
order absorption and re-emission processes, considered to be
statistically independent events (complete frequency redistribu-
tion, or CRD). As we shall see below, the CRD approximation
is very suitable for modeling the linear polarization profiles
observed in the O I IR triplet at 777 nm. Due to the complexity
of this (nonlinear and non-local) problem, its resolution
required the development and implementation of efficient
numerical methods.

2.1. Equations

The radiation field is characterized by the Stokes parameters
I, Q, U, and V. For each frequency and propagation direction,
the ensuing radiative transfer equation reads (e.g., Landi
Degl’Innocenti & Landolfi 2004):
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where s is the geometrical distance along the propagation
direction, j ( j I Q U, , ,= and V ) is the emissivity,

j j
A

j
Sh h h= - ( j I Q U, , ,= and V ) is the total absorption

coefficient, j
Ah being the true absorption coefficient and j

Sh

being the stimulated emission coefficient, j j
A

j
Sr r r= -

( j Q U,= , and V ) is the anomalous dispersion term, j
Ar

being the contribution of the true absorption and j
Sr being the

contribution of the stimulated emission. We consider weakly
magnetized regions of the solar atmosphere, for which the
linear polarization is dominated by scattering processes and the
Hanle effect, and the jr magneto-optical terms (with
j Q U V, ,= ) of Equation (1) can be neglected when partial
frequency redistribution phenomena are negligible (see Manso
Sainz & Trujillo Bueno 2010). Thus, the resulting equations for
Stokes I, Q, and U are:

d

ds
I I Q U

d

ds
Q I Q

d

ds
U I U . 2

I Q U I

Q I Q

U I U







h h h

h h

h h

=- - - +

=- - +

=- - + ( )

The expressions for the radiative transfer coefficients jh and j
are given by Equation (7.15) of Landi Degl’Innocenti &
Landolfi (2004). They are functions of the density matrix
elements Q

Kr that describe the atomic state. We also take into
account the circular polarization caused by the Zeeman effect
(see Section 4.2).

The density matrix elements iQ
Kr ( ) of the atomic level “i” are

governed by the SEEs. For the modeling of the scattering linear
polarization of the O I infrared triplet we can safely neglect the

quantum interference between pairs of sublevels pertaining to
different fine-structure J-levels (see Belluzzi & Trujillo
Bueno 2011). Furthermore, in solar-like atmospheres the
anisotropy of the incident radiation is weak, that is, J JQ

K
0
0¯ ¯

(defined in Equation (7) below). Thus, we use the weak
anisotropy approximation for which the SEEs are given by,
choosing the quantization axis for total angular momentum
along the local vertical (Landi Degl’Innocenti & Landolfi 2004):
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The symbol QQ
KK ¢ represents the magnetic kernel (see Landi

Degl’Innocenti et al. 1990), Ln is the Larmor frequency, and gi
is the Landé factor of the atomic level i. In these equations, the
indexes u, ℓ, and i mean upper level, lower level, and current
level, respectively. The pairs of indexes ab (i.e., uℓ, ui, and iℓ)
indicate the transition a b . Cuℓ

K( ) is the multipolar component

of the inelastic collisional rates, with Cuℓ
0( ) being the standard

collisional transfer rate (e.g., Mihalas 1978). D iK ( )( ) is the
depolarizing rate due to elastic collisions with neutral
hydrogen atoms. J uℓQ

K¯ ( ) are the weighted frequency integrated
components of the radiation field tensor given by (Landi
Degl’Innocenti & Landolfi 2004)

J uℓ J d , 7Q
K

uℓ Q
Kò f n n n= ¢ ¢ ¢¯ ( ) ( ) ( ) ( )

where uℓf n¢( ) is the Voigt profile corresponding to the
transition u ℓ and JQ

K n¢( ) are the spherical components of
the radiation field tensor:

J
d

T j S
4

, , , 8Q
K

j
Q
K

j
0

3

å W Wn
p

n¢ =
W

¢
=

∮( ) ( ) ( ) ( )

and where S S S S S I Q U V, , , , , ,0 1 2 3= =( ) ( ) are the Stokes
parameters. In order to calculate the iQ

Kr ( ) density matrix
elements we need to know the radiation tensors, which, in turn,
require the Stokes parameters. The solution of the radiation
transfer equation to calculate the Stokes parameters requires
knowing the density matrix elements. Thus, we face a coupled
nonlinear and non-local problem that we have to solve with
iterative methods.

Under the weak anisotropy approximation the density matrix
components with different K values are decoupled. As there
are only radiation field tensors with K 2 , there are only
two systems of equations like Equation 3(b) for K=1 and
K=2. Furthermore, because we are assuming a static model
atmosphere and that the levels are not oriented, a net Stokes V,
the only source of JQ

1¯ , cannot be produced (in a static model
atmosphere and a multilevel atom, the frequency integrated
Zeeman Stokes V is zero, making no contribution to JQ

1¯ ).
Consequently, only the system of Equation 3(b) for K=2
remains. In the presence of a magnetic field, all the multipolar
components with the same K and different Q are coupled by the

magnetic kernel and the general system 3(b) for K=2 has to
be solved. In the non-magnetic case, the term that couples the
different Q values vanishes, and because the atmosphere has
axial symmetry with respect to the vertical (Section 2.2 below),
the only important components are the 0

2r , the alignment of the
atomic levels (that quantifies the population imbalance between
the sublevels of the atomic level under consideration). We have
solved the problem of the generation and transfer of scattering
polarization in a multilevel oxygen model using both the weak
anisotropy approximation (Equation (3)) and the general SEE
(Equations (7.11) and (7.101) of Landi Degl’Innocenti &
Landolfi 2004), obtaining virtually identical results in both
cases.

2.2. The Atomic and Atmospheric Models

The atomic model is the same used in del Pino Alemán &
Trujillo Bueno (2015). However, we would like to emphasize
that, due to a coincidence in the energy difference between
atomic levels, the O I transition D P3 3  coincides in
wavelength with the Lyβ transition of the H I atom. This
hydrogen line is a strong transition and it thus pumps the
population of the upper level of the O I line transition, affecting
the population balance of the atom. We consider the Lyβ
pumping by calculating the population balance of the oxygen
atom taking into account the Lyβ radiation by using the
population of the excited levels of H I in the chosen model
atmosphere (see Miller-Ricci & Uitenbroek 2002).
We assume one-dimensional (1D), plane-parallel semi-

empirical model atmospheres. In most of our calculations we
use the quiet-Sun model C of Fontenla et al. (1993), hereafter
FAL-C, and to show the sensitivity to the thermal structure, we
use the MCO model of Avrett (1995; see Figure 1). In fact,
the FAL-C model we use is not exactly the original model in
the cited paper, but a very similar model that results from the
recalculation of the hydrogen and electron densities where
more excited levels of the hydrogen atom are included (see
Miller-Ricci & Uitenbroek 2002).
The infrared triplet of O I shares the same (metastable) lower

level with angular momentum J 2ℓ = , while the upper levels
have angular momentum values J=3 (line at 777.2 nm,
hereafter line 1), J=2 (line at 777.4 nm, hereafter line 2), and
J=1 (line at 777.5 nm, hereafter line 3).

Figure 1. Atmospheric models. Variation with height of the temperature (left panel) and of the neutral hydrogen number density (right panel). The solid line
corresponds to the FAL-C model and the dashed line to the MCO model. Note that between 500 and 1500 km MCO is significantly cooler than FAL-C. The shaded
region shows the heights where the optical depth is unity at the center of each O I infrared triplet line, for lines of sight with 0.1 1.0 m , with cosm q= and θ
being the heliocentric angle.
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2.3. Numerical Strategy

As pointed out in Section 2.1, we have to solve a complex
radiative transfer problem with a large number of unknowns
(42 and 118 Q

Kr unknowns, without and with a magnetic field,
respectively). We follow an approximate strategy in order to
minimize the computing time for the calculation of the
emergent Stokes parameters.

First, we calculate the level populations ( 0
0r ) ignoring the

polarization, using the RH code of Uitenbroek (2000), and
including the effects of PRD in the O I ultraviolet triplet,
collisions with hydrogen, the impact of molecules (e.g., the CO
molecule) on the number density of atomic oxygen, and the
photoionizations. Therefore, we assume that the populations of
the O I levels are determined just by the intensity component of
the radiation field, which is an excellent approximation for the
physical conditions of the solar atmosphere.

Second, we fix these populations (i.e., the 0
0r components)

and we iterate solving the SEE only for the Q
Kr elements with

K 0¹ , and calculating the JKQ radiation tensors at each iterative
step. This method, even though it is equivalent to lambda
iteration on the Q

Kr components with K 0¹ , converges very

fast (see Figure 2) because we use the correct NLTE 0
0r values

(cf., Trujillo Bueno & Manso Sainz 1999).

3. Results: The Zero-field Reference Case

Here we consider the unmagnetized reference case by
solving the NLTE problem of the generation and transfer of
polarized radiation using two 1D semi-empirical models of the
solar atmosphere, FAL-C and MCO.

3.1. The Thermal Structure

The atmospheric model used in the calculation can have a
significant impact on the emergent Stokes profiles. The
intensity of the O I infrared triplet lines is formed mainly in
the photosphere, where the FAL-C and the M CO models are
very similar (see Figure 1). Therefore, the emergent intensity
profiles calculated in the two atmospheric models are also very
similar (see top row of Figure 3). However, the same does not
apply to the polarization profiles. The emergent fractional

linear polarization calculated in the M CO atmospheric model is
much smaller than the linear polarization calculated using the
FAL-C model (see bottom row of Figure 3). We anticipate that
this is explained by the difference in the thermal structure of
these two models above 500 km because, contrary to the
intensity profile, the linear polarization profile is generated
above the photosphere.

3.2. Inelastic Collisions

In our selection of the collisional rates for the radiatively
forbidden transitions we need to choose a value for the
collisional strength Ω. For this research we have opted to take
the same value of Ω for every transition where the approx-
imation is applicable, and to study the effect that the value of
this parameter has on the emergent Stokes profiles. We take the
values 0.1, 1W = , and 10, a range of two orders of magnitude.
The emergent intensity profiles for 0.1W = and 1 are

indistinguishable, but the emergent intensity profile for
10W = is different, resulting in a line profile with less depth

(see top row of Figure 4). However, some studies on the
collisional transitions of O I suggest that the value 10W = is
too large (Bhatia & Kastner 1995; Przybilla et al. 2000).
The emergent Q/I linear polarization profiles show a strong

sensitivity to the value of Ω. The line core polarization changes
by a factor two for lines 1 and 2, and by almost a factor four for
line 3 (see bottom row of Figure 4). That the fractional linear
polarization profile is so sensitive to the collisions, while the
intensity profile is not, is explained by the different heights in
the atmosphere to which the I and Q Stokes parameters
respond, as we will show below. Hereafter, the calculations are
done with 0.1W = , which gives us the worst case scenario for
the scattering polarization amplitudes. A careful treatment of
the inelastic collisions is of great importance for a reliable
comparison with observations of the linear polarization of these
triplet lines.

3.3. Negative Polarization Due to
Dichroism in the Chromosphere

In del Pino Alemán & Trujillo Bueno (2015) we stated that
the polarization comes from the upper layers of the atmosphere,
from different heights than the emergent intensity profile. In
order to support this statement, it is useful to adopt another
estimation of the height of formation, more suitable for this
problem than the height where the optical depth becomes unity.
The radiative transfer equation (Equation (1)) has the following
integral form,

I I Se e
d

dz
dz, 9

z

0
0

effò
t

= +t t-D
D

- ( )

with

K IS S , 10eff = - ¢ˆ ( )

where I I Q U V, , ,= ( ) is the Stokes vector at the spatial point
with optical depth τ being considered, I0 is the Stokes vector at
a point with optical depth 0t where the solution is already
known, dsIòt hD = is the optical distance between these two

points, K K I h¢ = -ˆ ˆ , with K̂ as the propagation matrix from
Equation (1) and  being the identity matrix, and S I h= ,
with  being the emission vector from Equation (1).

Figure 2. Variation of the maximum relative change (RC) with the number of
iterations of the 0

2r components of the 19 atomic levels with total angular
momentum J 0> . The red lines show the maximum relative change for the
four levels of the O I infrared triplet. Note that the density matrix component 0

2r
of the infrared triplet levels reaches a RC value smaller than 10−10 in less than
10 iterations.

4

The Astrophysical Journal, 838:164 (9pp), 2017 April 1 del Pino Alemán & Trujillo Bueno



The so-called contribution function, which is the integrand
e d dzSeff tt- in Equation (9), describes how much each layer

of the atmosphere contributes to the emergent Stokes parameter
under consideration. From the contribution function for a line
of sight with 0.1m = , we can see that the intensity profiles are
formed mainly in the photosphere, with the maximum
contribution around ∼210 km for the three lines and an
extension of a few hundreds of kilometers (see the top panels in
Figure 5). Line 1 and line 2 also have a much smaller (by ∼1.5
orders of magnitude) contribution at chromospheric layers
(between ∼700 and 1000 km). This is an indication that there
are still absorption and emission processes taking place in these

upper layers of the model atmosphere. In the absence of
depolarizing collisions, the main contribution of the Stokes Q
parameter comes from the photosphere (see the middle panels
in Figure 5), while there is a much smaller contribution from
the chromospheric layers. Once we include depolarizing
collisions (see the bottom panels in Figure 5), the photospheric
contribution is significantly decreased. For line 1 and line 2, the
main contribution comes from two regions, a narrower one
around ∼500 km and a larger one at heights between ∼700 and
1200 km. For line 3, the main contribution is in the chromo-
sphere, between ∼800 and 1500 km. Note that in the presence
of collisions the main contribution of line 1 and line 2 is

Figure 3. Sensitivity to the thermal model. Emergent normalized intensity (top row), normalized to the continuum intensity, and fractional linear polarization Q/I
(bottom row) profiles of the O I infrared triplet at 777.2, 777.4, and 777.5 nm, for a line of sight with 0.1m = . The solid lines show the result in the FAL-C model,
while dashed lines correspond to the M CO model.

Figure 4. Effect of inelastic collisional rates. Emergent normalized intensity (top row) and fractional linear polarization Q/I (bottom row) profiles of the infrared triplet
of O I, for a line of sight with 0.1m = . The solid lines show the result with 0.1W = for the inelastic radiatively forbidden collisions, the dashed lines correspond to

1W = and the dashed–dotted lines to 10W = .
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Figure 5. Contribution function for the intensity (top panels), for the Stokes Q parameter in the absence of depolarizing elastic collisions (middle panels), and for the
Stokes Q parameter taking into account the effect of the depolarizing elastic collisions (bottom panel), for a line of sight with 0.1m = . The reference direction for the
source and contribution functions is the perpendicular to the limb. Note the difference in the scales between the last two rows.

Figure 6. Hanle effect of a deterministic magnetic field. Fractional linear polarization Q/I (top panels) and U/I (bottom panels) for the O I infrared triplet, for a line of
sight with 0.1m = , for a magnetic field inclined 90° with respect to the vertical and an azimuth of 45° with respect to the line of sight. The various curves show
different magnetic field strengths: 0.1 G (solid), 1 G (dashed), and 100 G (dashed–dotted).
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negative (which translates into polarization parallel to the
limb), while for line 3 it is positive (which corresponds to radial
polarization).

4. Results: The Hanle Effect

The presence of a magnetic field can modify the atomic level
polarization and therefore it can alter the scattering polarization
of the emergent radiation. We calculate how the fractional
linear polarization at the line center of the O I infrared triplet
transitions changes for different magnetic field strengths in a
given geometrical configuration.

4.1. Hanle Depolarization

Figure 6 shows the emergent fractional linear polarization
close to the limb for a deterministic magnetic field inclined 90°
with respect to the vertical of the model atmosphere and an
azimuth of 45° with respect to the line of sight, for different
magnetic field strengths: 0.1, 1, and 100 G. The presence of a
magnetic field produces two effects on the linear polarization
profiles; first, a rotation in the polarization plane that generates
a U/I signal; second, a net depolarization, that is, the quantity
Q I U I2 2+( ) ( ) is smaller in the presence of a magnetic field
with respect to the zero-field case.

In order to characterize the magnetic field sensitivity of these
triplet lines, we solve the radiation transfer problem in the
FAL-C atmospheric model and we assume a homogeneous and
inclined magnetic field, with respect to the vertical direction,

with random azimuth below the photon mean free path (i.e., the
magnetic field azimuth randomly takes any possible value).
The magnetic field strength and its inclination with respect to
the vertical of the atmosphere are taken as parameters; we
choose four particular inclinations between almost purely
vertical and purely horizontal (10◦, 30◦, 60◦, and 90◦) and we
change the magnetic field strength from 10−4 G (almost
unmagnetized) to 103 G (saturated field for these triplet lines).
We show the results in Figure 7. Line 1 and line 2 depolarize in
the presence of a horizontal magnetic field with a strength
larger than 0.01 G and larger than 1 G for a magnetic field close
to the vertical (10◦). These two lines saturate with magnetic
fields of 30 G; that is, they stop being sensitive to the magnetic
field strength when the magnetic field is larger than 30 G.
For line 3 we can distinguish four regimes. For magnetic

fields with strengths weaker than 10−3 G, the emergent
fractional linear polarization is insensitive to the magnetic
field. For magnetic strengths between 10−3 and 0.5 G, the
fractional linear polarization increases its value (see Figure 7).
This results in a Q/I change of sign for magnetic field
inclinations close to the van Vleck angle ( 54 .7~  ) and a
depolarization for other angles. For magnetic field strengths
between 0.5 and 10 G, the value of the line core fractional
linear polarization decreases (see Figure 7). This results in a
depolarization for magnetic field inclinations close to the van
Vleck angle and an increase of the polarization amplitude for
other angles. The sensitivity to the magnetic field strength of
line 3 saturates at 10 G, remaining only sensitive to the

Figure 7. Hanle effect of a random-azimuth magnetic field. Variation with the magnetic field strength and inclination of the emergent line-center fractional linear
polarization Q/I for the oxygen infrared triplet, for a line of sight with 0.1m = . The labels next to the curves specify the inclination of the magnetic field with respect
to the local vertical to the model atmosphere.

Figure 8. Fractional linear polarization Q/I center-to-limb variation for the O I infrared triplet, for a magnetic field inclined 90° with respect to the vertical and random
azimuth. The various curves show different magnetic field strengths: 0 G (solid), 0.1 G (dotted), 1 G (dashed), and 100 G (dashed–dotted). The horizontal gray dotted
line indicates the zero polarization level.
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direction of the magnetic field for larger values of its strength
(see Figure 7).

Finally, in Figure 8 we show the center-to-limb variation of
the fractional linear polarization of the O I infrared triplet, for a
magnetic field inclined 90° with respect to the vertical and with
random azimuth, for several magnetic field strengths: 0, 0.1, 1,
and 100 G. As can be expected from the magnetic sensitivity of
line 3 (Figure 7), the maximum depolarization in this line is
achieved with a very weak magnetic field. In fact, the
polarization of the line decreases almost an order of magnitude
for magnetic fields stronger than about 20 mG, for inclinations
of the magnetic field not too close to the local vertical. On the
other hand, line 1 and 2 follow the same behavior, with
stronger magnetic fields producing larger depolarization. Note,
however, that all the lines cross the zero polarization level at
different lines of sights for different magnetic field strengths,
giving rise to small but negative Q/I values.

When we increase the magnetic field strength, the fractional
linear polarization of line 3 follows a qualitative behavior
different from line 1 and line 2. If we can measure the fractional
linear polarization of the three lines with enough accuracy, we
should be able to infer some characteristics of the magnetic
field analyzing the ratios between line 3 and line 1 or line 2.
However, one should note the small amplitudes that are
predicted for line 3, which could make it very difficult to
determine an accurate value for the fractional linear polariza-
tion at the core of this spectral line.

4.2. Response Function

We showed in the last section that, though the intensity of
the O I infrared triplet emerges from the photosphere (around
∼220 km in the model atmosphere for a line of sight with

0.1m = ), the scattering linear polarization signal comes from
layers that are above this region. We would thus expect that the
scattering polarization in the O I triplet reacts to magnetic fields
in such higher layers of the model atmosphere and not in the
photosphere of the model.

In order to determine the region of the solar atmosphere
where the lines are sensitive to the presence of a magnetic field
we calculate the so-called response function (Magain 1986)
introducing a magnetic field perturbation in the form of a step
function (Fossum & Carlsson 2005). The response function
R S X,
n is (see Uitenbroek 2006):

R z
x z

d

dz
S

1
, 11S X z, = Dn n( )

( )
( ) ( )

where S is the corresponding Stokes parameter, X is the
perturbed quantity (e.g., the magnetic field strength), ν is the
frequency, z is the height in the atmosphere, x z( ) is the value
of the perturbation at the height z, and S zD n is the differ-
ence between the emergent Stokes parameter in the solution
of the non-perturbed case and the emergent Stokes parameter
in the solution with a perturbation in the form of a step
function X z x z H z z¢ = ¢ ¢ -( ) ( ) ( ), with H z z¢ -( ) as the step
function.

We choose the zero-field case as the unperturbed reference
atmospheric model and we introduce a 1 G horizontal field
perturbation with random azimuth. We find that, as we
anticipated, the response of the scattering polarization to a
magnetic field has its peak in the low chromosphere (∼1
Mm), showing a relatively wide region of sensitivity (see the

top row of Figure 9). This is mostly due to the effect of the
depolarizing elastic collisions. These collisions destroy the
alignment in the photospheric layers of the model atmosphere
and consequently the polarization can only be generated
through selective absorption and emission in the layers above.
We have also calculated the response of the Zeeman Stokes V
profile to the same perturbation. We obtain a small response
that is concentrated in the photosphere, around 200 km, the
height where the line-center optical depth is unity (see bottom
row of Figure 9).

5. Conclusions

We have investigated the scattering polarization of the O I
infrared triplet at 777 nm and its magnetic sensitivity. To this
end, we have developed and applied a radiative transfer code
that allows us to solve efficiently the problem of the generation
and transfer of scattering polarization and the Hanle effect
taking into account complex multilevel systems. The same
code also includes the possibility of calculating the circular
polarization caused by the Zeeman effect.
In the photosphere, elastic collisions with neutral hydrogen

completely destroy the population imbalances between the
magnetic sublevels of the O I levels (see del Pino Alemán &
Trujillo Bueno 2015). Consequently, while the intensity
profiles of the solar O I IR triplet originate mainly in
the low photosphere, their scattering polarization signals are
generated above the photosphere, where elastic collisions
with neutral hydrogen atoms cannot destroy the atomic level
polarization. Therefore, it is crucial to take into account the
depolarization due to elastic collisional processes. We
emphasize that, even if we are using an approximate formula
like Equation (7.108) in Landi Degl’Innocenti & Landolfi
(2004) to account for the effect of depolarizing collisions, the
qualitative result does not change appreciably if we increase
or decrease the depolarizing collisional rates by an order of
magnitude.
The physical origin of the observed linear polarization signals

is the selective absorption (zero-field dichroism) and selective
emission of polarization components caused by atomic level
polarization in the solar chromosphere. It is thus essential to
take into account the presence of lower-level polarization for
modeling the scattering polarization of the O I IR triplet. In
particular, the polarization of line 3 is produced almost
exclusively by zero-field dichroism. Line 1 and line 2 are
dominated by selective emission processes, but the contribution
from the lower-level polarization through dichroism is essential
in order to obtain emergent fractional linear polarization profiles
with line ratios similar to the observed ones.
The scattering polarization of the O I IR triplet is sensitive to

the thermal and magnetic structure of the chromosphere (see
Figure 3). In particular, the scattering polarization amplitudes
are sensitive to magnetic fields with strengths between
milligauss and a few Gauss (see Figures 6–8) via the Hanle
effect, with response functions to magnetic field perturbations
that peak around 1000 km above the model’s visible surface.
When we increase the magnetic field strength the behavior of
line 3 is different from those of line 1 and line 2. Therefore, it
should be possible to define a line ratio of fractional linear
polarization signals that provides information about the
magnetic field in the region of the atmosphere where these
lines are sensitive. However, the inelastic collisional rates with
electrons can change the line ratios even in the unmagnetized
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solution. Thus, the determination of better collisional rates is
essential for a quantitative study of the O I IR triplet. The same
applies to the depolarizing elastic collisions with neutral
hydrogen, because they also have a significant impact on the
line ratios.

Interestingly, if spectropolarimetric observations show a
negative Q/I polarization in line 3, as in those by Trujillo
Bueno et al. (2001), then we can draw some conclusions even
qualitatively. The rate of elastic collisions in the photosphere
must be large enough to destroy the atomic polarization of the
lower level of the infrared triplet lines of O I and the linear
polarization of these spectral lines would be sensitive to the
thermal and magnetic structure of the high photosphere and the
chromosphere.
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