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Abstract: Emission features formed through Raman scattering with atomic hydrogen provide unique and
crucial information to probe the distribution and kinematics of a thick neutral region illuminated by a
strong far-ultraviolet radiation source. We introduce a new 3-dimensional Monte-Carlo code in order to
describe the radiative transfer of line photons that are subject to Raman and Rayleigh scattering with
atomic hydrogen. In our Sejong Radiative Transfer through Raman and Rayleigh Scattering (STaRS)
code, the position, direction, wavelength, and polarization of each photon is traced until escape. The thick
neutral scattering region is divided into multiple cells with each cell being characterized by its velocity and
density, which ensures flexibility of the code in analyzing Raman-scattered features formed in a neutral
region with complicated kinematics and density distribution. To test the code, we revisit the formation of
Balmer wings through Raman scattering of the far-UV continuum near Lyβ and Lyγ in a static neutral
region. An additional check is made to investigate Raman scattering of Ovi in an expanding neutral
medium. We find a good agreement of our results with previous works, demonstrating the capability of
dealing with radiative transfer modeling that can be applied to spectropolarimetric imaging observations
of various objects including symbiotic stars, young planetary nebulae, and active galactic nuclei.
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1. INTRODUCTION

Scattered radiation conveys information regarding both
the emission and scattering regions. In particular, linear
polarization may develop in an anisotropic scattering
geometry and the relative motion between the emission
and scattering regions gives rise to complicated line pro-
files including multiple-peak structures and broad wings.
An excellent example is provided by spectropolarimetric
observations of Seyfert 2 galaxies exhibiting broad lines
in the linearly polarized fluxes, lending strong support
to the unification model of active galactic nuclei (Miller
& Goodrich 1990; Tran 2010).

Interaction of electromagnetic radiation with an
atomic electron may occur in the form of Rayleigh or
Raman scattering (e.g. Sakurai 1967). Rayleigh scat-
tering is an elastic process where the scattered photon
has the same wavelength as the incident one. Raman
scattering is an inelastic process in which the initial and
final electronic states differ and with the difference in en-
ergy being transferred to the scattered photon. Raman
spectroscopy is particularly useful in revealing the com-
plicated energy level structures of chemical molecules.

In astrophysics, Nussbaumer et al. (1989) provided
a pioneering discussion on Raman scattering with atomic
hydrogen, introducing a new spectroscopic tool to di-
agnose gaseous emission nebulae including symbiotic
stars and active galactic nuclei. Relevant Raman scat-
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tering processes start with a far-UV photon more en-
ergetic than Lyα incident on an hydrogen atom in the
ground state and end with an outgoing photon with
an energy less than that of Lyα, leaving behind the
hydrogen atom in the 2s state. They introduced the
basic atomic physics of Rayleigh and Raman scattering
illustrating the cross sections and presented a number
of candidate far-UV spectral lines that may result in
detectable Raman-scattered features (e.g., Saslow &
Mills 1969). Notably, the branching ratio of Raman
and Rayleigh scattering of far-UV radiation near Lyβ is
approximately 0.15, meaning that most Lyβ photons are
Rayleigh (or resonantly) scattered several times before
they are converted into Hα photons that escape from
the thick neutral region.

Schmid (1989) identified the broad emission features
at 6825 Å and 7082 Å, which are found in about half
of all symbiotic stars, as Raman scattering features of
the Ovi 1032 Å and 1038 Å emission lines, respectively
(Akras et al. 2019). Symbiotic stars are wide binary
systems composed of a hot white dwarf and a mass-
losing red giant. Hydrodynamical studies suggest that
a fraction of the slow stellar wind is gravitationally
captured and forms an accretion disk (de Val-Borro et
al. 2017; Chen et al. 2017; Saladino et al. 2018), where
Oviλλ1032, 1038 are important coolants.

Considering the very small Raman scattering cross
sections of ∼ 10−23 cm2 for the Oviλλ1032, 1038 dou-
blet lines, the operation of Raman scattering requires
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Figure 1. Schematic illustrations of energy levels and elec-
tronic transitions associated with Raman and Rayleigh scat-
tering of far-UV radiation with a hydrogen atom.

the special condition that a very thick neutral region is
present in the vicinity of a strong Ovi emission region.
This special condition is met in symbiotic stars, where
a thick neutral region surrounding the giant component
is illuminated by strong far-UV radiation originating
from the nebular region that may be identified with the
accretion flow onto the hot component.

Raman-scattered Ovi features in symbiotic stars
exhibit complicated profiles with multiple peaks sep-
arated by ∼30–50 km s−1 indicative of Ovi emission
regions with physical dimensions of ∼1 au (e.g. Shore et
al. 2010; Heo & Lee 2015; Lee et al. 2019). Because Ra-
man and Rayleigh scattering sufficiently off resonance
shares the same scattering phase function as Thom-
son scattering(Schmid 1995; Yoo et al. 2002; Chang et
al. 2017), strong linear polarization may develop in an
anisotropic scattering geometry. Harries & Howarth
(1996) conducted spectropolarimetric observations of
many symbiotic stars to show that Raman-scattered
Ovi features are strongly polarized. They also found
that most Raman-scattered Ovi features show a polar-
ization flip in the red wing part where the orientation of
the polarization is nearly perpendicular to the direction
along which the main part is polarized. Lee & Park
(1999) proposed that the polarization flip is closely asso-
ciated with the bipolar structure of symbiotic stars (see
also Heo et al. 2016).

Raman scattering plays a role in redistributing far-
UV radiation near Lyβ and Lyγ into wavebands near
Hα and Hβ, respectively. He ii being a single electron
ion with Z = 2, the transition to n = 2 from an energy
level from n = 2k, k > 1 gives rise to emission lines with
wavelengths slightly shorter than those of the H i Lyman
series k → 1, for which the cross sections for Rayleigh
and Raman scattering are conspicuously large. van
Groningen (1993) found Raman-scattered He ii features
near Hβ in the symbiotic nova RR Telescopii. Pequignot
el al. (1997) discovered the same spectral feature in the
young planetary nebula NGC 7027, which constitutes
the first discovery of a spectral feature formed through
Raman scattering with atomic hydrogen in planetary
nebulae. Subsequently, Raman-scattered He ii at 6545 Å

Figure 2. Flow chart of STaRS.

was detected in several symbiotic stars (Birriel 2004;
Jung & Lee 2004; Sekeráš & Skopal 2015) and in the
young planetary nebulae NGC 6302, IC 5117, NGC 6790,
NGC 6886, and NGC 6881 (Groves et al. 2002; Lee et
al. 2001, 2006; Kang et al. 2009; Choi & Lee 2020).

It is particularly notable that the case B recom-
bination theory allows one to deduce the strengths of
incident far-UV He ii lines (Storey & Hummer 1995),
yielding faithful estimates of Raman conversion efficien-
cies. This is extremely useful for the measurement of
the H i content of symbiotic stars and young planetary
nebulae, which makes Raman spectroscopy a new ap-
proach to probing the mass loss processes occurring in
the late stages of stellar evolution (Lee et al. 2006; Choi
et al. 2020). Furthermore, Hα and Hβ in symbiotic
stars and young planetary nebulae often display fairly
extended wings that may indicate the presence of fast
tenuous stellar winds (e.g., Arrieta & Torres-Peimbert
2002). Broad wings around Balmer lines may also arise
via Raman scattering of the far-UV continuum around
Lyman lines, which requires further investigation (Lee
2000; Yoo et al. 2002; Chang et al. 2018).

Additional examples include Raman scattering of
C iiλλ1036, 1037 forming optical features at 7023 Å
and 7054 Å, which were reported in the symbiotic nova
V1016 Cygni by Schild & Schmid (1996). Dopita et
al. (2016) investigated the H ii regions in the Orion
Nebula (M42) and five H ii regions in the Large and
Small Magellanic Clouds to discover Raman-scattered
features at 6565 Å and 6480 Å formed through Raman
scattering of O iλ1025.76 and Si iiλ1023.70, respectively.

Monte Carlo simulations are an efficient numerical
technique to describe the radiative transfer in various re-
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Figure 3. The total scattering cross section (black), and the branching ratio to n = 2 (blue) and n = 3 (red) computed in
Chang et al. (2015).

gions having a dust component (e.g. Celnikier & Lefévre
1974; Seon 2015) and a molecular component (e.g. Brinch
& Hogerheijde 2010). A similar approach has been ap-
plied to radiative transfer of electron scattering (e.g.
Angel 1969; Seon et al. 1994). Lyα deserves special
attention since it is characterized by a large scattering
optical depth (e.g. Eide et al. 2018; Seon & Kim 2020).

Schmid (1992) performed Monte-Carlo simulations
to investigate the formation of Raman-scattered Ovi
features in an expanding H i region under the assumption
that a given line photon has an invariant scattering cross
section as it propagates through the H i medium. Similar
studies were presented by Lee & Lee (1997) who adopted
a density matrix formalism to determine the physical
information of scattered radiation including polarization.
Chang et al. (2015) investigated the formation of broad
Balmer wings near Hα and Hβ in the unification scheme
of active galactic nuclei and analyzed quantitatively the
asymmetry of the wings formed in neutral regions with
extremely high H i column densities of ∼ 1023 cm−2.

In this paper, we introduce the new grid-based
Monte Carlo code Sejong Radiative Transfer for Rayleigh
and Raman Scattering (STaRS) and test our code by
revisiting the formation of Balmer wings and Raman
Ovi features through Raman scattering with atomic
hydrogen.

2. GRID BASED MONTE CARLO SIMULATION

In this section, we describe STaRS and discuss the basic
atomic physics of Rayleigh and Raman scattering with
atomic hydrogen. Figure 1 is a schematic illustration of
a few representative transitions pertaining to the two
types of scattering. Thus far, observations of Raman-
scattered features have been limited to those associated
with a final de-excitation to the 2s state. Second-order
time-dependent perturbation theory is used to compute
the scattering cross sections via the Kramers–Heisenberg
formula (e.g., Bethe & Salpeter 1967; Sakurai 1967;
Saslow & Mills 1969).

In our grid based Monte Carlo code, we divide the
region of interest into a large number of small cubes or
cells along Cartesian coordinates, with each cell being
characterized by uniform physical properties. The phys-
ical parameters studied include the H i number density
nHI,G and the velocity vG. We assign an emissivity
je to each cell and generate an initial photon using
je(λi, x, y, z), where λi is the wavelength of the initial
photon. STaRS is mainly written in Fortran with a
Message Passing Interface implemented for parallel com-
puting. We also adopt the shared memory technique by
intel MPI.

Figure 2 shows a flow chart for radiative transfer
simulations with STaRS. A simulation starts with a
setup of the scattering geometry by assigning to each cell
appropriate physical conditions. Initial far-UV photons
are generated in accordance with our prescription for
je. Each photon is tagged with information on the unit
wave vector k̂, the position vector r, the wavelength
λ, and the density matrix ρ composed of the Stokes
parameters I, Q, U , and V . The free path d to the next
scattering position r′ is computed by transforming the
scattering optical depth into the physical depth.

A decision is made whether the photon escapes
from the region or is scattered into another direction. If
the next scattering position r′ is outside the scattering
region, the photon is assumed to reach the observer as
a far-UV photon. Otherwise, we generate a new photon
using the scattering phase function for an electric dipole
process and determine the scattering type. We assume
that the region is transparent to Raman-scattered pho-
tons. The scattered photon escapes from the scattering
region if the scattering is of Raman type. Otherwise,
the Rayleigh scattered photon is regarded as an incident
photon propagating to a new scattering position. This
procedure is repeated until escape.

In Sections 2.1 and 2.2, we provide more detailed
descriptions on the scattering geometry and the gen-
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Figure 4. Schematic illustration of the computations of the
next scattering position in the grid-based simulation.

eration of the initial far-UV photon prescribed by je.
In Section 2.3, we describe the computation of a free
path d. We discuss the basic properties of the scattered
photons in Section 2.4.

2.1. Geometry: Scattering Region

The medium for radiative transfer through Raman and
Rayleigh scattering corresponds to a thick H i region
that is easily found in the slow stellar wind from a red
giant star (Lee & Lee 1997; Lee et al. 2019). We do not
consider the thermal motion of neutral hydrogen because
the variations of cross section and branching ratio on
scales of the thermal speed are negligible (Chang et al.
2015, 2018).

In our simulation, we divide the scattering region
into a large number of cells having a fixed size. Each cell
is identified by a set of three indices (iX, iY, iZ) with
iX, iY and iZ running from 1 to NX , NY and NZ . If
we denote by Xmin and Xmax the range of x coordinates
for the scattering region, the boundary of the iXth cell
on the x axis is given by

XG(iX) = Xmin +
Xmax −Xmin

NX
(iX − 1). (1)

We define YG(iY ) and ZG(iZ) analogously.
For any point P (x, y, z) in the cell identified by

(iX, iY, iZ), we have

XG(iX) < x < XG(iX + 1) (2)

YG(iY ) < y < YG(iY + 1)

ZG(iZ) < z < ZG(iZ + 1).

The center point of each cell is given by

XC(iX) =
XG(iX) +XG(iX + 1)

2
(3)

YC(iY ) =
YG(iY ) + YG(iY + 1)

2

ZC(iZ) =
ZG(iZ) + ZG(iZ + 1)

2
.

2.2. Emission Source: Initial Photon

The operation of Raman scattering with atomic hydro-
gen requires the coexistence of a strong far-UV source
and a thick neutral region. In symbiotic stars and young
planetary nebulae, a strong far-UV emission region is
formed near an accreting white dwarf or a hot cen-
tral star, and a thick neutral region is associated with
the mass loss of a giant star. In the simulation, the
emissivity je(λ, x, y, z) is a function of wavelength and
position. Regarding je as the normalized probability
density function, we pick a wavelength λi and a starting
position (xi, yi, zi) of an initial photon in accordance
with je(λ, x, y, z).

We find the spatial index (iX, iY, iZ) from
(xi, yi, zi) to determine the cell that contains the start-
ing position. For simplicity, we assume that the initial
photon is completely unpolarized and that the unit
wave vector of the initial photon is selected from an
isotropic distribution. Thus, the initial unit wave vector
k̂ = (kx, ky, kz) is obtained using two uniform random
numbers r1 and r2 located between 0 and 1 as follows:

µ = cos θ = 2r1 − 1 (4)

φ = 2πr2

kx = sin θ cosφ

ky = sin θ sinφ

kz = cos θ.

Because scattered radiation is polarized in an
anisotropic geometry, the polarization information needs
to be included. The four Stokes parameters (I,Q, U, V )
are necessary to describe the polarization state. Equiva-
lently, one may consider the 2× 2 density matrix

ρ =

[
(I +Q)/2 (U + iV )/2

(U − iV )/2 (I −Q)/2

]
. (5)

In our simulation, the Stokes parameter V , rep-
resenting circular polarization, is always set to zero
because no circular polarization develops from initially
unpolarized photons in electric dipole processes asso-
ciated with Raman and Rayleigh scattering. Initially
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Figure 5. Schematic illustrations of the two cases used to test the code.

unpolarized photons are described by a simple ρ given
by

ρ11 = 0.5 (6)

ρ22 = 0.5

ρ12 = ρ21 = 0 .

The wavelength measured by an observer located
on the photon path is kept in the simulation. We assume
that the emitters are in random motion and also subject
to the bulk motion associated with the grid. If we let
the velocity of the emitter be vemit including bulk and
random velocities, the wavelength in the grid frame λg
is given by

λg = λi

(
1− vemit · k̂

c

)(
1 +

vG · k̂
c

)
, (7)

where vG is the velocity of the cell (iX, iY, iZ).

2.3. Journey of a Photon: Optical Depth and Free Path
The generation of an initial photon is followed by an
estimate of the free optical depth τ given by

τ = − ln r, (8)

where r is a uniform random number between 0 and
1. We adopt the method in Seon (2009) to compute
the free path and the next scattering position in our
grid-based geometry. In this section, we provide a brief
description of the computations of the free path and the
determinations of the scattering position.

If the starting position r of the photon is in cell A,
we measure the distance to the boundary of the cell, dA,
along the photon ray from the starting position. With

dA we define the scattering optical depth τA to the cell
boundary by

τA = σtot(λA)nHI,AdA, (9)

where λA is the wavelength in cell A. Figure 3 shows
the total scattering cross section σtot(λ) as a function of
wavelength. If τA > τ , then the next scattering position
r′ is found in cell A like

r′ = r +

(
τ

τA

)
dAk̂. (10)

In the opposite case where τA < τ , the photon
enters the neighboring cell B. In this case, the same
problem is obtained if we regard the entry point re =
r + dAk̂ as the new starting point of the photon with a
new free optical path τ ′ reduced by τA, or

τ ′ = τ − τA. (11)

It should be noted that we are dealing with radiative
transfer in a medium in motion. Therefore, cell B may
move with a velocity different from that of cell A, in
which case the photon wavelength along its propagation
direction may change on entering cell B from cell A.
Denoting by vG,A and vG,B the velocities of cells A and
B, respectively, we have

λB = λA

(
1− vG,A · k̂

c

)(
1 +

vG,B · k̂
c

)
. (12)

Equation (9) is iterated with the necessary updates
r = re, τ = τ ′, λA = λB , and identification of (old) cell
B with (new) cell A until we have τA > τ . Figure 4
shows a schematic illustration of this procedure. If a
neighboring cell B does not exist and r is outside the
predefined region, the photon is regarded as Rayleigh-
escaped.
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Figure 6. Raman conversion efficiency of Hα (left panel) and Hβ (right panel) broad wings for the static spherical case. The
black solid lines are the spectra given by an analytic method. The red, blue, and green open circles are the spectra given by
STaRS for Nxyz = 3, 10, and 100.

2.4. Rayleigh and Raman Scattering

Raman scattering with atomic hydrogen with the ini-
tial and final electronic states being 1s and 2s shares a
scattering phase function with Rayleigh scattering with
atomic hydrogen in 1s (e.g. Chang et al. 2015). If the
scattering is sufficiently far from resonance, the scat-
tering phase function is the same as that of Thomson
scattering. In this section, we describe the density ma-
trix formalism with which the polarization and the unit
wave vector k̂′ of the scattered photon is determined
(Ahn & Lee 2015; Chang et al. 2017). We also describe
the wavelength conversion and the line broadening asso-
ciated with Raman scattering.

According to the density matrix formalism, the
probability density of the scattered wave vector k̂′ =
(sin θ′ cosφ′, sin θ′ sinφ′, cos θ′) is given by

I ′(k̂′) = ρ′11 + ρ′22, (13)

where ρ′ij is defined by

ρ′ij =
∑

kl=1,2

(ε̂′i · ε̂k)ρkl(ε̂l · ε̂l′). (14)

Here, ε̂1,2 and ε̂′1,2 are the polarization basis

vector associated with k̂ and k̂′, respectively.
Specifically, ε̂1 = (− sinφ, cosφ, 0) and ε̂2 =
(cos θ cosφ, cos θ sinφ,− sin θ) so that ε̂1 represents po-
larization in the direction perpendicular to the plane
spanned by the photon wave vector and the z-axis.

The components of the density matrix associated
with the scattered radiation are related to those of inci-

dent radiation by

ρ′11 = (cos2 ∆φ)ρ11

− (cos θ sin 2∆φ)ρ12

+ (sin2 ∆φ cos2 θ)ρ22

ρ′12 = (
1

2
cos θ′ sin 2∆φ)ρ11

+ (cos θ cos θ′ cos 2∆φ+ sin θ sin θ′ cos ∆φ)ρ12

− cos θ(sin θ sin θ′ sin ∆φ

+
1

2
cos θ cos θ′ sin 2∆φ)ρ22

ρ′22 = (cos2 θ′ sin2 ∆φ)ρ11

+ cos θ′(2 sin θ sin θ′ sin ∆φ

+ cos θ cos θ′ sin 2∆φ)ρ12

+ (cos θ cos θ′ cos ∆φ+ sin θ sin θ′)2ρ22, (15)

where ∆φ = φ′ − φ. In our code, a selection is made for
k̂′ from an isotropic distribution to compute I ′. A new
random deviate r′ is compared with I ′. If r′ < I ′, then
the selection of k̂′ is accepted; otherwise, the process
is iterated until a value is accepted. The scattered
photon now becomes a new incident photon propagating
to a new scattering site. This is followed by necessary
updates for the wave vector and the density matrix given
by

k̂ = k̂′ (16)

ρij = ρ′ij .

The scattering type is determined by the branching
ratio. If an incident far-UV photon is more energetic
than Lyγ, the final states available for Raman scattering
include the 2s, 3s, and 3d states. For photons near Lyγ,
the total cross section is given by

σtot = σ1s + σ2s + σ3s+3d, (17)
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Figure 7. Surface brightness (left), degree of polarization (center), and direction of polarization (right) of the projected Hα
photons. The panels in the first, second, and third rows represent the results obtained using STaRS for Nxyz = 3, 10, and
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Figure 8. Line formation of Raman Oviλ6825 features in an expanding H i region for three different optical depths. The blue
solid lines are computed by STaRS. The red dashed lines are the results of Figure 6 in Lee & Lee (1997).

where σ1s, σ2s, and σ3s+3d are the scattering cross sec-
tions corresponding to the final states 1s, 2s, and 3s+3d,
respectively. The Rayleigh branching ratio BR1 is given
by

BR1 =
σ1s
σtot

. (18)

Similarly, the Raman branching ratios corresponding to
the final energy levels n = 2 and 3 are

BR2 =
σ2s
σtot

, BR3 =
σ3s+3d

σtot
. (19)

In Figure 3, the blue and red solid lines represent BR2
and BR3, respectively.

The energy difference between the incident and
Raman-scattered photons is the same as that between
the initial and final atomic states. This is translated
into the relation between the wavelengths λ and λ′ of
the Raman-scattered and incident photons, respectively,
which is 1

λ
=

1

λ′
+

1

λres
, (20)

where λres is the wavelength corresponding to the energy
difference between the initial and final states.

One very important aspect in Raman scattering
can be found in the conspicuous change in line width.
Differentiating Equation (20), we have

dλ′

λ′
=

(
λ′

λ

)(
dλ

λ

)
, (21)

from which we see immediately that the width of
the Raman-scattered feature is broadened by a factor
(λ′/λ)2. For example, a typically observed line width
of Raman-scattered Ovi at 6825 Å amounts to ∼ 30 Å

whereas the far-UV parent line Oviλ1032 exhibits a
line width ∼ 1 Å in many symbiotic stars.

Due to the line broadening effect, far-UV radiation
near the Lyman series of hydrogen will be considerably
diluted and redistributed around Balmer emission lines
where it appears as broad wings (e.g. Yoo et al. 2002;
Chang et al. 2015, 2018). Another important conse-
quence of the line broadening effect is that the line
profiles of Raman-scattered features mainly reflect the
relative motion between the far-UV emitters and the
neutral scatterers and are largely independent of the
observer’s line of sight (Heo et al. 2016; Choi et al. 2020).

3. CODE TEST

In order to check of our code, we simulated two physical
configurations. The first is a static spherical H i region
surrounding a far-UV continuum source located at the
center, in which Balmer wings are formed through Ra-
man scattering. Analytic solutions are available for this
case, against which our result obtained with STaRS is
compared. The second case is a reproduction of the
result of Lee & Lee (1997), who investigated Raman
scattering of Ovi in symbiotic stars. In this case, the H i
region is an expanding spherical wind around the giant
component. Schematic illustrations of the two cases are
shown in Figure 5.

3.1. Formation of Balmer Wings in a Static Spherical
H I Region

The central point-like far-UV source surrounded by a
spherical H i region with radius R is characterized by
a flat continuum. The static neutral region is assumed
to have a uniform H i density nHI. We fix the radial
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column density NHI defined by

NHI = nHIR = 1023 cm−2, (22)

and vary the number of cells. We set Nxyz = Nx =
Ny = Nz, so that the total number of cells is given
by N3

xyz. We generate 107 photons for each simulation.
The initial photons are generated at the center of the
H i sphere in accordance with the emissivity je given by
the three dimensional Dirac delta function

je(λ, x, y, z) =
λ

λmax − λmin
δ(3)(r), (23)

where λmax and λmin are the maximum and minimum
wavelengths of initial photons.

Figure 6 shows optical spectra formed through Ra-
man scattering for the cases of Nxyz = 3, 10, and 100
compared to analytic solutions. The vertical axis shows
the Raman conversion efficiency (RCE) defined as the
number ratio per unit wavelength of incident far-UV
photons and Raman-scattered optical photons. The left
and right panels show Balmer wings formed through
Raman scattering around Hα and Hβ, respectively. The
analytic solutions are obtained from the non-grid based
simulation in Chang et al. (2015, 2018).

Far from the line centers, the simulation results for
Nxyz = 3 are systematically slightly higher than the
analytic solutions. Other than this, the agreement is
good, indicating a weak, if any, dependence on Nxyz.
The volume of the H i region with Nxyz = 3 is larger than
the sphere of radius R as the H i density associated with
a cell is determined by the central position (XC , YC , ZC)
of the cell. If (X2

C + Y 2
C + Z2

C)1/2 is smaller than R,
the H i density of the cell is set to nHI ; otherwise, the
density is set to zero. The number ratio between Raman
scattered photons near Hα and the total initial photons
near Lyβ is 20.77% for the analytic solution, whereas
the STaRS simulations give 21.17%, 20.91%, and 20.77%
for Nxyz = 3, 10, and 100, respectively.

In Figure 7, we present the polarimetric data of
Raman scattered Hα projected onto the celestial sphere.
The surface brightness, the degree of polarization p, and
the direction of polarization are shown in the left, middle
and the right panels, respectively. In terms of the Stokes
parameters, the degree of polarization p and the position
angle φp are given by

p =

√
Q2 + U2

I
, φp =

1

2
tan−1

(
U

Q

)
. (24)

In the left panels, the surface brightness is shown on
a logarithmic scale. With our choice of a rather large
value of NHI, a considerable fraction of Raman-scattered
photons are formed near the source, which leads to
excellent agreement between the analytic results and
those obtained using STaRS. We note the increase in
smoothness of the surface brightness as Nxyz increases.
Likewise, p becomes large with increasing distance from
the center. The concentric polarization pattern reflects
the spherically symmetric scattering geometry. In this
particular case, Nxyz > 10 appears to be sufficient to
reproduce the analytic result for the static medium.

3.2. Raman Scattering of O VI in Expanding H I Region
Lee & Lee (1997) presented a study of Raman Ovi
line formation in a symbiotic star consisting of a white
dwarf and a mass losing giant. The Ovi emission region
near the white dwarf component was assumed to be
a point source broadened thermally with T = 104 K.
For simplicity, the slow stellar wind from the red giant
component is assumed to be entirely neutral, ignoring
the photoionization by the white dwarf. The orbital
separation is 10R∗, with R∗ being the radius of the red
giant. The positions of the white dwarf and the giant
are (0, 0, 10R∗) and (0, 0, 0), respectively. The initial
photons are generated at the position of the white dwarf
according to the emissivity je given by

je(λ, x, y, z) = (25)

1

σth
√

2π
exp

[
(λ− λ1032)2

2σ2
th

]
δ(3)(x, y, z − 10R∗)

where λ1032 is the center wavelength of Oviλ1032 and
σth ∼ 0.008 Å is the thermal width of Oviλ1032 with
T = 104K.

The velocity v(r) and H i number density n(r) are
functions of the distance from the red giant r = |r| and
are given by

v(r) = v∞(1−R∗/r)
r

r
(26)

n(r) = n0(R∗/r)
2(1−R∗/r)−1,

where n0 is the characteristic number density defined
in Equation (2.11) of Lee & Lee (1997) and v∞ is the
terminal velocity. As our second code test case, we
revisit Raman Ovi formation as illustrated in Figures 1
and 6 of Lee & Lee (1997). Fixing v∞ = 20 km s−1,
we consider the three values of τ0 = 0.5, 1, and 10,
where τ0 = n0R∗σtot. We generate 109 photons for each
simulation.

Figure 8 shows the spectra and the Stokes parame-
ter P = Q/I for Raman scattered Ovi at 6825 Å. The
integrated U vanishes due to the axial symmetry about
the z-axis. Therefore, the signed ratio Q/I represents
the degree and direction of polarization, where a posi-
tive and a negative Q correspond to linear polarization
perpendicular and parallel to the z-axis, respectively.
The observer’s line of sight lies in x-y plane. Noting
that it is perpendicular to the symmetry axis, maximum
polarization can be developed along this direction or the
symmetry z−axis. We collect the photons escaping to-
ward the observer. The fraction of the collected Raman
photons near 6825 Å is 0.11%, 0.21%, and 1.82% for
τ0 = 0.5, 1, and 10, respectively.

The line profiles obtained using STaRS differ slightly
from those of Lee & Lee (1997). In particular, the red
peaks obtained from STaRS are more enhanced than
those presented by Lee & Lee (1997), which is attributed
to the geometrical truncation adopted by them. The
difference is in the range of 10–15 per cent with respect
to the red peak. We find that the agreement becomes
better where the full range of the scattering region is
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taken into account. In the bottom panels, we see that the
polarization solutions agree overall. The noisy features
with ∆V > 200 km s−1 are attributed to small number
statistics due to the limited number of collected photons.
Blue photons are scattered mostly in the compact and
dense region between the red giant and white dwarf,
resulting in development of strong polarization in the
direction perpendicular to the z-axis. In contrast, red
photons are scattered mainly in an extended region near
the red giant, leading to weak polarization and enhanced
line flux.

The reasonable agreement shown in Figures 6 and
8 demonstrates that STaRS is reliable. Furthermore,
as illustrated in Figure 7, STaRS is capable of study-
ing radiative transfer for spectropolarimetric imaging
observations.

4. SUMMARY

We have developed the 3D grid-based Monte Carlo
code STaRS for radiative transfer through Raman and
Rayleigh scattering, which can be used to investigate
line formation of Raman-scattered features in a thick
neutral region illuminated by a strong far-UV emission
source. Favorable conditions for Raman scattering with
atomic hydrogen are easily met in symbiotic stars, young
planetary nebulae, and active galactic nuclei. Through
a set of tests, we demonstrated that STaRS is capa-
ble to deal with radiative transfer in a thick neutral
medium yielding multidimensional spectropolarimetric
and imaging data. STaRS is available in Github at
https://github.com/csj607/STaRS.
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6830, 7088 Å, A&A, 211, 31

Schmid, H. M. 1992, Monte-Carlo Simulations of Raman
Scattered Ovi Emission Lines in Symbiotic Stars, A&A,
254, 224

Schmid, H. M. 1995, Monte Carlo Simulations of the Rayleigh
Scattering Effects in Symbiotic Stars, MNRAS, 275, 227

Seon, K.-I., Min, K. W., Choi, C. S., & Nam, U. W. 1994,
Monte Carlo Simulation of Comptonization in a Spherical
Shell Geometry, JKAS, 27, 45

Seon, K.-I. 2009, Monte-Carlo Simulation of the Dust Scat-
tering, PKAS, 24, 43

Seon, K.-I. 2015, Monte-Carlo Radiative Transfer Model of
the Diffuse Galactic Light, JKAS, 47, 57

Seon, K.-I., & Kim, C.-G. 2020, Lyα Radiative Transfer:
Monte-Carlo Simulation of the Wouthuysen-Field Effect,
ApJS, 250, 9
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