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ABSTRACT
We explore the induction of circular polarization (CP) of near-infrared light in star-forming
regions using three-dimensional radiative transfer calculations. The simulations trace the
change of Stokes parameters at each scattering/absorption process in a dusty gas slab composed
of aligned grains. We find that the CP degree enlarges significantly according as the size of dust
grains increases and exceeds ∼20 per cent for micron-sized grains. Therefore, if micron-sized
grains are dominant in a dusty gas slab, the high CP observed around luminous young stellar
objects can be accounted for. The distributions of CP show the asymmetric quadrupole patterns
regardless of the grain sizes. Also, we find that the CP degree depends on the relative position
of a dusty gas slab. If a dusty gas slab is located behind a star-forming region, the CP reaches
∼60 per cent in the case of 1.0 μm dust grains. Hence, we suggest that the observed variety of
CP maps can be explained by different size distributions of dust grains and the configuration
of aligned grains.

Key words: astrobiology – polarization – stars: formation – dust, extinction – ISM: struc-
ture – infrared: stars.

1 IN T RO D U C T I O N

Recent observations show that circular polarization (CP) of near-
infrared light exists around young stellar objects (YSOs; e.g. Fukue
et al. 2010; Kwon et al. 2013, 2014, 2016, 2018). In many cases,
the observed CP maps exhibit a quadrupole pattern. Although the
degree of CP is at a level of �3 per cent in most of the cases, a
few YSOs show CP higher than 10 per cent. In particular, the star-
forming region NGC 6334-V exhibits ∼20 per cent CP (Kwon et al.
2013). However, the origin of such high CP has not been revealed.

It is argued that interstellar circularly polarized light could be
responsible for the enantiomeric excesses of biological molecules
(Bailey et al. 1998). The homochirality of biological molecules
on the Earth is a long-standing mystery. In modern astrobiology,
seeking for the origin of homochirality in space is a significant
theme. It is reported that various amino acids exist in meteorites,
and also, the enantiomeric excesses of L-amino acids are detected in
the Murchison and Mukundpura meteorites (Engel & Macko 1997;
Pizzarello & Yarnes 2018). It has been hitherto proposed that amino
acids were formed in interstellar space and delivered on to the Earth
by meteorites (Bonner 1991). As suggested in Bailey et al. (1998),
CP of interstellar radiation could break down the symmetry of chiral
amino acids efficiently, resulting in the enantiomeric excess.

Previous works have shown that CP can be produced by the
scattering from non-spherical dust grains (Gledhill & McCall
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2000; Wolf, Voshchinnikov & Henning 2002). Lucas et al. (2005)
argued that the high degree of CP than ∼20 per cent cannot be
produced by single scattering. Therefore, the dichroic extinction
has been frequently considered as the origin of CP (e.g. Kwon
et al. 2013). However, their analyses have been made for limited
physical conditions of dust grains. There is a wide range of physical
conditions, e.g. different grain sizes, dust distributions around a
YSO, and so on. In particular, dust grains larger than 0.75 μm have
not been considered in the previous works.

Recent observations suggest that dust grains grow through ac-
cretion and coagulation in high-density regions near massive stars
and reach micron size (Pagani et al. 2010; Steinacker et al. 2010).
If the dust size is close to the wavelengths of photons, the change
of polarization on scattering becomes significantly different from
that in cases of smaller grains. However, CP in the environment
with such large dust grains has not been investigated. Therefore,
in this study, we study the generation of CP for a wide range
of grain sizes by three-dimensional radiative transfer simulations.
Especially, we concentrate on the impacts of grain sizes on the
degree and pattern of CP. Also, we explore the dependence of CP
on the spatial distributions of aligned grains around a star-forming
region.

2 N U M E R I C A L M E T H O D

We develop a numerical code for calculating radiation transfer of
the Stokes parameters based on the Monte Carlo technique. Here,
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Figure 1. Schematic view of our radiative transfer calculation: (a) the
spatial positions of the radiation source, the dusty gas slab, and the observer;
and (b) definitions of angles related to single scattering. The vectors �a1 and l
represent, respectively, the direction of the dust minor axis and the distance
between the star and the dusty gas slab. In the fiducial model, we set the star
in the centre of the slab as l = 0. In the panel (b), � and (θ , φ) represent
the opening angle between the incident light and the minor axis of the dust
grains and the scattered direction (see Draine & Flatau 2013).

we consider the near-infrared wavelength of λ = 2.14 μm, in which
the high degree of CP is detected in observations (Kwon et al.
2013). We set a circular slab of dusty gas with a radius of 1 pc and
a thickness of 0.2 pc near a massive star. In this study, we study the
generation mechanism of high CP degree with this idealized set-up.
Note that, in reality, the spatial distribution of dusty gas around a
star can be complicated with clumps, holes, and shell-like structure.

In a fiducial model, the star is located in the centre of the slab.
To study the impact of the relative position between the star and the
dusty slab, we consider the cases in which the dusty slab is placed at
0.1 pc behind or in front of the star (Fig. 1a). The number density of
dust grains is set as the scattering optical depth along the horizontal
direction is unity at λ = 2.14 μm. If the optical depth is larger than
unity, the number of multiple scattering photons increases. In this
case, due to mismatch of the sign of CP, the CP degree is likely
to be decreased. Here, photon packets are emitted from the star
and assumed to be unpolarized initially. For the radiative transfer
calculations, the dusty slab is divided by 300 × 300 × 60 cells.

In the transport of a photon packet, the path-length from a
scattering position to next scattering one is evaluated by the optical
depth that is stochastically determined by τ = −ln (R), where R
is the random number in the range of 0–1. We pursue 107 photon
packets, which can satisfactorily reduce the shot noise from the
random number.

Each photon packet has information of the Stokes vector I =
(I ,Q, U, V )T. The transformation of the Stokes vector in one
scattering event is determined by the Müller matrix as (e.g. Bohren
& Huffman 1983)
⎛
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where k and r are the photon wavenumber and the distance from the
scattering point. Using equation (1), the differential cross-section

for scattering is estimated as
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I
. (2)

We obtain the cross-section by integrating equation (2) with respect
to solid angle �. The direction of scattering light is stochastically
chosen based on the phase function obtained from equation (2). Note
that the Stokes parameters (Q and U) depend on the coordinate. In
equation (1), the direction of the linear polarization of (Q, U) =
(1, 0) corresponds to the plane that contains incident and scattering
directions. We also include the absorption of photons estimated as
(e.g. manual for RADMC-3D, Dullemond et al. 2012)
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where Ih = (I + Q)/2 and Iv = (I − Q)/2. In equation (3), αh

and αv are absorption coefficients for the horizontal and vertical
polarization light for the scattering plane, and αuv = (αh + αv)/2.

We evaluate the Müller matrix using the DDSCAT code (Draine
& Flatau 1994), where dust grains are represented as an array
of electric dipoles. Given that a dust grain is much smaller than
the wavelength of incident light (2πad � λ), the electromagnetic
field in the dust grain can be understood as the behaviour of a
couple of dipoles along intersecting axes at right angles on a plane
perpendicular to the incident light, i.e. Rayleigh approximation. On
the other hand, according as the grain size increases, the interaction
among multiple dipoles leads to the complicated phase distributions
of CP. In this case, the polarization of scattered light is given
by superposition of electromagnetic waves from all dipoles. We
discrete the opening angle � with 91 bin, and the scattered angles
(θ , φ) with 1024 bin (see Fig. 1) by HEALPIX (Górski et al. 2005).

In this study, we assume dust grains of oblate spheroids with the
axial ratio of 2:1. The oblate dust grains are preferred rather than
prolate ones, and this axial ratio is similar to that was suggested for
the aligned interstellar dust grains (Hildebrand & Dragovan 1995;
Whitney & Wolff 2002). The dust grains are placed as the minor
axes of grains are aligned with the radial direction of the dusty
slab. In diffuse interstellar medium, dust grains larger than ad ∼
0.04 μm are aligned (Kim & Martin 1995; Andersson, Lazarian &
Vaillancourt 2015). The CP degree is mainly generated by the larger
grains (ad � 0.1 μm) in this study, and thus we adopt this simple
assumption. We use the dielectric function of astronomical silicate
(m = 1.7 + 0.034i, Draine 2003b) to calculate the Müller matrix.

The size distributions nd of dust grains in the diffuse interstellar
medium are often modelled as the MRN mixture (nd ∝ a−3.5

d ) in
the range 0.005 μm � ad � 0.25 μm, where ad is the grain size
(Mathis, Rumpl & Nordsieck 1977). Around YSOs, on the other
hand, the size distributions can differ from the MRN model because
the grain size increases via metal accretion and coagulation (e.g.
Ormel et al. 2009; Hirashita & Li 2013). The mid-infrared scattered
light from dense cores in star-forming regions suggests that there
are micron-sized dust grains (Pagani et al. 2010; Steinacker et al.
2010). However, the grain size distributions around YSOs are still
unclear. Here, we employ three models with a single size of 0.1,
0.3, or 1.0 μm as well as the MRN mixture case in the size range
of 10−3 μm � ad � 1 μm. In this work, the grain size is defined as
ad = (3V/4π )1/3, where V is the volume of the oblate dust. The dust
grains are assumed to be composed of dielectric materials. We note
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Figure 2. The distributions of intensity (top row), linear polarization (middle), and CP (bottom) in the face-on view to the dusty slab. The four columns of
panels represent the results for (a) 0.1 μm, (b) 0.3 μm, (c) 1.0 μm, and (d) the MRN mixture. In the top panels, we plot the intensity ratio of the scattered light
to the stellar direct light (I∗). In the middle panels, the directions of polarization are also shown by bars.

that the albedos for ad = 0.1, 0.3, and 1.0 μm are 0.1, 0.7, and 0.9,
respectively.

Finally, we construct the observational images on the screens in
arbitrary directions using the Stokes vectors at scattering points. For
the purpose, we solve the radiative transfer to the observer as (e.g.
Yajima et al. 2012)

Iob = I sc exp [−(τab + τsc)], (4)

where Iob and I sc are the Stokes vectors at the observer and at a
scattering point, τ ab and τ sc are the optical depths of absorption and
scattering from the scattering point to the observer. By integrating
the Stokes vectors calculated in equation (4), the polarization map
is built up. In this work, the propagation angle of photon packets to
the external screen is discretized by HEALPIX (Górski et al. 2005)
with 1024 angle bins.

3 R ESULTS

The resultant CP maps for different grain size models are shown
in Fig. 2. In this work, we present the face-on views of the dusty
gas slab.1 The top row shows the ratio of the emergent intensity
I to the intrinsic intensity I∗ emitted from the star, the middle
does linear polarization, and the bottom does CP. According as
the grain size becomes small, the scattering albedo decreases, and
the absorption optical depth increases. Therefore, in the case of ad

= 0.1 μm, the emergent intensity is as low as ∼10−8I∗ at the edge
of the slab. For ad�0.3 μm, the albedo is close to unity, and diffuse
photons can propagate even at the edge. In the case of the MRN
model, small grains with low scattering albedos absorb photons
efficiently, resulting in the suppression of photon propagation over
a long distance.

1The details of the dependence on viewing angles and dust properties will
be presented in our forthcoming paper (Fukushima et al., in preparation).

The distributions and directions of linear polarization are shown
in the middle row in Fig. 2. In the cases with ad = 0.1 and 0.3 μm,
the maximum linear polarization degree reaches ∼80 per cent and
the polarization vectors exhibit the concentric pattern. In both cases,
the photon scattering is understood by the Rayleigh approximation
(2πad � λ), in which the scattered light is linearly polarized
along the vertical plane to incident and outgoing vectors. On the
other hand, as the grain size is close to ad = 1.0 μm, the linear
polarization pattern becomes different from the Rayleigh limit. If
photons propagate along the face-on or edge-on direction to 1.0 μm
grains and they are scattered to the observer, the oscillation of
electric dipole moment along the parallel plane to the incident and
outgoing vectors becomes dominant. Thus, the polarization vectors
point to the radial directions. If the grain size is much larger than
the wavelength of photons, the direction of linear polarization is
aligned with the major axis of the oblate dust grain regardless of
the incident angle.

The bottom row of Fig. 2 shows the CP maps, i.e. |V|/I. The
angular distributions show the symmetric quadrupole patterns.
These patterns nicely match recent observations (e.g. Kwon et al.
2014). Compared to the small dust grains (0.1 and 0.3 μm), the
sign of CP is reversed in the cases of ad = 1.0 μm and the MRN
mixture. In all cases, the absolute value of CP becomes maximum
in the diagonal direction. In Fig. 3, we show the degrees of CP
along 45◦ direction of the slab as a function of distance from
the star. Here, 0◦ is defined as the direction of the minor axis of
dust grains. The CP degree increases as the grain size becomes
larger, and it reaches 40 per cent for ad = 1.0 μm. The CPs for
the models of single size grains are roughly constant. On the other
hand, in the case of the MRN mixture, |V|/I decreases as the radial
distance increases. Because of the contribution of small dust grains,
the absorption optical depth is larger than the single size models.
After the absorption of photons, penetrating photons are linearly
polarized. The direction of the linear polarization is perpendicular
to that of photons after scattering. According to the Müller matrix,
the sign of S42 is inverse to S43. Therefore, if photon packets after
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Figure 3. The absolute value of CP degree along the 45◦ direction in the
observation maps. Blue, red, green, and black lines correspond to the cases
at ad = 0.1, 0.3, 1.0 μm and the MRN mixture. The solid and dashed lines
represent V/I > 0 or V/I < 0 cases, respectively.

absorption and scattering do the final interaction with dust, and
they are collected in the same pixel on the imaging screen, the CP
becomes weak due to the offset. This is why the CP decreases at the
large radius in the case of the MRN.

In the MRN mixture, the CP degree cannot become higher than
5 per cent, although micron-sized grains are contained. As shown
in the single size models, the CP from the scattering on large dust
grains with ad � 0.3 μm offsets that by small grains, resulting in
the low level of CP. If the typical dust size is as large as ∼ 1μm
through accretion and coagulation, the CP degree becomes higher
as a result of reduced offset. Recent observations indicate that the
CPs in star-forming regions are mostly at a level of less than ∼5
per cent, while some observations show the CP degree as high as
∼20 per cent (Kwon et al. 2014). We suggest that the diversity of
observed CP maps can originate from different size distributions
of dust grains. Actually, the observations of 3.6 μm emission from
dense cores in the star-forming clouds support 1 μm dust grains
(Pagani et al. 2010; Steinacker et al. 2010), and metal accretion or
coagulation is thought to induce such grain growth (e.g. Ormel et al.
2009; Hirashita & Li 2013). Also, the positive correlation of the CP
degree with the luminosity of YSOs is shown in Kwon et al. (2014).
The high-density regions are preferred for the formation sites of
massive stars (e.g. McKee & Tan 2003; Fukushima, Omukai &
Hosokawa 2018), and such environments may enhance the dust
growth. Note that, however, the growth rate and size distributions
of dust grains are still under debate, because they are sensitive to
physical conditions in molecular clouds that are not understood well.

The distributions and degrees of CP are closely linked with the
Müller matrix. In particular, S41 component produces the CP from
non-polarized light, and mainly determines the pattern of CP as
shown in Fig. 2 (e.g. Gledhill & McCall 2000). In Fig. 4, we show
the distributions of S41/S11 against scattering angles for the cases
that the opening is � = 45◦. In this study, we assume oblate dust
grains, and thus the phase function of each component of the Müller
matrix becomes antisymmetric to φ with respect to the centre φ =
180◦. In the case of ad = 0.1μm, the S41 component is estimated
based on the Rayleigh approximation as (e.g. Gledhill & McCall
2000; Tazaki, Lazarian & Nomura 2017)

S41 ∝ (
α1α

∗
3 − α∗

1α3

)
sin θ sin φ sin 2�. (5)

Figure 4. The distributions of S41/S11 in the scattering plane of (φ, θ ) for
the cases with ad = 1.0, 0.3, and 0.1 μm.

Therefore, S41/S11 is symmetric to θ with respect to the centre θ =
90◦. In this case, the CP becomes maximum if the scattering angle
is (θ , φ) = (90◦, 90◦). In addition, S41 becomes maximum for �

= 45◦ or 135◦. This reflects the angular distributions of CP as in
Fig. 2.

As the grain size increases, the distributions of S41 become
different from equation (5). With ad = 1.0 μm, the peak value of
S41/S11 is around unity, and much larger than that for 0.1μm grains,
and the distributions in the phase space are obviously different. In
particular, the sign is inverse around (θ , φ) = (90◦, 90◦). These
differences result in the different CP distributions between the
cases for small and large dust grains as shown in Fig. 2. For
the MRN model, the pattern of the sign is similar to that for
1.0 μm dust grains. In the Rayleigh approximation, the scattering
coefficient is proportional to the grain size with the dependence of
a4

d . The abundance of dust grains is given as ∝ a−3.5
d in the MRN

mixture. By multiplying the scattering coefficient of the geometrical
cross-section (πa2

d) and the MRN size distribution (∝ a−3.5
d ), the

scattering optical depth per a specific grain size bin is estimated
as dτ/dad ∝ a2.5

d . Therefore, in the MRN model, the contribution
of the larger dust grains (∼ 1μm) is dominant for the scattering
process.

The distributions of dusty gas around a massive star have not
been understood well because of the complicated stellar feedback
(e.g. Zinnecker & Yorke 2007; Fukushima et al. 2018). Therefore,
we here investigate the impact of the configuration of dusty slabs on
the CP map. In the phase distributions of S41/S11 for ad = 1.0 μm,
the maximum value appears at 90◦ � θ � 135◦, corresponding to
the backscattering. It means that the CP degree increases if dust
grains are located behind the radiation source. Fig. 5 shows the CP
degrees in the cases that the dusty slab is shifted from the star to
forward or backward by 0.1 pc. As expected from Fig. 4, the CP
degree becomes larger if the slab is behind the radiation source.
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Figure 5. Same as Fig. 3, but for the cases where the slab centre is at l = 0.1
(dot), 0.0 (solid), and −0.1 pc (dot–dashed), respectively, at ad = 1.0 μm.

For that case, the maximum of the CP degree reaches 60 per cent.
On the other hand, it is lower if the slab is in front of the radiation
source, and it becomes ∼30 per cent. In the forward scattering, the
component of S41/S11 becomes smaller, because there are photons
with different signs of the CP. Therefore, we realize that the CP
degrees change by a factor of 2–3 depending on the configuration
between a star and a dusty slab. Recent theoretical works suggest
that the stellar feedback works anisotropically (e.g. Geen, Soler
& Hennebelle 2017; Kim, Kim & Ostriker 2018). Hence, if the
dusty gas along a line of sight is attenuated due to the feedback, we
observe mostly backscattered photons, which produce higher CP as
shown in our simulations.

4 C O N C L U S I O N S A N D D I S C U S S I O N

We have explored the generation of CP at the wavelength of 2.14μm
in star-forming regions using three-dimensional radiative transfer
simulations. Assuming a dusty gas slab composed of aligned oblate
grains, we have successfully reproduced the quadrupole patterns of
CP, which is similar to the observed CP maps (Fukue et al. 2010).
We have found that the distributions and degrees of CP sensitively
depend on the size of dust grains. The CP degree shows |V|/I ∼ 1
per cent for a grain size of ad = 0.1μm and |V|/I ∼ 40 per cent for
ad = 1.0μm. This can explain the observed variety of CP maps
(Kwon et al. 2014). In previous works, the dichroic extinction
model was suggested to produce the observed high degree of CP
(Kwon et al. 2013). In that model, multiple scattering processes
on several dust screens/clouds are requisite. In this study, we have
demonstrated that a single scattering can produce the high degree
of CP, if micron-sized grains are dominant in a dusty gas wall.

Recent observations show that the CP positively correlates with
the luminosity of the central YSOs (Kwon et al. 2014). High-mass
YSOs are likely to form in massive high-pressure cores in molecular
clouds (e.g. McKee & Tan 2003), where the growth rate of dust size
can be enhanced (Spitzer 1978; Asano et al. 2013). Therefore, we
suggest that the observed correlation may be linked to the grain size
distributions around the massive YSOs, although the growth rate of
dust grains is still under the debate quantitatively.

In this study, we have also found that the CP degree is subject to
the configuration between a star and a dusty slab. If a dusty slab is
located behind the star, the CP degree becomes higher by a factor
of 2–3 compared to a slab in front of a star. Although we assumed a
simple slab model in this study, the actual configuration is related to

the evolution of the star-forming clouds. The directions of the minor
axis of dust grains depend on the streaming of gas, magnetic, and
radiation field (Andersson et al. 2015). Thus, to model the CP more
precisely, we need to conduct magneto-radiation hydrodynamics
simulations in star-forming clouds.

In this work, we have considered the contribution of the silicate
dust grains alone, but there are graphite ones in the interstellar
medium. The dielectric functions at the infrared wavelength are
different between silicate and graphite grains (Draine 2003a), and
thus the CP degree can change with the composition of dust grains.
Besides, the bare silicate may not grow up to the micron size solely
by coagulation (Hirashita & Li 2013). The micron-sized dust grains
must contain buffers such as water ice. We will investigate the
dependence of the CP degrees on the composition of dust grains in
the future works.
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