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Abstract

The study of planet/planetesimal formation has been attracted special inter-
est for half a century to investigate how the solar system and exoplanets with
various properties do form in our galaxy. The birthplace of planets or plan-
etesimals is believed to be protoplanetary disks, which are inevitably formed
as a consequence of the angular momentum conservation. To establish the
formation scenario, a number of theoretical and observational works regard-
ing the disk structure, dynamics, and grain properties have been conducted.

Theoretically, a plausible pathway of terrestrial planets or planetesimals is
the collisional growth of dust grains in protoplanetary disks. However, there
are several barriers, which prevents dust grains from growing into planetes-
imals: Dust grains that have nonzero electrical charge rarely stick to each
other due to the repulsive force (charge barrier). Grain collisions do not lead
to only grain growth but also rebounds or fragmentation (bouncing barrier
and fragmentation barrier). Rapid inward drifting due to gas aerodynamic
drag quickly removes the dust grains from the disks (Radial drift barrier).
These barriers make the planetesimal formation scenario terrifically compli-
cated.

Recent enhancements of observational quality in sensitivity and spatial
resolution have provided us a wealth of information for disk structures and
grain properties. One of the most crucial insights obtained on the observa-
tions is that disks commonly have substructures such as ring, gap, spiral and
so on. These various structures possibly capture the critical step of planet
formation and provide solutions to tackle the proposed barriers above. How-
ever, the formation mechanisms for such substructures are also highly uncer-
tain. It is because they are thought to invoke complex and various physics
regarding gas-grain interactions, which are tightly dependent on grain sizes.
Thus, observational constraints on grain sizes and moreover grain dynamics
are essential for better understandings of planetesimal formation.

To tackle the difficulties, we conduct continuum polarization observa-
tions at millimeter wavelengths of disks. The polarized emission is believed
to originate from a combination of grain alignment and scattering. Previ-
ously proposed sources that can align grains in disks are magnetic fields,
radiative gradients, and gas flow directed on grains. The thermal emis-
sion from elongated dust grains aligned with the sources can be observed
as polarized emissions. The other mechanism, self-scattering, is scattering-
induced polarization where dust grains of sizes comparable to the wave-
lengths scatter the thermal dust emissions. The relative importance of these
processes is sensitive to grain sizes, shape and response to above external
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forces acting on grains. This is invaluable information to explore the plan-
etesimal formation. Nevertheless, it is largely unclear (1) which origin dom-
inates, (2) whether just one or multiple origins contribute to the polarization
and (3) how large and elongated the grains are. To address the questions, we
investigate the origins of polarized emission detected on two disks around
HL Tau and AS 209.

First, we conduct detailed modeling for the polarized emission of the HL
Tau disk. Polarization features obtained on the HL Tau disk in Band 3 are as
follows. (1) Elliptical polarization pattern and (2) uniform polarization frac-
tion in the azimuthal directions. In previous studies, the origin of the polar-
ization was concluded to originate from thermal emission of grains aligned
by a radiative gradient in the disk (Kataoka et al., 2017; Stephens et al., 2017).
However, Yang et al. (2019) pointed out that the radiative alignment predicts
the circular pattern and strong polarization variations in the azimuthal direc-
tions, both of which are incompatible with (1) and (2). Alternatively, gas-flow
alignment, where aspherical grains aligned by gas-flow with their long axes
parallel to the flow, can produce the elliptical pattern. However, it also pre-
dicts strong azimuthal polarization variations, which is incompatible with
(2). To solve the problem, we perform semi-analytical and radiative transfer
modeling that includes the contributions from scattered emission as well as
thermal emission of the aligned grains. As a result, we find that the combi-
nation of the gas-flow alignment and scattering can reproduce the features
(1) and (2), whereas the radiative alignment + scattering cannot reproduce
both the features. This result is surprising because the gas-flow alignment
has been believed to occur when the velocity of the gas-flow on grains is su-
personic while that in disks is subsonic. This raises a question regarding our
understanding of alignment processes.

Next, we present 870 µm ALMA polarization observation toward the
Class II protoplanetary disk around AS 209. We successfully detect the polar-
ized emission and find that the polarization orientations and fractions have
distinct characteristics between the inner and outer regions. In the inner re-
gion, the polarization orientations are parallel to the minor axis of the disk,
which is consistent with the self-scattering model. This indicates the pres-
ence of an order of 100 micron-sized grains in the region. In the outer region,
we detect ∼1.0% polarization and find that the polarization orientations are
almost in the azimuthal directions. Moreover, the polarization orientations
have systematic angular deviations from the azimuthal directions with ∆θ
∼ 4.◦5 ± 1.◦6. The pattern is consistent with a model that radially drifting
dust grains are aligned by the gas flow against the dust grains. We consider
possible scenarios of the grain dynamics at the AS 209 ring which can re-
produce the polarization pattern. However, the directions of the observed
angular deviations are opposite to what is predicted under the fact that the
disk rotates clockwise. This poses a question in our understandings of the
alignment processes and/or grain dynamics in protoplanetary disks.
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Chapter 1

Introduction

The study of planet formation is one of the most important fields in modern
astronomy. Not only does the study answer the origin of the Solar system,
but it also provides a clue to investigate how a number of detected exoplanets
with various properties are created. The site of planet formation is thought
to be protoplanetary disks, which are inevitably formed as secondary prod-
ucts in star formation processes. The disks comprise gas and a small fraction
of dust grains. The dust grains coagulate to form larger and larger aggre-
gates, evolving into planets and planetesimals. The coagulation process is
tightly linked to physical processes driving in the disks. Thus, it is essen-
tial to clarify the physical processes driving in the protoplanetary disks with
both theoretical and observational points of view.

For the past half a century, a number of observational and theoretical
studies for protoplanetary disks have brought us a wealth of knowledge
about star and planet formation processes. Especially these days, living in
the ALMA era, the amount of knowledge has been dramatically increasing
owing to the high sensitivity and high spatial resolution of the instrument.
At the same time, however, the increase of studies motivated by ALMA also
provides us a lot of pivotal questions, which complicate current understand-
ings of planet formation processes.

This study aims at investigating the grain coagulation processes with
millimeter-wave polarization observations for the two protoplanetary disks
around AS 209 and HL Tau. First, in this chapter, we provide a review of
previously obtained knowledge of protoplanetary disks from observational
and theoretical studies to explain the background of this study. Then, we
provide the results of our study in consecutive chapters 2 and 3. In chapter
2, we present a new 870 µm ALMA polarization observation toward the pro-
toplanetary disk around AS 209 and the results of detailed analysis for the
data. In chapter 3, we conduct semi-analytical and radiative transfer model-
ing for a 3 mm polarization observation toward the HL Tau disk. Finally, we
summarize our studies and prospects in chapter 4.

1.1 Outlines of Protoplanetary Disks

To know planetesimal formation scenarios and their difficulties, the knowl-
edge of protoplanetary disks, in which planets and planetesimals are thought
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to be formed, is essential. In this section, we introduce (1) what protoplan-
etary disks are, (2) how they form, evolve and dissipate, (3) their properties
(structure, radius, mass and so on) inferred from theories and observations.
In subsection 1.1.1, we briefly review the lives of protoplanetary disks. In
subsection 1.1.2, we introduce the classical scheme to classify the evolution
stage of protoplanetary disks and YSOs based on spectra in optical−infrared
wavelengths. in subsection 1.1.3 and 1.1.4, we describe the properties of pro-
toplanetary disks such as geometrical structure and temperature distribu-
tion based on theories. We also describe how protoplanetary disks can be
observed in multi-wavelengths in subsection 2.1.5. Finally, we introduce ob-
servational constrains on basic parameters of the disks in subsection 2.1.6.

1.1.1 Formation, Evolution, and Dissipation of Protoplane-
tary Disks

We introduce standard scenarios formation, evolution, and dissipation of
protoplanetary disks. Because disk formation takes place at collapsing star-
forming clouds to form protostars, we briefly describe how star formation
occurs at first. Note that this review focuses on low-mass star formation,
whose general formation scenario has been already established in compari-
son to that of a high-mass star.

The processes of star formation involve a variety of size scales. Because of
such an extraordinary dynamic range in size scales, there are many physical
processes that operate during the star formation. The interstellar medium
is composed of gas and dust grains. The typical number density of the gas,
which is predominantly neutral hydrogen and helium, is nH ∼ 1 cm−3. The
dust grains have a typical size of ∼0.1 µm and account for 1% mass com-
pared to the gas. The site of star formation is the denser region that is called
molecular clouds, where hydrogen is nearly all in the molecular form with
the number density of nH2 ∼ 104−107 cm−3. The internal structures of molec-
ular clouds are hierarchical, consisting of filamentary or clumpy structures
on a wide range of scales. Molecular cloud cores are the densest parts of the
interstellar medium with the typical spatial scale of ∼0.1 pc and the mass
of ∼1 M⊙, which are believed to be embryos of individual stars or clusters.
The cores are in hydrostatic equilibrium, where internal thermal pressure re-
sists their self-gravity. The densities of gas and grains so high that cores are
highly opaque to visible light and are identified as silhouettes against the
bright background stars in the optical wavelength (Bok, 1948; Bok, Cordwell,
and Cromwell, 1971; Alves, Lada, and Lada, 2001).

The process of star formation starts with the gravitational collapse of
molecular cloud cores (Larson, 1969). Initially, gas and dust grains fall onto
a point source to form a protostar. As the collapse proceeds, the centrifugal
force gets to resist the gravity as a result of the conservation of the angu-
lar momentum, leading to form a rotationally-supported disk surrounding a
protostar. The disks, which are referred to as protoplanetary disks, are com-
posed of gas and a small fraction of dust grains and are believed to be the
birthplace of planets or planetesimals.
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The temporal evolution of protoplanetary disks is driven by various and
complex physics, which causes disk dispersal from optically thick to optically
thin. Most basic physics is outward transport of the angular momentum of
the gas, which is induced by gas viscosity (Hartmann et al., 1998; Balbus and
Hawley, 1991). The transport of the angular momentum induces the accre-
tion onto a protostar from the inner disks. In parallel, the materials from the
outer regions resupply the inner disks, spreading as the angular momentum
is transported outward. The origin of the viscosity is thought to be a turbu-
lent motion of the gas. The dominant process to the turbulence is magnetoro-
tational instability (MRI), which is induced by interactions between gas and
magnetic fields threatening disks (Gammie, Shapiro, and McKinney, 2004).

Outflows of the gas and grains are also one of the main mechanisms, by
which the gaseous disks deplete their mass. Many observational studies have
revealed the presence of the outflows in many YSOs in both the class I and II
phases (Zapata et al., 2012; Zapata et al., 2015a; Zapata et al., 2015b; Lum-
breras and Zapata, 2014). The physical mechanisms to produce the flow
is still unclear and being debated, and depends on the evolution phases.
One of the possible sources are photoevaporation (Hollenbach et al., 1994;
Alexander, Clarke, and Pringle, 2006a; Alexander, Clarke, and Pringle, 2006b;
Owen et al., 2010; Gorti and Hollenbach, 2009; Gorti, Dullemond, and Hol-
lenbach, 2009). In the model, far-ultraviolet (FUV) photons from the stars
ionize and heat the circumstellar hydrogen to ∼104 K. As a result, the thermal
velocity of the heated gas exceeds the escape velocity and are dissipated in
the form of a wind. Magnetohydrodynamical (MHD) driven wind is also re-
sponsible for the gas dynamics (Blandford and Payne, 1982; Kudoh and Shi-
bata, 1997; Ferreira, Dougados, and Cabrit, 2006; Suzuki and Inutsuka, 2014).

The dynamics of solid particles also play a crucial role in the evolution
processes. The dynamics of the dust grains are sensitive to the grain size.
The initial tiny particles with ∼0.1 µm in the radius are tightly coupled to
gas and follow the gas motions. As the grain growth proceeds, however,
they start to decouple to the gas. This decoupling can lead to collisional
grain growth or fragmentation and rapid inward drifting, each of which is of
importance to discuss the planetesimal formation theories. We will discuss
the grain motion in detail in the next section.

The accretion, outflow, and coagulation of grains explained above lead to
depletion of the materials in protoplanetary disks, eventually leaving a star
and planetary systems. The disk dissipation timescale is inferred primarily
by the infrared emission, which is emitted by the dust grains in the inner re-
gions of disks as will explain below. Haisch, Lada, and Lada (2001) and Hil-
lenbrand (2005) have investigated how the occurrence of the near-infrared
excess varies with the mean ages of stellar clusters and found that the occur-
rence steadily decreases from < 1 to ∼ 10 Myr. The occurrence of the near-
infrared excess is consistent with median disk lifetimes of ∼ 2−3 Myr. Other
studies that rely on longer wavelengths observations from mid-infrared to
millimeter-wave derive similar results (Gutermuth et al., 2008; Winston et
al., 2007; Lada et al., 2006; Sung, Stauffer, and Bessell, 2009; Hernández et
al., 2007; Sicilia-Aguilar et al., 2006; Andre and Montmerle, 1994; Andrews
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and Williams, 2005; Andrews and Williams, 2007). As well as solid compo-
nents, the gas dissipation timescale was also inferred by accretion signatures
and found to be the analogous situation to that of the dust dissipation (Fedele
et al., 2010). Theoretically, the combination of viscous accretion and photoe-
vaporation models can roughly reproduce the observed disk population ex-
plained above (Hollenbach et al., 1994; Gorti and Hollenbach, 2009; Gorti,
Dullemond, and Hollenbach, 2009); however, the evolutionary pathways of
disks are highly uncertain because there are a number of physical processes
are believed to be involved.

1.1.2 Classification of YSOs

Spectral Energy Distribution (SED) enables us to indirectly probe the spatial
distribution of dust grains in disks. Lada, Margulis, and Dearborn (1984)
has classified the shape of SEDs of YSOs in Ophiuchus star forming region
into 3 distinct groups based on whether the excess is rising in mid-infrared,
declining but with still excess in longer wavelength, or with almost no excess
emission. Subsequently, Lada, Margulis, and Dearborn (1984) and Greene
et al. (1994) introduced a classification of the SEDs, in which the YSOs are
divided into four classes 0, I, II and III based on the slope of the SEDs in the
infrared region. To denote the slope, they defined a parameter αIR as given
by

αIR =
dlogνFν

dlogν
=

dlogλFλ

dlogλ
. (1.1)

Conventionally, αIR is measured by fitting SEDs from near-infrared to mid-
infrared that is specifically, from 2.2 µm to 10 or 24 µm. Although the bound-
ary of αIR to divide the YSOs, typical classification is described as follows.

Class 0: A protostar is deeply embedded by a surrounding envelope. The
emission from a star and circumstellar disk cannot be observed; instead, that
from an envelope is observed from far-infrared to millimeter wavelengths.

Class I: Infrared emission is partially transparent and is rising from near-
to mid-infrared with αIR > 0−0.3. In this phase, a protostar and disk are still
almost entirely invisible although strong outflow from a star partially clears
an envelope along a direction perpendicular to a disk.

Class II: The emission from a protostar and disk first becomes optically
visible. The infrared excess is declining from near- to mid-infrared with the
slope of -1.6 ≤ αIR ≤ -0.3.

Class III: The disk is entirely dispersed by some mechanism, the emission
comes from only a stellar photosphere. The slope αIR equals to stellar spectra
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(a) Class 0

(b) Class 1

(c) Class 2
(CTTS)

(d) Class 3
(WTTS)

FIGURE 1.1: Classification for Young stellar objects based on
the colors in the infrared regions. The left column shows the
schematic illustrations depicting the state in each class and the

right column shows the corresponding SEDs.
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with αIR < -1.6.

In parallel, there is another classification that defines the evolutionary
state of central stars based on accretion signatures. A central protostar is
fed disk materials by accretion. The accreting materials, which falls onto the
star with nearly free-fall velocity, induce a shock on the stellar photosphere,
leading to strong ultraviolet or hydrogen recombination lines like Hα. The
classification scheme is based on the equivalent width of Hα. Classical T
Tauri stars (CTTS) show strong accretion signatures with the Hα equivalent
width of WHα > 10 Å, whereas Week-lined T Tauri stars (WTTS) show no or
only subtle accretion indications.

1.1.3 Spatial Structure of Protoplanetary Disks

To create a model, which describes the spatial distribution of gas and grains
in protoplanetary disks, it is reasonable to consider the required materials
to form our Solar system. Based on the idea, Kusaka, Nakano, and Hayashi
(1970), Weidenschilling (1977b), and Hayashi (1981) have developed the Min-
imum Mass Solar Nebula (MMSN) model to derive a lower limit of the re-
quired materials that have been present in the Solar system. In that model, in-
ferred masses of heavy elements of each planets are divided and distributed
to derive the smooth density profile. The amount of gas (Hydrogen and He-
lium) is derived based on the solar abundance. Following the scheme, the
derived surface density scales as Σ ∝ r−3/2. Because there is uncertainties in
the amount of the heavy elements, normalization to the profile is somewhat
arbitrary, but commonly used profile is given by

Σg(r) = 1.7 × 103
( r

1AU

)−3/2
g cm−2, (1.2)

for the gaseous components, and

Σd(r) = 7.1
( r

1 AU

)−3/2
g cm−2 for r < 2.7 AU, (1.3)

Σd(r) = 30
( r

1 AU

)−3/2
g cm−2 for r > 2.7 AU, (1.4)

for the solid components. The profiles are presented in Figure 1.2. The jump
in the density profile for the solid components is due to the presence of icy
materials, which appear outside the snowline (r = 2.7 au). Integration of
Equation 1.2 out to 30 au yields with the enclosed mass of 0.01 M⊙, which is
roughly consistent with mass measured by observations.

Theoretically, the radial structure of accretion disks can be derived by
assuming a balance of the viscous and the gravitational torques (Lin and
Papaloizou, 1980; Ruden and Lin, 1986; Ruden and Pollack, 1991; Stepin-
ski, 1998). The radial profile of gas surface density can be solved by the
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FIGURE 1.2: The surface density profiles of gas and solids in the
minimum mass solar nebula (MMSN) model (Hayashi, 1981).
The location of the snowline is also indicated with the gray

dashed line.

viscous diffusion equation (Lynden-Bell and Pringle, 1974). One of the an-
alytical solution was derived by (Shakura and Sunyaev, 1973) as given by

Σ(r) = Σ0

( r
rc

)−γ
exp

[
−
( r

rc

)2−γ]
, (1.5)

where rc is characteristic radius, from which the surface density exponen-
tially decreases, Σ0 is surface density at rc. To first order, the surface density
profile of dust grains are assumed to follow that of the gaseous components,
although the recent high resolution observations have found distinctive dis-
tributions of the two components.

Protoplanetary disks are flared with a vertical scale height that increases
with radius there are a certain extent in the vertical directions. The vertical
extent for gas is inferred by assuming that the disk is vertical hydrostatic
equilibrium,

∂P
∂z

= −ρgz, (1.6)

where P is the gas pressure and gz is the gravitational acceleration in z-
component. Assuming the ideal gas equation of state, Equation 1.6 is rewrit-
ten by

∂ ln ρ

∂z
= −

[µmp

kT
GM∗z

(r2 + z2)3/2 +
∂ ln T

∂z

]
, (1.7)

where G is the gravitational constant, µ is the mean molecular weight, mp is
the mass of the proton, and k is the Boltzmann constant. The solution of ρ
can be derived by assuming geometrically thin extent (z ≪ r) with a small
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temperature gradient (∂T/∂z ∼ 0) as follows,

ρ(z) =
Σ√

2πH
exp

[
−1

2

( z
H

)2]
, (1.8)

where H is the gas scale height, which is the length scale by which the density
decreases to 1/e from the midplane of disks, which is given by

H =
cs

ΩK
=

( kT
µmH

r3

GM∗

)1/2
, (1.9)

where cs denotes the sound speed and ΩK is the Keplerian angular velocity.

1.1.4 Temperature Distribution

The temperature of the solid components in disks are different in location
to location. In the surface layer of disks, dust grains are directly exposed to
stellar irradiation. The absorbed starlight in the ultraviolet to optical wave-
lengths is re-radiated out to space and deeper into the disk structure. The
dust grains are in thermodynamic equilibrium, where the irradiation heat-
ing and re-radiation cooling is in balance, as written by

L∗
4πr2 πa2 = 4πa2σSBT4

s ϵ, (1.10)

where L∗ is the stellar luminosity, r is the distance, a is the grain radius, Ts
is grain temperature, σSB is the Stefan-Boltzmann constant and ϵ is the grain
emissivity. The grain temperature is derived with Equation 1.10 as

Ts = 280
( r

1AU

)−1/2( L∗
L⊙

)1/4
,
(ϵopt

ϵ

)1/4
K (1.11)

where ϵopt is the emissivity at the optical wavelength.
In the midplane, on the other hand, the disk is so opaque to starlight

that the temperature is not determined as in the surface layers. Instead, part
of the thermal emission from the grains in the upper surface layers heats the
grains in the midplane. This results in a vertical temperature gradient, where
T increases with z (Chiang and Goldreich, 1997; Chiang et al., 2001).

Gas temperature is not necessarily identical to that of dust grains and
highly sensitive to gas density and radiation field of ultraviolet stellar light.
In the midplane of disks, the gas number density is high enough to frequently
collide with the grains in the disks. This leads to thermal coupling between
the gas and grains and results in the common temperature of the two com-
ponents.

In the upper layer of the disks, however, the gas number density sharply
drops and the frequency of the collision with grains also decreases. As a
result, the energy exchange between gas and grains through the collisions
becomes insufficient, leading to thermal decoupling. Thus, other processes
that determine the temperature are involved in the surface layer. One of the
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dominant heating sources is photoelectric heating, where the stellar ultra-
violet photons eject electrons from uncharged grains to heat the gas. The
dominant coolant is typically CO, which is the most abundant molecule that
has a permanent electric dipole and hence efficiently radiates. The tempera-
ture in the surface layers is determined by the balance between these heating
and cooling.

1.1.5 Observational Appearance of Protoplanetary Disks

To review the observational constraints on the disk structure and mass, it
is useful to describe how the disks with the explained structures, mass and
temperature can be measured with the multiwavelength observations. Thus,
we quickly introduce the principles in the following.

Thermal and Scattered emission from dust grains:
The main contributors to the continuum emission from disks are thermal and
scattered emission. The specific intensity at frequency ν along a direction of
line of sight s is derived with the radiative transfer equation,

dIν = ρκν(Sν − Iν)ds, (1.12)

where ρ is the density of dust grains, κν is the opacity considering both the
absorption and scattering, and Sν is the source function. If we assume that
(1) the scattered emission is negligible compared to the thermal emission
and can be neglected, (2) the grains are in thermodynamic equilibrium (Sν

= Bν(T)), and (3) the temperature is constant along the line of sight (applica-
ble condition for geometrically thin disks), the specific intensity Iν is derived
as follows,

Iν = Bν(T)(1 − e−τν) (1.13)

This indicates that the optically thick emission (τν ≫ 1) is identical to the
blackbody (Iν = Bν(T)) coming from τ = 1 surface, while the optically thin
emission (τν ≪ 1) is a product of thermal blackbody and optical depth (Iν =
τνBν(T)).

The principal above suggests that the excess emission in the SEDs are
composed of multiple temperature components. The thermal emission in the
near-infrared (2−5 µm) originates from the hottest solids in the innermost
regions of the disks. Because the density is high and the emission is opti-
cally thick in the regions, the flux density in the SEDs is sensitive to the tem-
perature and area of emitting regions. As explained in subsection 2.1.4, the
temperature decreases with the distance and thus the emission at the longer
wavelengths comes from the outer regions of the disks. Because the mid-
infrared emission (5−20 µm) is still optically thick, it traces the layer on a few
au scales. Far-infrared emission is partially optically thin and probes colder
grains near the midplane in the outer disks (∼tens of au). (Sub)millimeter
emission can access the cold solids in the midplane, although optically thick
emission still partially remains.
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FIGURE 1.3: Schematic illustrations of protoplanetary disks
and typical SED. The emitting regions of infrared excess at in-
frared to millimeter wavelengths are indicated with the arrows

Scattered emission also contributes to the observed emission in the wide
wavelength range. The small (∼µm) grains in the upper layer of the disks
effectively scatter the incoming radiation whose wavelengths are compa-
rable to grain sizes. Thus, the scattered emission in the optical to near-
infrared probes the scattering grains near the surface layer. The scattered
emission in longer wavelengths has believed to be negligible especially at
(sub)millimeter wavelengths. It is because that stellar radiation to be scat-
tered is subtle in the wavelengths. However, a recent study showed that the
thermal emission of dust grains can be scattered and polarized when some
conditions are satisfied (Kataoka et al., 2015). We will explain the mechanism
in section 2.4.

Emission from Gaseous disks:
Gas observations are essential to probe not only the structures but also the
dynamics of gaseous disks. Although the dominant constituent of gaseous
disks is atomic hydrogen, it rarely emits by itself because it does not have
the permanent electric dipole. Instead, the studies of gaseous disks often
rely on observations of CO isotopologues at millimeter wavelengths (e.g.
Dartois, Dutrey, and Guilloteau, 2003; Rosenfeld et al., 2013a; Williams and
Best, 2014; Miotello et al., 2016; Miotello et al., 2017; Miotello et al., 2018).
Their abundance is sensitive to the temperature of the gaseous components.
The molecules in the uppermost layers are photodissociated by the strong
UV radiation while they are frozen out in the cold midplane (Aikawa et
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al., 2002). Thus, the molecules are thought to be abundant in the warm
layer, where photodissociation and frozen-out are avoided. Not only the CO
molecules, but various molecules are used to probe the other regions of disks
such as N2H, HCO+, and so on (see Figure 1 in Öberg et al. (2011)).

1.1.6 Observational Constraints on the Structure, Radius, Mass,
and Grain Size

Based on the theories described above, we review constraints on the basic
parameters of the disks (structure, radius, and mass) obtained on previous
multiband observations.

Disk structure and radial/vertical extent:
Resolved continuum observations at millimeter wavelengths enable to di-
rectly constrain the disk structures. As is explained in subsection 1.1.5, the
emission is optically thin, and thus traces the surface density of dust grains.
Surface density profile is derived for disks in the nearest stellar clusters such
as Taurus (Isella, Carpenter, and Sargent, 2009; Isella, Carpenter, and Sar-
gent, 2010; Piétu et al., 2006; Piétu et al., 2014; Guilloteau et al., 2011) and
Ophiuchus (Andrews et al., 2009; Andrews et al., 2010). With these obser-
vations, the exponent of the surface density profile γ is derived to be γ ≈
0−1, which is shallower than that of that Hayashi model (γ = 1.5), and the
characteristic radius (rc) of rc ≈ 5−200 au. Note that the substantial diversity
of the presented values partially comes from different modeling approaches
between the studies.

The aspect ratio of solid components is inferred by scattered light images
obtained at primarily optical and near-infrared. The images are modeled
with Equation 1.8 to derive H/r ≈ 0.1−0.2 with a small radial dependence ∝
r0.05 (e.g. Avenhaus et al., 2018).

Mass:
Since the millimeter continuum emission probes the density of solid parti-
cles, the mass of dust disks Mdust also can be measured by the integrated flux
at millimeter wavelengths as

Mdust =
Fνd2

κνBν(T)
, (1.14)

where d is the distance to the source, Fν the flux density. The many disks
in the nearby star clusters were measured based on the principles (Andrews
et al., 2009; Andrews et al., 2013; Lee, Williams, and Cieza, 2011; Williams et
al., 2013; Carpenter, Ricci, and Isella, 2014; Ansdell, Williams, and Cieza, 2015;
Ansdell et al., 2016; Ansdell et al., 2017). A near-complete imaging survey to-
ward the Lupus and Taurus star-forming region, both of which have similar
ages (∼1−2 Myr), revealed that the mean dust mass in Taurus and Lupus
is 15 ± 3 M⊕ and 15 ± 2 M⊕, respectively (Andrews et al., 2013; Ansdell
et al., 2016). On the other hand, Upper sco, whose age is older than the two
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regions (∼5−10 Myr), has the mean dust mass of 5 ± 3 M⊕, which is sig-
nificantly 3 times lower than that of the younger clusters, indicating that the
disk clearing proceeds with time (Barenfeld et al., 2016).

Directly measuring the gas content in disks is still challenging because
atomic hydrogen H rarely emits by itself. Instead, observations of CO lines
enable us to infer the gas mass by assuming ISM-like [CO]/[H2] abundance.
Recent high sensitivity observations using ALMA enable to conduct syn-
thetic studies for disks in various clusters as was done for dust content. Ans-
dell et al. (2016) conducted 13CO and C18O line survey for class II disks in
the Lupus star-forming region and constrained the gas content to roughly a
Jupiter mass, which is significantly lower than that of the MMSN model.

Grain size:
As indicated above, the spectral indices αmm = 2 + β provide basic tool to
constrain the grain sizes in disks. In the last two decades, unresolved pho-
tometric observations at millimeter wavelengths showed that β in disks is
β ≈ 0.5−1 (e.g. Beckwith and Sargent, 1991; Mannings and Emerson, 1994;
Wilner et al., 2000; Testi et al., 2001; Testi et al., 2003; Natta et al., 2004;
Wilner et al., 2005; Andrews and Williams, 2005; Rodmann et al., 2006; Ricci
et al., 2010), which is significantly lower than that in the ISM β ISM ≈ 1.7
(Li and Draine, 2001). This decrease is explained best by the presence of
larger grain in disks relative to that in the ISM (Miyake and Nakagawa, 1993;
Draine, 2006; Natta et al., 2007).

The interpretation of β values needs to be taken with some caution be-
cause local optically thick emission can contribute to the total emission in
such unresolved observations, which can impact on the grain size measure-
ment (Ricci et al., 2012). Thus, it is crucial to spatially resolve disks to avoid
the optically thick components. The radially resolved multiband images re-
vealed that the β profile shows radial gradients for several disks, suggest-
ing radius-dependent grain sizes (Pérez et al., 2012; Carrasco-González et
al., 2016; Tazzari et al., 2016; Tsukagoshi et al., 2016; Dent et al., 2019). More-
over, recent observations reported anomalously low β at 0 or even lower
(Carrasco-González et al., 2016; Tsukagoshi et al., 2016; Liu et al., 2017; Huang
et al., 2018a; Dent et al., 2019). Although the origin of such shallow slopes is
debated, Liu (2019) and Zhu et al. (2019) pointed out that the inclusion of
scattered emission can make the emission fainter, resulting in the low α and
β.

The modeling studies for obtained α revealed that the low α can be re-
produced if maximum grain sizes amax in a power-law distribution are in
∼mm or cm ranges (Draine, 2006; Natta et al., 2007). However, one problem
is that the relationship between α and amax is not necessarily unique because
derivations of specific amax are highly sensitive to the assumptions on grain
composition, shape, and internal density (Pollack et al., 1994; Min, Hovenier,
and de Koter, 2005), all of which are poorly constrained yet. This uncertainty
has been identified as a difficult task, which prevents us from precisely con-
straining the grain sizes in disks.
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1.2 Planet/Planetesimal Formation

One of the ultimate goals of studies for protoplanetary disks is understand-
ing the planet/planetesimal formation. As explained above, the initial size of
the dust grains is believed to be ∼0.1 µm. The dust grains stick to each other
in protoplanetary disks to form kilometer-sized planetesimal and ultimately
to form a planet, with the size of ∼100,000 km. In other words, the planet for-
mation is extraordinary grain growth with the size and mass range of ∼1013

and ∼1040, respectively. A huge number of theoretical, observational studies
and laboratory experiments have been conducted to clarify how such evolu-
tion can be realized. Nevertheless, we are still far from fully understanding
the physics.

In this section, based on previously developed theoretical studies, we first
review gas and grain motions in subsection 2.2.1 and proposed pathways of
grain growth in subsection 2.2.2. Then, we introduce barriers, which limit
the grain growth in subsection 2.2.3. Finally, we introduce possible solutions
to avoid the barriers in subsection 2.2.4.

1.2.1 The Motions of Gas and Dust Grains

To investigate the grain growth processes, it is essential to know the gas and
grain motions in protoplanetary disks. To first order, dust grains in proto-
planetary disks rotate with the Keplerian velocity vK, which is determined
by the balance between stellar gravity and centrifugal force.

The gas motion, on the other hand, is not identical to that of the dust
grains. One difference is that gas feels pressure gradient, resulting in de-
viations from the Keplerian motion. Assuming the stationary axisymmetric
flow, the radial component of the momentum equation is given by

v2
ϕ,gas

r
=

GM∗
r2 +

1
ρ

dP
dr

, (1.15)

where v2
ϕ,gas denotes the orbital velocity, P denotes the pressure. Because

the pressure near the disk mid-plane decreases with the distance, the second
term on the right side is negative and the orbital velocity is slightly reduced
from the Keplerian velocity. To derive the orbital velocity, radial variations
of pressure is assumed to be power-law near some fiducial radius r0 as given
by

P = P0

( r
r0

)−n
, (1.16)

where P0 is the pressure at r0 given by P0 = ρ0c2
s . By substituting Equation

1.16 to 1.15, the orbital velocity is derived as

vϕ,gas = vK

(
1 − n

c2
s

v2
K

)1/2
. (1.17)
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Due to the velocity difference, the dust grains feel the headwind from the
gas. The gas headwind induces the aerodynamic force acting on the dust
grains. In calculating the force, there are two physical regimes to consider,
which are dependent on the relationship between the grain size a and mean
free path of the gas λ.

Epstein drag:
One is Epstein drag regime that is applicable when a ≲ λ. In this regime, the
net aerodynamic force is determined by the frequency of collisions between
the grains and gas molecules. The frequency equals to the product of the col-
lisional cross section, relative velocity, and number density of gas molecules.
The gas molecules move with the thermal velocity, which is given by

vth =

√
8kBT
πµmp

. (1.18)

We consider the aerodynamic force acting on a dust grain moving with
velocity v. The gas relative velocity seen from the particles are given by vth +
v and vth − v for the front and rear side of the particles, respectively. Thus,
the grain collide with the molecules with the frequency of

f+ ≃ πa2(vth + v)
ρ

µmp
(1.19)

for the front side of the grains, and

f− ≃ πa2(vth − v)
ρ

µmp
(1.20)

for the rear side. The change of the momentum per collision is approximately
given by 2µmpvth, and thus the net drag force FD scales as

FD ∝ −πa2ρvthv (1.21)

As is presented in Equation 1.21, the force is proportional to the surface area
of the particles, relative velocity, thermal speed of molecules. Note that this
formulation is appropriate when the grain velocity is subsonic (v ≲ vth).

Stokes drag:
The law of the aerodynamic force switches to the Stokes drag regime when
a ≳ λ. The interaction with the gas in the regime is treated in fluid terms
without invoking the molecular nature of the gas, unlike the Epstein law.
The drag force in the regime scales as

FD ∝ −πa2ρv2 (1.22)

The proportional constant, which scales Equation 1.22 is dependent on the
shape of the dust grains and on the fluid Reynolds number. Weidenschilling
(1977a) has derived the constants for some ranges of Reynolds number.



1.2. Planet/Planetesimal Formation 15

To derive the grain motion, we need to define a parameter that denotes
how well the grain motion is coupled to that of the gas. Here, we introduce a
friction time tfric, in which the grain motion relative to the gas is stopped by
the aerodynamic drag force. Previous observations indicate that the size of
dust grains in protoplanetary disks is mostly ∼0.1 µm−1 mm, to which the
Epstein drag is applicable. Thus, with Equation 1.22, we define tfric as

tfric =
mv
FD

=
ρs

ρ

a
vth

. (1.23)

The last modification in Equation 1.23, we insert m = (4/3)πs3ρs, where ρs
denotes the material density, into Equation 1.23.

As is indicated by Equation 1.23, the friction time is proportional to the
grain size and inversely proportional to gas density. When we assume Hayashi
disk model, the friction time for a particle of size a = 1 µm at 1 au (ρ = 10−9

gcm−3, ρs = 3 gcm−3, and vth = 105 cms−1), is derived as

tfric ≃ 3 s, (1.24)

indicating that the small grains tightly coupled to the gas.
For the following discussions, we introduce an additional parameter, Stokes

number (St), which is a product of the friction time and Keplerian angular ve-
locity ΩK as

St = ΩKtfric. (1.25)

This denotes the ratio of the friction timescale to the Keplerian timescale. Of
course, small St (St ≪ 1) indicates the strong coupling with the gas, while
large St (St ≫ 1) indicates the weak coupling with the gas. Assuming the
Epstein drag, Equation 1.25 is rewritten by

St =
ρs

a
ρ

vth
=

π

2
aρs

Σg
(1.26)

Stokes number is also proportional to the grain radius a and inversely pro-
portional to the gas surface density.

1.2.2 Pathways of Grain Growth

A plausible pathway of planet/planetesimal formation is collisional grain
growth. Here, we assume that the collisions always lead to the sticking of
the grains. To the collisions take place, the dust grains need to have nonzero
relative velocity against other grains. Proposed mechanisms, which can arise
the relative velocity, is Brownian motion, differential sedimentation, radial
drift. Which process dominates the growth process is determined by how
rapidly the grains become larger via each process. This can be described
with the growth speed with ṁ, which is the time derivative of the grain mass,
which is given by

ṁ = πa2ρ f ∆v, (1.27)
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where ρ is gas mass density, f is the dust-to-gas ratio and ∆v is the relative
velocity between two grains. The growth timescale tgrow, which denotes the
required time to form grains with the mass of m is given by

tgrow =
m
ṁ

=
4
3

ρs

ρ f
a

∆v
, (1.28)

where we substitute m = (4/3)πa3ρs to the second equation. The process
with the shortest tgrow dominantly influences the growth process. If we
fix the gas density ρ, grain volume density ρs, and dust-to-gas ratio f , the
timescale is determined only by the relative velocity vrel at a given grain ra-
dius a. In the following, we describe each process and growth timescale pre-
dicted by Equation 1.28.

Brownian motion:
In the initial stage of the grain growth processes, the tiny grains with a size
of ∼0.1 µm are thought to be distributed in the whole disks. Under the con-
dition, the dominant growth process is the Brownian motion, where gas with
a temperature of T introduces a random velocity on the order of (1/2)mv2 ∼
kBT. The collision velocity of the grains with the mass of m is given by

∆v ∼ 4

√
kBT
πm

. (1.29)

By substituting Equation 1.29 to Equation 1.28, the collision timescale in the
Brownian motion regime tgrow, Brownian is derived as

tgrow,Brownian =
2πρ3/2

s a5/2

3ρ f
√

3kBT
. (1.30)

To yield the rough estimation, we consider a grain at 1 au and substitute
ρ = 10−10 gcm−3, ρs = 3 gcm−3, f = 10−2, and T = 300 K, which are typical
numerical values for conditions in the inner protoplanetary disks to Equation
1.30. The resultant timescale is

tgrow,Brownian ≃ 24
( a

1 µm

)5/2
year, (1.31)

which is a very short timescale compared to that of the disk evolution, sug-
gesting that the Brownian motion efficiently works to lead to grain growth in
the small grain size range. The timescale rapidly increases with grain size as
indicated in Equation 1.30(tgrow,Brownian ∝ a5/2). For example, substituting a
∼ 1 mm, the timescale is derived as ∼30 Myr, which is much longer timescale
compared to that of disk evolution. In fact, Brauer, Dullemond, and Henning
(2008) has conducted numerical simulations of the grain growth and revealed
that the grain size reaches as small as ∼10 µm via Brownian motion within
1 Myr. This indicates that other mechanisms need to be invoked for further
grain growth.
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Differential settling:
This process is related to the grain motion in the vertical directions. As ex-
plained above, when the grain is small, where St ≪ 1, the grains are almost
completely coupled to the gas and follow the same distributions of the gas
in the vertical directions. However, as the grains become larger, they become
decoupled to the gas and settle toward the midplane. This introduces the set-
tling velocity, which is determined by the balance between the stellar gravity
and the pressure gradient in the vertical directions.

We consider the balance of the force acting on a small dust grain at height
z. The downward force is the stellar gravity while the upward force is the
aerodynamic drag as written by

mΩ2
Kz =

4π

3
ρs2vthv, (1.32)

where we assume Epstein drag 1.21 for the right side of Equation. The equa-
tion yields the terminal settling velocity vsettle of

vsettle =
ρs

ρ

a
vth

Ω2
Kz = zΩKtfric, (1.33)

where the second equation is replaced with Equation 1.23 This equation in-
dicates that two grains with different sizes have nonzero relative velocity.

By substituting Equation 1.33 to Equation 1.27, the growth speed is de-
rived as

ṁ =
3
4

Ω2
K f

vth
zm (1.34)

and the growth timescale tgrow,settling is given by

tgrow,settling =
3
4

vth

zΩ2
K

1
f

. (1.35)

It is worth noting that the growth timescale for the differential settling is
inversely proportional to gas-to-dust ratio, indicating that the assumption
on that parameter has substantial impact on the growth process.

We derive a specific timescale by substituting the numerical values ap-
propriate for z = 3 × 1011 cm at 1 au (ρ = 6−10 gcm−3, cs = 105 cms−1, ρs =
3 gcm−3, f = 10−2) to Equation 1.35. As a result, the timescale of the grain
growth is derived as

tgrow,settling ≃ 600 year, (1.36)

which is much shorter timescale compared to that of the disk evolution, in-
dicating that the settling efficiently works for the grain growth.

The differential settling dominates the Brownian motion for the grain
growth process in the larger size range. Roughly speaking, the critical ra-
dius, where the settling becomes to influence the grain growth, can be de-
rived by comparing the relative velocity produced via each process. Equat-
ing the Brownian velocity (Equation 1.29) and the settling velocity (Equation
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1.33), we find that the critical radius is given by

a <
( 4

π3/2
6

µmH

ρ

ρ3/2
s

kT
Ω2

Kz

)2/5
. (1.37)

Substituting the same parameters above (ρ = 10−10 gcm−3, cs = 105 cms−1, ρs
= 3 gcm−3, f = 10−2, T = 300 K), the specific value is derived as

a < 1µm. (1.38)

Above this size range, the differential settling (or radial drift explained be-
low) is dominant process for the grain growth.

As indicated in the short timescale in the two processes, the grain growth
rapidly takes place as long as the fragmentation is neglected. Brauer, Dulle-
mond, and Henning (2008) has revealed that the combination of the two
processes promote rapid grain growth as large as a ∼ 104 cm at ∼1 au and
submicron-sized particles are mostly cleared due to the growth. It is not con-
sistent with the fact that the scattered light from the submicron-sized parti-
cles is ubiquitously observed, suggesting that long-lived small grains remain
in protoplanetary disks.

Radial drift:
As well as the vertical directions, dust grains can also radially drift due to the
aerodynamic force from gas. Although we explained that the angular veloc-
ity of the grains approximately equal to the Keplerian velocity, we here need
to include the effect of the gas drag acting on the grains for the momentum
equations as follows.

dvr

dt
=

v2
ϕ

r
− Ω2

Kr − 1
tfric

(vr − vr, gas), (1.39)

where vr and vr, gas is the radial component of the velocity for the grains and
gas, respectively. The effect of drag force is included in the third term of the
right-hand side. The azimuthal component vϕ of the grain velocity is derived
by considering the torque induced by the gas drag as given by

d
dt
(rvϕ) = − r

tfric
(vϕ − vϕ,gas) (1.40)

where vϕ and vϕ, gas are the azimuthal component of the velocity for the
grains and gas, respectively. Equation 1.40 can be simplified by assuming
that grain angular velocity vϕ is nearly the Keplerian velocity and time-independent.

d
dt

≈ vr
d
dr
(rvK) =

1
2

vrvK. (1.41)
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By substituting Equation 1.41 to Equation 1.40, we obtain

vϕ − vϕ, gas ≈ −1
2

tfricvrvK

r
. (1.42)

For the radial component of the momentum equation, we substitute for ΩK
by Equation 1.17 and retain only the first order terms.

dvr

dt
= −η

v2
K
r

− 2vK

r
(vϕ − vϕ,gas)−

1
tfric

(vr − vr,gas). (1.43)

Assuming the steady state, the term dvr/dt is negligible. By substituting
Equation 1.42 for (vϕ - vϕ,gas) in Equation 1.43, we obtain

vr =
(r/vK)t−1

fricvr, gas − ηvK

(vK/r)tfric + (r/vK)t−1
fric

. (1.44)

Substituting Equation 1.25 to Equation 1.44, the drifting velocity is simplified
as

vr =
St−1vr,gas − ηvK

St + St−1 . (1.45)

vϕ is also derived by substituting Equation 1.45 to 1.42 as follows

vϕ =
vr,gas − ηStvK

St + St−1 . (1.46)

When we assume the grains with St ≪ 1, where the grains are small and
strongly coupled to the gas, Equation 1.45 is rewritten by

vr ≈ vr,gas − ηStvK. (1.47)

The equation indicates the dust grains can have drifting velocity relative to
the gas, which is proportional to the Stokes number.

The drifting velocity peaks at St = 1, where the grains are intermediately
coupled to the gas. The peak drifting velocity is derived as

vr, peak =
1
2

ηvK =
1
2

nc2
s

vK
(1.48)

Substituting the same values above (cs = 105 cms−1), the peak velocity is as
large as ∼50 cms−1, which is much faster than that of gas drifting velocity
due to the viscosity. On the other hand, when St ≫ 1, since the dust grains are
tightly coupled to the gas, the dust grains do not feel the gas drag, resulting
in small drifting velocity. When St ≪ 1, since dust grains tightly coupled to
gas, the motion of grains are almost identical to that of gas, also resulting in
the small drifting velocity. Therefore, the dust grains with St ∼ 1 have fast
drifting velocity, which induces the grain collisions and growth. However,
the process can also prevent the growth by rapidly removing the grains in
protoplanetary disks as we will show in the next subsection.
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1.2.3 Barriers Against Planetesimal Formation

We have explained that if the collisions always lead to grain growth, the grain
size easily reaches as large as kilometer-sized bodies. However, there are bar-
riers, which make it difficult to realize the coagulation.

Charge barrier:
Dust grains can acquire nonzero charges because protoplanetary disks are
weakly ionized by cosmic rays and X-rays from central stars. Such ionized
particles can have a repulsive force acting on colliding counterparts. This can
disturb the grain growth (Okuzumi, 2009; Okuzumi et al., 2011a; Okuzumi
et al., 2011b).

Bouncing barrier:
The outcome of grain collisions is not only sticking. Colliding particles can
bounce each other rather than stick together at moderate collision velocity
(e.g. Güttler et al., 2010). It is due to the reason that the impact energy of col-
liding grains can exceed the attractive surface force of the grains. Laboratory
experiments actually showed bouncing of grains made of silica or water ice
(e.g. Güttler et al., 2010; Wada et al., 2011). If this is the case in disks, it could
limit the grain growth (Zsom et al., 2010; Zsom et al., 2011).

Fragmentation barrier:
High-speed grain collisions even lead to grain fragmentation. The fragmen-
tation velocity, beyond which the collisions induce the grain fragmentation,
is dependent on the grain properties. It is problematic in the growth process
because the dust grains are thought to primarily composed of silicate whose
fragmentation velocity is as low as few ms−1 (Blum and Wurm, 2008; Wada
et al., 2009; Güttler et al., 2010). Because the relative velocity of grains can
easily reach as high as a few tens of ms−1 by the differential settling or radial
drift, the fragmentation at high-speed collisions limits the growth.

Through N-body collision experiments, Wada et al. (2009) has revealed
that aggregates made of 0.1 µm sized icy grains can avoid the barrier because
their fragmentation velocity can be up to 35−70 ms−1. This provides one
solution for the fragmentation barrier outside the snowline in protoplanetary
disks.

Radial drift barrier:
The inward drifting of the dust grains can lead to collisional grain growth.
However, the drifting motion can also remove the dust grains from the disks
by dropping them onto the stars and limit the grain growth at a certain size.
The drifting timescale in which the grain fall on to the stars are given by

tdrift =
r

|vr|
(1.49)

With Equations 1.49 and 1.44, we plot the drifting timescale at 1 au as a func-
tion of St. As shown in the Figure, the dust grains with the order of St ∼ 1
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rapidly fall onto stars.
On the other hand, the growth rate and timescale of a dust grain of a ra-

dius a that collides primarily with smaller grains are derived by inserting
the drifting speed (Equation 1.44) into Equations 1.27 and 1.28, respectively.
How large the dust grain can grow within the drifting timescale can inves-
tigated by comparing the drifting timescale to the growth timescale. The
condition of tgrow,drifting < tdrift is satisfied if grain size is

a ≲ 3 f
4
√

2π

(h
r

)−1 Σ
ρs

(1.50)

As done in the subsection 1.2.3, we substitute the numerical values appro-
priate at 1 au ( f = 0.01, Σ = 1.7 × 103 gcm−2, ρs = 3 gcm−3, and h/r = 0.05)
and find that the grain size is limited at a ∼ 1 m. This implies that the dust
grains initially can coagulate to form larger aggregates via collisions; how-
ever, as they become larger and decoupled to gas, they start to rapidly fall to
stars. One possible solution to tackle the barrier is grain trapping as we will
explain in the next subsection.

1.2.4 Possible Solutions to Overcome the Barriers

A number of theoretical studies to overcome the barriers have been con-
ducted. The fragmentation barrier is problematic when dust grains mainly
composed of silicate particles whose fragmentation velocity is as low as a few
m s−1 (Blum and Wurm, 2008; Wada et al., 2009; Güttler et al., 2010). In con-
trast, the dust grains composed of water ice particles can avoid the fragmen-
tation unless the collisional speed is so high. It is because their fragmentation
velocity is as high as 35−70 m s−1, making the collisional growth easier. The
bouncing barrier is also less problematic when the dust aggregates with high
porosity are assumed (Wada et al., 2011).

The radial drift barrier is problematic when the gas pressure decreases
with radii to make the gas rotate with the sub-Keplerian. Naively think-
ing, creating a positive pressure gradient can be a solution to avoid the bar-
rier. One promising scenario is stopping the dust drift at local pressure max-
ima, concentrating the dust grains to a narrow extent. This scenario is indi-
cated by the substructure of dust disks, which are, for example, multi-ringed
structure, crescent-like structure, spiral-like structure, as we will explain in
Section 1.3. Multiple theories to drive the gas pressure enhancements are
proposed, which are for example, vortex instabilities (e.g. Barge and Som-
meria, 1995; Klahr and Henning, 1997), perturbing planet-like companions
(e.g. Whipple, 1972; Pinilla, Benisty, and Birnstiel, 2012) and some MHD ef-
fects (Johansen, Youdin, and Klahr, 2009; Bai and Stone, 2014; Simon and
Armitage, 2014) and vortices.

We here explain the trapping scenario assuming the radial pressure bump.
At the outside of the gaps, radial profiles of pressure are considered to have
bump structures. Outside the pressure maxima, the gas rotates with the sub-
Keplerian due to the negative pressure gradient and forces the grain to fall
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to the maxima. Inside the maxima, on the other hand, the positive pressure
gradient makes the gas rotate with super-Keplerian. The grains gain the an-
gular momentum from the gas and outwardly drift. As a result, the grains
drift to the pressure maxima, leading to form concentric rings made of dust
grains.

Not only does the process halt the drifting grains, but it can also con-
centrate the dust grains in the narrow range, leading to form a dust clump.
Such localized dust concentrations can increase the dust-to-gas ratios, ap-
proaching unity, which can induce the streaming instability (Youdin and
Goodman, 2005; Johansen et al., 2007), which accelerates to form the clump
structures. This can eventually lead to gravitational collapse and form plan-
etesimals and planet (Goldreich and Ward, 1973; Youdin and Shu, 2002).

1.3 Observations for Class II Disks

Theoretically, the coagulation process through the collisions is far from fully
understanding. Thus, observational constraints on the geometrical structure
and grain properties in protoplanetary disks are essential to Here, we primar-
ily review the previous observations for class II disks. For two decades, high-
resolution observations from near-infrared to millimeter wavelengths have
revealed that disks in the phase have various geometrical structures, such as
a cavity, ring, gap, and lopsided. Such geometrical structures possibly reflect
the environment of early planet formation. Because of this possible connec-
tion, a number of observations aiming to constrain the geometrical structures
have been intensively conducted.

Transition disks have been first identified as objects with dips in the in-
frared spectra, which is a lack of near-infrared excess with remaining strong
excess at longer wavelength (Strom et al., 1989; Wolk and Walter, 1996). The
lack of near-infrared excess implies the presence of the cavity extending a
few to tens of au, where the dust grains are cleared by some mechanisms.
Based on the diagnostic with the infrared spectra, such types of disks have
supposed to comprise a small fraction of the disk population in nearby star-
forming regions (Cieza et al., 2007; Muzerolle et al., 2010). If all protoplane-
tary disks were to experience such clearing, the small fraction indicates that
the timescale of the inner disk depletion is rapid compared to the lifetime of
protoplanetary disks. Photoevaporative wind and interaction with planet-
mass companions are proposed to explain such rapid evolution.

The recent enhancements of the observational quality in the spatial reso-
lution and sensitivity enable us to directly resolve and characterize the cavity
structures, which have been indirectly probed by the spectra. The resolved
studies revealed that such morphological features are more common than
expected from the spectra (Andrews et al., 2011). The result is also sup-
ported by re-analysis for the infrared spectra. Through detailed modeling
for the infrared spectra Espaillat et al. (2007b), Espaillat et al. (2007a), Espail-
lat et al. (2008), and Espaillat et al. (2010) revealed the presence of small in-
frared excess and silicate feature. This indicates that the cavity is not empty;
rather, gapped structures, where the small amount of dust grains remains in
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the innermost region. Even the low mass of dust grains can emit strongly
in the infrared so that the dip signatures are erased, resulting in the small
fraction of transitional disks in the previous studies (Isella, Carpenter, and
Sargent, 2010; Isella et al., 2010; Andrews et al., 2011). These observational
features and population of transitional disks imply that the dynamical inter-
actions with low-mass companions are preferred rather than the photoevap-
orative wind that is predicted to drive inside-out clearing.

One of the most prominent topics in recent observational studies on class
II disks is characterizing geometrical substructures. Recent resolved stud-
ies have revealed the presence of various substructures in both of the az-
imuthal and radial directions. Lopsided structures, where the dust grains
concentrate to a certain extent in the azimuthal directions, are one example
identified by ALMA (Casassus et al., 2013; Fukagawa et al., 2013; van der
Marel et al., 2013; Rosenfeld et al., 2013b; Pérez et al., 2014). The preferen-
tial theory to produce such structures is the concentration of dust grains in
azimuthal gas pressure maxima, which is planet-induced vortex instabilities
(Barge and Sommeria, 1995; Klahr and Henning, 1997; Wolf and Klahr, 2002;
Regály et al., 2012; Lyra and Lin, 2013; Zhu et al., 2014; Zhu and Stone, 2014).
As other explanations, global gravitational modes (Mittal and Chiang, 2015),
unresolved spiral structures (e.g., Pérez et al. (2014)) are proposed mecha-
nisms to produce the lopsided structures.

Spiral structures have also been observed in many disks primarily with
the scattered light in the infrared (Clampin et al., 2003; Fukagawa et al., 2004;
Fukagawa et al., 2006; Muto et al., 2012; Canovas et al., 2013; Garufi et al., 2013;
Grady et al., 2013; Avenhaus et al., 2014). The spatial extents of the structures
are typically from the inner working angle (∼10 au) to outer ∼100 au. The
observations probe the geometrical structure in the upper layer of the disks
and imply the driving physics, which shapes at the surface. As well as in
the surface layers, such spiral structures were also detected in the midplane
of the protoplanetary disks by the millimeter continuum emission (Pérez
et al., 2016; Boehler et al., 2018; Dong, Najita, and Brittain, 2018; Huang et
al., 2018b). The driving physics to produce the structures is yet unclear and
being debated. As is the case for the lopsided structures, the perturbation
from unseen planet-mass companion possibly drives in such disks (Muto et
al., 2012; Dipierro et al., 2015).

Ringed or gapped structures are another representative substructures ubiq-
uitously observed on class II disks. The first resolved observation of a multi-
ringed structure was obtained on the HL Tau disk (ALMA Partnership et
al., 2015), which displays multiple and concentric ringed structures. Subse-
quently, a number of such multi-ringed disks have been observed (Andrews
et al., 2016; Isella et al., 2016; Tsukagoshi et al., 2016; Cieza et al., 2017; Fedele
et al., 2017; Fedele et al., 2018; Clarke et al., 2018; Dipierro et al., 2018; Long
et al., 2018; van Terwisga et al., 2018; Guzmán et al., 2018). The preferential
scenario to produce such ringed structures are grain trapping at gas pres-
sure maxima as is the case for the other substructures. Proposed scenarios
to make the gas pressure maxima are, for example, rotating planet (Kana-
gawa et al., 2015; Kanagawa et al., 2016; Bae, Zhu, and Hartmann, 2017;
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Dong et al., 2017; Huang et al., 2018b; Fedele et al., 2018), some MHD ef-
fects (Johansen, Youdin, and Klahr, 2009; Bai and Stone, 2014; Simon and
Armitage, 2014) and secular gravitational instability (Takahashi and Inut-
suka, 2014; Tominaga, Inutsuka, and Takahashi, 2018).

As explained above, the multiband and high spatial resolution observa-
tions have revealed that the various spatial structures are prevalent, and
these are possibly connected with the early stage of the planet or planetes-
imal formation. At the same time, however, there are a number of phys-
ical processes involved in producing such various morphology and which
mechanism dominates the evolution is still highly unclear. To disentangle
the driving physics, it is essential to put constraints on the grain properties
including size, shape and so on. It is because that all proposed mechanisms
are directly linked to the interactions between gas and dust grains, where the
grain property is crucial parameters. In this study, we employ a distinct ob-
servational way, continuum polarization observation in millimeter-wave to
further constrain the grain properties and disk environment.

1.4 Millimeter-wave Polarization

The high spatial resolution observations explained above have revealed that
the substructure is common and various in the protoplanetary disks. The
substructures reflect the underlying physical processes, which are possibly
connected to planet/planetesimal formation. A number of complex physical
processes are probably involved in producing such various substructures.
To address the physics driving in disks, the observations relying only on the
high spatial resolution is not sufficient. Thus, other observational tracers are
necessary. In this paper, we employ a new observational tool, dust polariza-
tion at millimeter wavelengths. As we will discuss below, millimeter-wave
polarization observations can provide us special opportunities to constrain
the grain properties.

The presence of dust polarization has been indicated by polarized emis-
sion of starlight through the interstellar medium at optical wavelengths (Hilt-
ner, 1949). Subsequent studies also detected the polarized emission at longer
wavelengths from infrared to millimeter wavelengths (e.g. Cudlip et al., 1982)
The origin of the polarization is elongated grains aligned by magnetic fields
(Davis and Greenstein, 1951; Cho and Lazarian, 2007). At optical wave-
lengths, the absorption and scattering by the aligned grains make the emis-
sion partially polarized. At longer wavelengths, on the other hand, the ther-
mal emission of the aligned grains are also polarized. This picture is sup-
ported by the fact that polarization orientations nearly orthogonal to each
other between optical and longer wavelengths (Cudlip et al., 1982). Owing
to such property of the dust grains, the polarization especially at millimeter
wavelengths, where we suffer less from the dust extinction, have provided
us the strong tool to constrain the directions or strength of the magnetic field
in interstellar medium (ISM) and star-forming clouds (e.g. Planck Collabora-
tion et al., 2015; Planck Collaboration et al., 2016; Pattle et al., 2017; Coudé
et al., 2019).
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The presence of dust polarization of protoplanetary disks at submillime-
ter/millimeter wavelengths have been indicated for several protostars and
T Tauri stars with the James Clerk Maxwell Telescope (JCMT) single-channel
polarimeter　 (Akeson and Carlstrom, 1997; Tamura, Hough, and Hayashi, 1995;
Tamura et al., 1999). However, for two decades, spatially resolved polariza-
tion has not been obtained due to the lack of the sensitivity and spatial res-
olutions of the instruments　 (Hughes et al., 2009; Hughes et al., 2013) until
the first millimeter polarization detection for the HL Tau disk by (Stephens
et al., 2014). Nowadays, ALMA dust polarization observations have enabled
us to obtain the polarization for various class II protoplanetary disks, show-
ing the various polarization morphology and polarization fraction (Bacciotti
et al., 2018; Cox et al., 2018; Girart et al., 2018; Harris et al., 2018; Hull et
al., 2018; Lee et al., 2018; Ohashi et al., 2018; Sadavoy et al., 2018a; Sadavoy
et al., 2018b; Harrison et al., 2019). In the next subsection, we review the
millimeter-wave polarization with the theoretical and observational points
of view.

1.4.1 Origins of Millimeter-wave Polarization of Protoplane-
tary Disks

Here, we introduce the proposed theories that can produce polarized emis-
sion at millimeter wavelengths from protoplanetary disks. The mechanisms
producing millimeter-wave polarization in disks are grain alignment and
scattering as we discuss below.

Grain alignment:
Here, we assume dust grains with elongated along a direction, which looks
like a needle. The proposed alignment mechanism can be divided into two
cases: alignment with spinning and without spinning. We first explain the
alignment processes with spinning. The grain alignment starts with the spin-
ning of the elongated grains induced by external torque from the flow of gas
or photons. The spinning leads to the precession motion of a grain, where the
angular momentum vectors become to be aligned with a precession axis. In
protoplanetary disks, possible precession axes are magnetic fields, gas flow
or radiative gradient. The dust grains become aligned with the axes with
the shortest precession timescale. If the Lamor precession is the shortest,
dust grains become aligned with the magnetic fields, otherwise they become
aligned with the gas flow or radiative gradient. Inversely, the grain spin-
ning can be randomized by, for example, gaseous damping. If the damping
timescale is the shortest compared to all the precession timescales, the grains
quit precession, resulting in the random orientations of dust grains.

Subsequently, the spinning becomes stabilized with their shortest axes
parallel to the precession axes, where the rotational kinetic energy of spin-
ning grains is the lowest. The kinetic energy is partially converted into heat
by internal energy dissipation. There are multiple dissipation process pro-
posed thus far: Barnett relaxation (Purcell, 1979), nuclear relaxation (Lazar-
ian and Draine, 1999), superparamagnetic Barnett relaxation (Lazarian and
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Draine, 1999; Hoang and Lazarian, 2008), and inelastic relaxation (Purcell, 1979;
Lazarian and Efroimsky, 1999).

The emitter of the polarization is the dust grains aligned by some external
force explained above. Since the short axes of the aligned grains are parallel
to the force, the polarization orientations are predicted to be perpendicular
to the force.

Next, we explain another case, alignment without the spinning of dust
grains. The dust grains can also be aligned with their long axes parallel to
an external force without the spinning. The possible force, in this case, is
gas flow acting on the dust grains (Gold, 1952). Unlike the helicity-induced
alignment, the resultant polarization vectors are predicted to be parallel to
the alignment axes if the model is effective. In general, the process is sup-
posed to be negligible in disks because it arises when the velocity of the gas
flow on grains is supersonic while that in disks is subsonic (Gold, 1952).

For the following explanation, we introduce two types of shapes for the
elongated grains, oblate and prolate grains. The shape of the prolate grains is
infinitely thin and elongated (or “needle”-like), while that of the oblate grains
is ellipsoid (or “dorayaki”-like). One important note is that helical prolate
grains that spin about the alignment axis are regarded as “effectively” oblate
grains. Thus, in the Gold alignment model, the prolate grains are aligned by
the gas-flow with their long axes parallel to the flow. On the other hand, in
the helicity-induced alignment models, oblate or prolate grains with a certain
helicity are aligned by photon- or gas-flow with their long axes perpendicu-
lar to the flow. Figure 1.4 visualizes the explanations for the three cases. In
the following, we refer to the assumed grains in the Gold alignment as pro-
late grains and in the helicity-induced alignment models as the oblate grains.

Self-scattering:
Recent studies have revealed that scattering-induced polarization also plays
a crucial role in the polarized emission. The dust grains scatter and polarize
the incoming emission when the following two conditions are satisfied. One
of the conditions is related to the grain size. As predicted in the Rayleigh
scattering regime, where the dust grains are smaller than the observation
wavelength, the scattering opacity is low compared to the absorption opacity
but polarization fraction is high. On the other hand, if dust grains are larger
than the observation wavelength, the scattering opacity dominates over the
absorption opacity while the polarization fraction is low. Considering the
dependence on grain size, one can predict that the polarized emission is ex-
pected to be important when the grain size is comparable to the observation
wavelength. Precisely speaking, dust grains with a size of a ∼ λ/2π is ex-
pected to preferentially polarize the incoming emission.

The other condition is related to the flux distribution around scattering
grains. In the self-scattering model, the incoming emission to be scattered is
the thermal emission of grains surrounding the scatterers. If the incoming
flux is entirely isotropic, the intensity of polarized scattered light in one di-
rection is as same as that in the direction different by 90◦. This cancels cancel
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External Flow External Flow

External Flow

(a) Prolate grain 
(w/o dust spinning)

(b) “Effectively” oblate grain 
(w/ dust spinning)

(c) Oblate grain
(w/ dust spinning)

Assumed grains in the 
helicity-induced alignment model

Assumed grains in the 
Gold alignment model

Spin

FIGURE 1.4: Schematic views of the assumed grain models. (a)
The prolate grains without helicity and aligned by the gas flow
with their long axes parallel to the flow. This grain model is
assumed in the Gold alignment model. (b) The prolate grains
with a certain helicity and are aligned by the flow with their
long axes perpendicular to the flow. This is regarded as an “ef-
fectively” oblate grain. (c) The oblate grains aligned by the flow.
We regard the (b) and (c) models as the oblate grain model,

which is assumed in the helicity-induced alignment model.

each other out and results in no polarized emission in total. If the flux distri-
butions are anisotropic, on the other hand, the polarized emission in the two
directions is not perfectly canceled out. As a result, the partially polarized
emission is predicted to be observed as a residual.

Summarising the explained theory, the dust grains whose size is com-
parable to the observation wavelengths efficiently scatter and polarize the
incoming flux. Theoretically, Kataoka et al. (2015) predicted that the polar-
ization fraction reaches as high as 2%−3% when the grain population has
a single power-law with the maximum grain size of amax ∼ λ/2π. In other
words, we can use the polarization observations as another prove to measure
the grain size.

1.4.2 Expected Polarization Pattern in the Alignment and Self-
scattering Model

The grain alignment and self-scattering models predict the intrinsic polariza-
tion pattern. Thus, the polarization pattern is one of the probes to distinguish
the polarization origins. First, we explain the expected pattern in the grain
alignment model for face-on disks. Although the pattern is predicted to be
modified in inclined disks, we will explain the pattern in the distinctive sec-
tions, where the specific objects (AS 209 and HL Tau) are discussed. Then, we
explain the polarization pattern predicted in the self-scattering model. The
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pattern is predicted to be highly sensitive to the disk inclination and thus we
also explain the pattern in the inclined and edge-on disks.

Grain alignment:

(a) alignment with toroidal magnetic fields (b) alignment with radiative gradients

(c) alignment with gas flow (helicity-induced)

𝐒𝐭 ≫ 𝟏

𝐒𝐭 ≪ 𝟏

FIGURE 1.5: Schematic views of polarization vectors predicted
by the grain alignment models for face-on disks. Note that the
intensity profile of the disks is assumed to be smooth and ax-

isymmetric.

We briefly discuss the expected pattern in the alignment model with the help
of the illustration as shown in Figure 1.5. As explained above, the helical
grains tend to be aligned with some external force, which is magnetic fields,
radiative gradient or gas flow on the grains. The magnetic fields in disks are
predicted to be toroidal due amplification via magnetorotational instability
(Brandenburg et al., 1995; Fromang and Nelson, 2006; Bai and Stone, 2013;
Suzuki and Inutsuka, 2014). Thus, if the magnetic fields efficiently align the
grains, the resultant polarization pattern would show a radial pattern. On
the other hand, the radiation gradient points in the radial and thus the pat-
tern would be an azimuthal (circular). In the case of gas-flow alignment, the
expected pattern would not be unique because the directions of gas flow on
grains are sensitive to the gas-grain interactions, which is dependent on the
grain size and gas density (i.e. Stokes number). The case is the same in the
Gold alignment model. Therefore, we will discuss the expected pattern in
the gas-flow and Gold alignment models in Section 2.4 and 3.1.

Self-scattering:
We discuss the expected pattern in the self-scattering model for face-on, in-
clined and edge-on disks as shown in Figure 1.6. The polarization orienta-
tions in the self-scattering model are in directions where the difference of
incoming flux between one direction and the direction different by 90◦ be-
comes maximum. In the face-on disks, where the intensity profile is assumed
to be smooth and axisymmetric, the polarization vectors are in the azimuthal
directions. It is because that the radiation gradients are in the radial direc-
tions. In contrast, the polarization vectors orients in the minor axes of the
disks because the flux coming from the directions are much stronger than
other directions. In the inclined disks, the polarization pattern would be a
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(a) face-on (b) inclined (c) edge-on

FIGURE 1.6: Schematic views of polarization vectors predicted
by the self-scattering model for face-on, inclined, and edge-on
disks. The assumed intensity profile is smooth and axisymmet-

ric as in Figure 1.5.

combination of patterns in the face-on and edge-on disks: the polarization
vectors orient in the minor axes in the central region, while they are in the
azimuthal directions in the outer regions.

1.4.3 Summary of Previous Polarization Observations

The detection of millimeter-wave polarization of protoplanetary disks was
achieved for several protostars and T Tauri stars with the James Clerk Maxwell
Telescope (JCMT) single-channel polarimeter (Akeson and Carlstrom, 1997;
Tamura, Hough, and Hayashi, 1995; Tamura et al., 1999). Tamura et al. (1999)
significantly obtained ∼ 3% polarization toward the disks around GM Aur
and DG Tau, which was interpreted to come from magnetically aligned dust
grains as this is the case in ISM or star-forming clouds. Spatially resolved
millimeter-wave polarization observations, in contrast to the above observa-
tions, have been difficult to obtain for a long time due to the lack of sensitiv-
ity.

The spatial distribution of the polarization fraction and vectors first ob-
tained on the HL Tau disk with Combined Array for Millimeter-wave Astron-
omy (CARMA) (Stephens et al., 2014). Subsequently, in the ALMA era, the
number of the resolved polarization observations have been dramatically in-
creasing owing to its unprecedented sensitivity and angular resolution (Bac-
ciotti et al., 2018; Cox et al., 2018; Girart et al., 2018; Harris et al., 2018; Hull et
al., 2018; Lee et al., 2018; Ohashi et al., 2018; Sadavoy et al., 2018a; Sadavoy et
al., 2018b; Harrison et al., 2019). As was interpreted in Tamura, Hough, and
Hayashi (1995) and Tamura et al. (1999), the polarized emission was consid-
ered to originate from the magnetically aligned grains in disks. However,
various observations have revealed that the picture is not necessarily correct
and showed that the scattering-induced polarization frequently appears es-
pecially in the inclined disks (Bacciotti et al., 2018; Cox et al., 2018; Girart
et al., 2018; Harris et al., 2018; Hull et al., 2018; Lee et al., 2018; Ohashi et
al., 2018; Sadavoy et al., 2018a; Sadavoy et al., 2018b; Dent et al., 2019; Harri-
son et al., 2019; Ohashi and Kataoka, 2019). Even in the nearly face-on disk,
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Kataoka et al. (2016b) and Ohashi et al. (2018) found the self-scattering fea-
ture in the north region of the HD 142527 disk. These results indicate the
presence of the order of ∼100 micron-sized grains in the many transitional
disks.

Those observational works indicate that the scattering emission plays a
major role in polarized emission from disks. However, in several points,
we are still far from a fully understanding of the origins of the polarization.
One difficulty is that several disks show features that are incompatible with
the self-scattering model (Kataoka et al., 2017; Stephens et al., 2017; Yang
et al., 2019). Some grain alignment models may be involved in the polar-
ization; however, it is unclear which alignment mechanism dominantly con-
tribute to the polarization. For example, the HL Tau disk in Band 3 shows
the azimuthal polarization pattern. The possible origin of the polarization
is radiative alignment or gas-flow alignment, which is yet uncertain. More
complexity is that several disks show features to which multiple polarization
origins possibly contribute (Kataoka et al., 2015; Stephens et al., 2017; Bac-
ciotti et al., 2018). In Band 6, the HL Tau disk shows a feature that possibly
originates from the combination of the scattering and aligned grains whose
relative importance was not yet analyzed in detail (Stephens et al., 2017).

As we described in subsection 1.4.1, which alignment model works is in-
timately connected with grain properties such as size, shape, composition,
and the interactions between solids and some external force induced by the
photons, gas flow, or magnetic fields. Thus, it is important to exactly address
the relative importance of the scattering/alignment models and the domi-
nant alignment models.

To tackle the tasks, we need to investigate the distributions of the polar-
ization angles and polarization fraction, which have been insufficiently con-
ducted despite the importance. In this study, we conduct detailed analysis
toward individual objects, AS 209 and HL Tau, both of which are known to
have concentric ringed and gaped structures.

1.5 This Thesis

We summarize the described introduction thus far and motivations for this
study. In protoplanetary disks, submicron-sized dust grains coagulate to
form larger aggregates, and eventually to form planets. However, there are
several long-standing questions, which make it difficult to realize the co-
agulation. Recent high resolution observations have revealed the presence
of various disk substructures, which possibly captures the crucial step of
planet/planetesimal formation processes. To understand the formation mech-
anism of substructures, the grain properties (size, shape, and composition)
and interaction between the grains and external force are invaluable infor-
mation. Millimeter-wave polarization can provide a new method to obtain
such information. However, the origins of millimeter-wave polarization are
still being debated. Keeping in mind such backgrounds, this study aims to
investigate the following questions.
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1. Where does the polarization originate from?

2. The observed polarization can be explained by just one theory or multiple
theories?

3. How the grain properties and disk environment can be linked to the po-
larization origins?

4. Do the questions above provide indications for the formation theories of
substructures and planetesimal?

The rest of this paper is organized as follows.

Chapter 2:
We present 870 µm ALMA polarization observation toward the Class II pro-
toplanetary disk around AS 209, which has concentric, multiple gaps and
rings. We successfully detect the polarized emission and find that the po-
larization orientations and fractions have distinct characteristics between the
inner and outer regions. This indicates the spatial segregation of the origin of
polarized emission. We conduct a detailed analysis of the polarization pat-
tern to address the origin by investigating the polarization angle distribution.

Chapter 3:
In Chapter 3, we conduct detailed modeling for a 3 mm polarization obser-
vation observed on the HL Tau disk. The observational results have been
already published by Kataoka et al. (2017) and Stephens et al. (2017). How-
ever, a recent study pointed out that current theories including alignment
and scattering models cannot reproduce the observed features for the HL
Tau disk (Yang et al., 2019). To solve the difficulty, we investigate a possi-
bility that combined models of the alignment and scattering can reproduce
the HL Tau polarization. First, we re-construct semi-analytical models of the
grain alignment and self-scattering, which were previously developed (Yang
et al., 2016; Yang et al., 2019). We combine the two models and examine
if the model can produce the observed feature. Subsequently, we construct
radiative transfer models of the grain alignment, self-scattering, and their
combination. The further analysis enables us to confirm the results of the
semi-analytical model and constrain the grain size, shape and alignment ef-
ficiency.

Chapter 4:
Based on the obtained results through the two studies, we summarize the
insights regarding the grain properties, dynamics, and grain alignment pro-
cess. We emphasize that this study contributes to better understandings of
the polarized emission of disks. The implications for the planetesimal forma-
tion and promising future works are also discussed.
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Chapter 2

Semi-analytical and radiative
transfer modeling for polarized
emission on the HL Tau disk

2.1 Introduction

2.1.1 Previous Observations for the HL Tau Disk

HL Tau is a protostar in the Taurus star-forming complex 140 pc away from
the solar system (Rebull, Wolff, and Strom, 2004). The SED of the object
shows a Class I/II feature, indicating that the surrounding envelope is not
entirely cleared yet (Robitaille et al., 2007). Although the central protostar
is obscured by surrounding molecular ridge and is invisible at the optical
wavelengths (Welch et al., 2000; Anglada et al., 2007), active star formation
in the region is indicated by jets and outflows (Lumbreras and Zapata, 2014).
Due to the large visual extinction of the object, determinations of stellar prop-
erties above have substantial uncertainties. Based on high dispersion spec-
troscopy, the spectral type of the object is classified as K5 ± 1 (White and
Hillenbrand, 2004). The SED modeling finds the bolometric luminosity of
3.5−15 L⊙.

At the (sub)millimeter wavelengths, unlike at the optical wavelengths,
the object suffers less from the extinction. Moreover, the HL Tau disk is one of
the brightest objects at the wavelength region (Andrews and Williams, 2005).
Owing to its brightness, the object has been intensively observed at the wave-
length region (Sargent and Beckwith, 1991; Mundy et al., 1996; Lay, Carl-
strom, and Hills, 1997; Kitamura et al., 2002; Looney, Mundy, and Welch, 2000;
Guilloteau et al., 2011; Kwon, Looney, and Mundy, 2011). The resolved im-
ages of the HL Tau disk showed that the disk mass is 0.14 M⊙, the charac-
teristic radius 79 au, the inclination 40◦ and the position angle 136◦ (Kwon,
Looney, and Mundy, 2011). A notable feature of the HL Tau disk, which was
revealed by ALMA long baseline observation, is the concentric multi-ringed
structure with the spatial scale of ∼100 au (ALMA Partnership et al., 2015).

The grain size in the disk was measured by the multi-band observations
at the millimeter wavelengths. The spectral index β computed with the Band
6 and 7 continuum exhibits radial gradients (ALMA Partnership et al., 2015):
low β is low at the rings and in the central region (∼ 2) and high β at the
gap (∼ 3.5). The low β indicates that the rings and the central regions are
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FIGURE 2.1: ALMA Band 3 (λ = 3.1 mm) polarimetric observa-
tions of the HL Tau disk, which has been previously reported
by Kataoka et al. (2017) and Stephens et al. (2017). The left panel
shows the Stokes I intensity in color, the central panel shows the
polarized intensity, and the right panel shows the polarization
fraction. The solid contours in the three panels are equivalent
and represent the intensity with the levels of (10, 25, 60, 150,
366, 900) times the noise level, which is σI (= 34 µJy beam−1).
The overlaid line segments represent the polarization vectors
where the polarized intensity is larger than 3 times the noise
level of the polarized intensity, which is σPI (= 5.3 µJy beam−1).
Note that the length of the polarization vectors is set to be equal.
The beam has a size of 0.′′51 × 0.′′41 and position angle of -6.◦76,

which is represented in the bottom left as an ellipse.

at least partially optically thick at the wavelengths (Jin et al., 2016; Pinte et
al., 2016). Combining the ALMA observations with subsequent observations
at longer wavelengths with Very Large Array (VLA), Carrasco-González et
al. (2016) showed that the emission at 7 mm is optically thin and spectral
index varies location to location indeed. Detailed radiative transfer modeling
for the ALMA and VLA images found that the rings are filled with relatively
larger grains compared to the gaps (Liu et al., 2017).

2.1.2 Polarized Emission at (Sub)Millimeter Wavelengths on
the HL Tau Disk

Given its brightness and intriguing feature (i.e. ringed structure), the polar-
ization observations at millimeter wavelengths on the HL Tau disk have been
intensively conducted at multiple wavelengths. We here explain the polar-
ization feature obtained on the disk at 870 µm (Band 7), 1.3 mm (Band 6), and
3.1 mm (Band 7) based on the previous studies (Kataoka et al., 2017; Stephens
et al., 2017).
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The polarization morphology is strongly dependent on the observation
wavelengths, indicating the distinct origins depending on the wavelengths
(See Figure 1 in Stephens et al. (2017)). The polarization morphology at
870 µm is mostly parallel to the minor axis of the disk. These features are
well reproduced by the self-scattering model for the inclined disk (Kataoka
et al., 2016a). This indicates that the size of dust grains reaches as large as
∼150 µm in radius (Kataoka et al., 2017; Stephens et al., 2017).

In this study, we investigate the origin of the 3.1 mm polarization on
the disk, which is not well understood. Figure 2.1 shows the Stokes I in-
tensity, polarized intensity, and polarization fraction, all of which are over-
laid with the polarization vectors. The 3.1 mm polarization morphology is
azimuthal. This can be reproduced by grain alignment models, where, for
example, some external force directs in the radial directions align the oblate
grains with their short axes parallel to the force. However, which alignment
force (magnetic fields, radiative gradient, and gas flow) aligns the dust grains
is uncertain and being debated. Moreover, Yang et al. (2016) poses a ques-
tion that the alignment model cannot perfectly reproduce the polarization
features obtained on the disk, which we will explain below. The 1.3 mm po-
larization morphology appears to be a superposition of those at 3.1 mm and
870 µm. The origin of this polarization is also uncertain as well as that at 3.1
mm.

As explained above, what produces the polarized emission is still uncer-
tain especially at 3.1 mm. To ascertain the polarization origin, detailed mod-
eling toward the polarization is necessary. Thus, we employ two approaches,
semi-analytical and radiative transfer models. First, we investigate models
that can reproduce the polarization features obtained on the HL Tau disk
by reconstructing semi-analytical models, which are originally developed by
Yang et al. (2016) and Yang et al. (2019). Then, to further investigate and con-
strain the grain size and shape, we also construct radiative transfer models
by using RADMC-3D (Dullemond et al., 2012). Perhaps, one does not need to
construct the semi-analytical model for the questions. However, the advan-
tage of the semi-analytical models is to enable us to understand the physics
of each model while the radiative transfer modeling is a somewhat black box,
and thus we employ the semi-analytical models.

2.2 Method (Semi-analytical and Radiative Trans-
fer Modeling)

In this section, we briefly describe the outlines of semi-analytical and radia-
tive transfer models constructed in this study. First, we describe the semi-
analytical models, which are previously developed by (Yang et al., 2016; Yang
et al., 2019). Then, we also describe our new radiative transfer models. Note
that we describe minimum information to avoid one’s confusion and we give
a detailed explanation for how to construct the semi-analytical and radiative
transfer models in Appendix A and B, respectively.
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2.2.1 Semi-analytical Models

In this subsection, we explain the outlines of the semi-analytical models de-
veloped by Yang et al. (2016) and Yang et al. (2019). To set a disk model, on
which the alignment and self-scattering models are computed, we first intro-
duce a coordinate system. At the system, we assume models of the surface
density and temperature profiles, which were derived by Kwon, Looney, and
Mundy (2011), which reproduced the continuum observation on the HL Tau
disk at 1.3 mm and 2.7 mm obtained with CARMA. We distinctively recon-
struct the alignment and self-scattering model on the disk model.

Alignment model:
In the alignment model, two kinds of the non-spherical grains, which are
oblate and prolate, are assumed. We also the directions of the external force,
which aligns the dust grains. To reproduce the azimuthal polarization mor-
phology obtained on the HL Tau disk, the directions of the force are radial
for the oblate grains while those are azimuthal for the prolate grains.

The polarization angle at each location is given by computing to the di-
rections of the force projected on the sky plane. The polarization orientations
for the oblate grains are perpendicular to the projected force while parallel to
the force for the prolate grains.

We also compute the polarization fraction of the thermal emission coming
from the aligned grains at each location. That depends on a viewing angle,
which is composed of an alignment axis and the line of sight. The polar-
ization fraction for the oblate grains with a disk-like shape was theoretically
derived by Lee and Draine (1985) as

pob(x, y) =
p0 × sin2 id(x, y)

1 + p0 × cos2 id(x, y)
, (2.1)

where pob(x, y) is expected polarization fraction at a location (x, y), p0 is max-
imum polarization fraction and id(x, y) is the viewing angle. The maximum
polarization p0 is expected when they are viewed edge-on (id = 90◦), while
no polarization is expected when viewed face-on (id = 0◦). Lee and Draine
(1985) also derived the polarization fraction ppro for the prolate grains with
needle-like shape as give by

ppro(x, y) =
p0 × sin2 id(x, y)

1 − p0 × cos2 id(x, y)
(2.2)

The polarization fraction reaches maximum when the long axes of the grains
are parallel to the plane-of-sky, whereas no polarization are expected when
the axes are perpendicular to the plane-of-sky.

Computing the viewing angle at each location, we can predict the spatial
distribution of the polarization fraction with Equations 2.1 and 2.2. In these
models, the polarization fraction is determined only by the maximum polar-
ization efficiency p0. Thus, p0 is the changeable parameter in the alignment
model (for both the oblate and prolate grains).
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Self-scattering model:
We next construct the self-scattering model. The model assumes that dust
grains scatter incoming thermal emission from surrounding grains whose
temperature is T. By using radiative transfer equations, we compute the in-
coming thermal emission around a dust grain and scattered emission The re-
sultant polarization can be computed by solving the radiative transfer equa-
tions as we explain in detail in Appendix A. To facilitate the computation of
the model, the model put three assumptions: (1) the emitting region is the
vertically thin plane, and thus the incoming emission from z-direction is ne-
glected, (2) the emission is optically thin at all radii, (3) the only last scattering
contributes to resultant scattered emission. The resultant Stokes I intensity is
proportional to the absorption opacity κabs, and Stokes Q and U intensities
are proportional to both absorption opacity κabs and the scattering opacity
κsca. Thus, to change the contribution from the scattered emission, we

Combined (alignment + self-scattering) model:
To create the combined model, we compute the sum of Stokes Q and U inten-
sity derived for each model. When combining the models, the controllable
parameters that determine the intensity of scattered and thermal emission
of the aligned grains are absorption/scattering opacity (κabs and κsca) and
the intrinsic polarization fraction of the aligned grains (p0). The polarization
fraction and morphology in the combined model are determined by how the
alignment and scattering contribute to the polarized emission. Between the
three parameters, the absorption opacity κabs determines the absolute inten-
sity for both the emission but does not determine the flux contribution from
each emission because the parameter is equally involved in both of the emis-
sion. On the other hand, the scattering opacity κsca and the intrinsic polar-
ization fraction p0 are involved only in the intensity of scattered and thermal
emission of the aligned grains, respectively. Therefore, the resultant polar-
ization fraction and morphology can be modified by changing the parameter
κsca and p0. We construct the combined model with changing the parame-
ters and compare it with the observed images after the beam averaging is
adopted.

2.2.2 Radiative Transfer Models

We construct an axisymmetric disk model that reproduces the stokes I im-
age obtained on the polarization observation at 3.1 mm (Kataoka et al., 2017;
Stephens et al., 2017). By assuming that the Stokes I emission at 3.1 mm is
optically thin, we construct the radial profile of the optical depth at 3.1 mm
with the form of

τmodel(r) = τ0

( r
1 au

)−γ1
exp

[( r
rc

)−γ2]
, (2.3)

with the temperature profile of T(r) = 310 (r/1 AU)−0.57 K (Okuzumi and
Tazaki, 2019).
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FIGURE 2.2: The left panel shows the Stokes I image of the ob-
servations, the central panel shows the model image, and the
right panel shows the residual map where the observed Stokes
I subtracted with the model image. The contours of the left and
the central panels are the same as Fig.2.1 and the contour of the

right panels show the residual levels of (-10, -25) × σI

.

We adopt the parameter set of ((τ0, rc, γ1, γ2)) = (1.0, 129.2, 6.6, 9.0), which
reproduces the Stokes I emission. Figure 2.2 shows the images of observed
and modeled Stokes I produced assuming the parameter set and residual.

While the residuals are still significant, they show axisymmetric distri-
bution. For this study, we aim at reproducing the continuum emission with
an axisymmetric model for simplicity, and thus we do not further search the
parameter sets.

We use a grain composition model developed by Birnstiel et al. (2018),
where the grains are the mixture of silicate, troilite, organics, and water ice.
The refractive index used in the calculation is as follows: Draine (2003) for as-
tronomical silicate, Henning and Stognienko (1996) for troilite and refractory
organics, and Warren and Brandt (2008) for water ice. We compute the mix-
ture of them with the effective medium theory using the Maxwell-Garnett
rule (e.g., Bohren and Huffman (1983) and Miyake and Nakagawa (1993)).
We assume the grains have a power-law-size distribution with a power of q
= -3.5 (Mathis, Rumpl, and Nordsieck, 1977) with the maximum grain size of
amax, while the minimum grain size is fixed at amin = 0.05 µm.

To reproduce polarization, we consider both alignment and scattering in-
duced polarization. For the alignment-induced polarization, we consider
both prolate and oblate grains. We assume the axes ratio of the grains to
be α = 0.9 for prolate grains and α = 1.1 for oblate grains and that the align-
ment efficiency to be ϵ = 0.6 (see Appendix B for the details). We further
assume that the oblate grains are aligned with their short axis parallel to the
radial direction of the disk while the prolate grains are aligned with their
long axis parallel to the azimuthal direction of the disk. Note that theoretical
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studies suggest oblate grains, which have two longer axes than the other, to
be considered because the spinning motion of dust grains leads to be an effec-
tively oblate shape. As we will show in the following, however, considering
prolate grains, which have one longer axis than the other two, is essential in
explaining the HL Tau polarization.

The scattering-induced polarization is included by turning on the scatter-
ing in the radiative transfer simulations. We treat the full phase function and
take into account the multiple scattering. The controlling parameter of the
scattering is the maximum grain size, amax. The self-scattering polarization is
the most effective when the maximum grain size is amax ∼ λ/2π.

We assume spherical dust grains for computing self-scattering while we
assume oblate or prolate grains for computing alignment-induced polariza-
tion. These are not consistent but we neglect the effects of scattering by
non-spherical grains for simplicity. The angle-averaged absorption opacity
of oblate/prolate grains is set to be the same as the spherical grains.

We also note a technical treatment. The radiative transfer code RADMC-
3D allows users to compute the alignment-induced polarization only when
the dust scattering is turned on. To reproduce the alignment-induced polar-
ization without scattering, therefore, we use amax = 50 µm with the scattering
turned on, where the scattering-induced polarization is negligible.

2.3 Results

In Section 2.2, we have reconstructed the semi-analytical alignment and self-
scattering models, originally developed by Yang et al. (2016) and Yang et al.
(2019). We have also developed new radiative transfer models. First, by us-
ing the semi-analytical models, we examine whether (1) the alignment model
reproduce the HL Tau polarization in Band 3, if not, (2) the observed polariza-
tion can be reproduced by adding the scattering to the alignment model, and
we finally discuss (3) which the oblate or prolate grains is preferred. Then, by
using the radiative transfer models, we further examine the above questions
and set constraints on the grain properties including size and shape.

2.3.1 Can the Alignment Models Reproduce the HL Tau Po-
larization ?

First, we discuss whether the alignment models can produce the HL Tau po-
larization observation in Band 3 without invoking the self-scattering model.
Yang et al. (2019) showed that the HL Tau polarization observation cannot
be reproduced only by the alignment models. Here, we independently check
the statement with our reconstructed analytical models. We compare the ob-
servation with the reconstructed models concerning the polarization mor-
phology and fraction.

Figure 2.3 shows images of the polarized intensity and polarization frac-
tion assuming the oblate and prolate grain models, where p0 = 0.1 (10%).



40 Chapter 2. Semi-analytical and radiative transfer modeling for polarized
emission on the HL Tau disk

To facilitate the comparison with the polarized intensity images, the polar-
ization fraction is shown only where the distance is within 1.

′′
1, where the

polarized intensity is larger than ∼ 5 mJy/beam, for both the models. We
note that the beam position angle is rotated with 90◦ because the disk posi-
tion angle is assumed to be 90◦ in the analytical model. We examine both the
models in terms of the polarization pattern and fraction.
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FIGURE 2.3: Semi-analytical models of the HL Tau disk polar-
ization assuming the prolate and oblate grain models with p0
= 0.1 (10%). The images of polarized intensity and polarization
fraction are shown in the left and right columns, respectively.
The polarization vectors are also overlaid with the image for

respective grain model.

The polarization morphology shown in the images reflects the differences
in the directions of the flow and grain alignment axes. The prolate grains are
aligned by the azimuthal flows with their major axes parallel to the flow. The
azimuthal flows viewed at inclined appears to be elliptical flow for the ob-
server, and thus the resultant morphology is elliptical. The oblate grains, on
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the other hand, the radial flows align the grains with their major axes perpen-
dicular to the flow. The radial flows always directs from the central regions
even if the flows are viewed at inclined, resulting in the circular pattern. We
note that beam dilution affects the pattern particularly in the inner regions of
the disk of oblate grain models. We confirm that the elliptical pattern, which
is compatible with the observed pattern can be reproduced by the prolate
grain model whereas it cannot be reproduced by the oblate grain model.

The polarization fractions and polarized intensity, however, show strong
variations in the azimuthal directions for both the models. The prolate grain
model shows higher polarization along the minor axis. It is because that the
alignment axes of the grains are perpendicular to the line of sight in the minor
axis, whereas those are inclined concerning the line of sight in the major axis.
The oblate grain models, on the other hand, shows higher polarization along
the major axis. It is because contrary to the prolate grain model, the align-
ment axes of the grains are perpendicular to the line of sight in the major axis
whereas those in the minor axis are viewed inclined. The predicted differ-
ence in the polarization fraction between the two axes reaches ∼50%, which
would be large enough to be observed. Therefore, we confirm the statement
by Yang et al. (2019) that neither the prolate and oblate grain models cannot
reproduce the observed polarization on the HL Tau disk.

2.3.2 The Combination of the Alignment and Scattering Mod-
els

Next, we discuss a possibility that a mixture of the alignment and self-scattering
models can reproduce the HL Tau polarization, which has not been examined
so far. Moreover, we also discuss which oblate or prolate grains are prefer-
able to the observation.

In the combined models, the polarization pattern and fraction are deter-
mined by how degree the self-scattering and alignment models contribute to
the polarization. The intensity of the thermal emission of the aligned grains is
controlled by the intrinsic polarization fraction p0 and the absorption opacity
κabs. On the other hand, the intensity of the scattered emission is controlled
by the scattering opacity κsca as well as κabs. Since both the models equally de-
pend on κabs, the contribution from scattered emission relative to the thermal
emission is determined only by κsca at a given p0. Changing the three param-
eters, we can modify the relative importance of the two models as well as
the absolute intensity of the polarized emission. Note that we intend not to
reproduce the absolute intensity of the polarized emission but to reproduce
the observed pattern and azimuthally uniform intensity, which is dependent
only on κsca when p0 is fixed. Thus, we change the contributions of the scat-
tering model by changing just κsca while we fix the other parameters at κabs =
1. and p0 = 0.1 (10%).

First, we show the results of combined models, where the prolate grains
are assumed.

Figures 2.4 and 2.5 show polarized intensity and polarization fraction of
mixture model, where the prolate grains are assumed. From the top-left to
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FIGURE 2.5: Same as Figure 2.4 but for polarization fraction.
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the bottom-right, the scattering components are increased by increasing the
scattering albedo from κsca = 0 (no scattering) to κsca = 0.5.

The images of no self-scattering model (the top-left images) are identical
to upper panels of 2.3. As κsca increases, the scattered emission contributes
to the total polarization especially along with the major axis. This gradu-
ally compensates the polarized emission in the major axis, where the prolate
grain model produces weaker polarization compared to the minor axis, ap-
proaching the azimuthally uniform polarization. At κsca = 0.3 model (bottom-
left), the images of the polarized intensity and polarization fraction exhibit
azimuthally uniform polarization, both of which capture the observed fea-
ture. At more larger κsca, the scattering components start to exceed the ther-
mal emission, resulting in the elongated distribution along with the major
axis.

In all the images, the elliptical polarization pattern is almost sustained
in the outer region although that is modified in the inner regions probably
due to beam dilution. Therefore, we find that there is at least one solution
to reproduce the polarization feature obtained on the HL Tau disk (elliptical
pattern and uniform polarization fraction in the azimuthal directions) when
we assume the grain aligned by a flow and a certain fraction of scattering
emission.

We also develop combined models assuming the oblate grains aligned by
the radial flow. The results are shown in Figures 2.6 and 2.7 as done in the
prolate grain model. Unlike the prolate grain model, even if the scattering
components increase, the polarization becomes higher in the major axis but
not in the minor axis. This is a natural consequence of the fact that both of
the self-scattering and alignment models (oblate grain) produce polarization
elongated distributions along with the major axis. Moreover, the polarization
patterns in the outer regions remain almost circular in all the images, which
is also inconsistent with the observed pattern. Therefore, for both of the po-
larization morphology and polarization fraction, there are no solutions to
reproduce the polarization feature on the HL Tau disk as long as we assume
the oblate grain model.

We here summarize that (1) oblate grain model + radial flow can be ex-
cluded as an appropriate model for the HL Tau disk (2) the prolate grain
model + azimuthal flow has the solution to reproduce the HL Tau polar-
ization by including the scattered emission. As a next step, we investigate
appropriate grain parameters such as grain size, grain shape, and alignment
efficiency. The semi-analytical model computed so far is inappropriate to
conduct parameter search with wide dynamic ranges. Therefore, in the next
section, we develop radiative transfer models and constrain the grain prop-
erty by comparing RAT models and observation.
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FIGURE 2.6: The polarized intensity of models that combine
the grain alignment (oblate grains) and self-scattering. The con-
tribution of the scattered emission is gradually increased as in

Figure 2.4.
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2.3.3 The Radiative Transfer Models Assuming just the Grain
Alignment

With the semi-analytical models, we have already shown that the grain align-
ment models cannot reproduce the HL Tau polarization. In the models, how-
ever, we fixed the grain properties, which determine the degree of the az-
imuthal polarization variations. On the other hand, our radiative transfer
models enable us to change the three parameters, the grain size amax, grain
axis ratio α, and grain alignment efficiency ϵ. The parameter α determines the
degree of the polarization azimuthal variations in the azimuthal directions.
Therefore, to confirm that the alignment model cannot produce the uniform
polarization in the azimuthal directions indeed, we investigate a possibility
that almost spherical grains (α ∼ 1) produce azimuthally uniform polariza-
tion for both the prolate and oblate grain models.

First, we examine if the prolate grain model can reproduce the azimuthally
uniform polarization fraction. Figure 2.8 shows images (left column) and cor-
responding radial profiles (right column) of polarization fraction. The pro-
files show the radial distributions along with the major (red) and minor axes
(blue). The observed polarization fraction along with the two axes is also pre-
sented. From top to bottom rows, the grain shapes become almost spherical
by reducing the axis ratio from α = 1.15 to α = 1.05, while ϵ is fixed at unity.
As the grains become spherical, the polarization fraction in the whole disk
decreases because the differences of the absorption opacities along with the
long and short axes of the dust grains decrease.

These images and profiles obviously show that the azimuthal variations
of the polarization fraction remain even if the grain shape is almost spherical.
The profile of the major axis with α = 1.1 (second row) shows good agreement
with the observed profile, but that of the minor axis does not consistent with
the observed profile. When the grain becomes more spherical, the model
profile of the minor axis agrees well with the observed profile, but instead
that in the major axis does not consistent with the observation. Therefore, we
conclude that the alignment model with the oblate grains cannot reproduce
the observed polarization.

Next, we assume oblate grains in the alignment model. Figure 2.9 shows
the images and profiles as in Figure 2.8. The grain shape approaches spheri-
cal from the upper to bottom panels as in Figure 2.8 from α = 0.85 to α = 0.95.
As well as the prolate grains, the models with the oblate grains also predict
the azimuthal variations in the azimuthal directions. Therefore, we conclude
that azimuthally uniform polarized emission cannot be reproduced by the
grain alignment models whether the grains are oblate or prolate. This is the
same conclusion as described in Yang et al. (2019) and the former subsection.

2.3.4 Combined Model (Grain Alignment + Self-scattering)

Since we confirm that the alignment models cannot reproduce the HL Tau
polarization by themselves, we construct the model that combines the align-
ment and scattering models. With the semi-analytical model, the oblate grain
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FIGURE 2.8: Left columns: Polarization fraction of models with
prolate grains. From upper to bottom panels, the grain shape
approaches spherical with decreasing α while the alignment ef-
ficiency is fixed at ϵ = 1. Right columns: Radial profiles of
the polarization fraction of the left images. The red and blue
solid lines represent the profiles along with the major and mi-
nor axes, respectively. The observed polarization fraction in the
major and minor axes are also shown with red and blue dots,

respectively.
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FIGURE 2.9: Left columns: Polarization fraction of models with
prolate grains. From upper to bottom panels, the grain shape
approaches spherical with increasing α while the alignment ef-
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model has been already excluded, and thus we assume only the prolate grain
model in the following.
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FIGURE 2.10: Radial profiles of the polarization fraction along
the minor axis. The blue dots show the observed radial distri-
bution along with the minor axis. The solid lines show the same

profiles produced by the RAT models with ϵ = 0.4−0.8.

With the constructed radiative transfer models, we distinctively execute
the ray-tracing for the alignment and self-scattering models, and then we
combine the two models. As explained in Section 3.3, the polarized emission
in the outer regions dominantly comes from the aligned prolate grains along
the minor axis and the scattering grains along the major axis. Thus, we first
roughly fit the polarization fraction profile in the outer region of the minor
axis only with the alignment model.

The changeable parameters in the alignment model are α, ϵ, and amax.
Of these parameters, we cannot find a unique solution for α and ϵ. This is
because they degenerate to each other: almost spherical grains (α ∼ 1) + high
ϵ and elongated grains + low ϵ should predict similar polarization fraction.
Thus, we temporarily fix the grain shape to almost spherical with α = 1.1 and
search for appropriate ϵ that best reproduce the profile along the minor axis.

The maximum grain size amax is another parameter, which determines
the polarized intensity. However, because ray-tracing of the grain alignment
model with RADMC-3D always computes grain scattering, we cannot simu-
late the polarized emission that purely comes from the aligned grains. There-
fore, to virtually switch off the scattering, we fix the size at amax = 50 µm for
the alignment model, where the scattering opacity is negligible relative to the
absorption opacity.
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Figure 2.10 shows the profiles of the polarization fraction along the minor
axis produced by the alignment model with ϵ = 0.4−0.8. The observed radial
distribution of the polarization fraction is also shown in the Figure. This
represents the acceptable ϵ range when grain shape is fixed at α = 1.1. From
this figure, we find that the models with ϵ = 0.4−0.8 roughly consistent with
the observed radial distribution. In the following, we adopt ϵ = 0.7 as the
representative value in the alignment model.

Finally, we compute the scattering model. The polarization fraction in
the scattering model is determined by the maximum grain size of amax. The
polarization fraction is predicted by self-scattering model reaches maximum
when amax ∼ λ/2π. Thus, the contribution of the scattered emission can
be increased by increasing amax until it reaches amax ∼ 500 µm. We grad-
ually add the scattered emission to the alignment model with α = 1.1 and
ϵ = 0.7 and search for amax of the scattering grains that best reproduce the
azimuthally uniform polarized fraction while the other parameters.

Figures 2.11 and 2.12 shows the images of the polarized intensity and
polarization fractions for the combined models. From the upper-left to the
bottom-right images, the contribution of the scattered emission gradually in-
creases with amax. As shown in Figures 2.11 and 2.12, when the grain size
is amax = 100 µm, where the contribution from scattering is smaller than that
from the aligned grains, resulting in the stronger polarized emission in the
minor axis compared to the major axis. As the grain size of the scattering
grains increases, the scattered emission becomes comparable to the thermal
emission of the aligned grains. Consequently, the azimuthally uniform po-
larization fraction is realized when amax = 130 µm. As shown in the bottom
two images, the models with amax = 150 µm and amax = 200 µm predict the
azimuthal variations and fail to reproduce the observed azimuthal distribu-
tion.

We also find that the polarization pattern sustains the elliptical pattern
even in the combined model. Therefore, we find that the combined model
assuming prolate grain and scattering can produce the uniform polarization
in the azimuthal directions. Moreover, the maximum grain size is amax =
130 µm which reproduce the observed polarized intensity and polarization
fraction.

2.4 Discussion

Our main findings on the HL Tau polarization through the semi-analytical
and radiative transfer modeling are as follows.

1. The HL Tau polarization can be reproduced with the combination of the
alignment and self-scattering models.

2. The preferable alignment model is that prolate grains are aligned by some
external sources in the azimuthal directions.

3. In contrast, the model where the oblate grains aligned by radial sources
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are excluded from the HL Tau polarization.

4. The maximum grain size that is constrained to be amax = 130 µm, which
can reproduce the azimuthally uniform polarization fraction.

In the following, we discuss the grain properties, disk environment and im-
plications for planetesimal formation based on our results.

2.4.1 The Alignment Model

Theoretically, the external sources, which can align the dust grains are mag-
netic fields, radiation gradient, and gas flow. As explained in Section 1.4,
the possible models to produce the azimuthal polarization morphology is (1)
oblate grains aligned by radiation gradient or gas flow in the radial direc-
tions and (2) prolate grains aligned by gas flow in the azimuthal directions
(Gold alignment). Since our results prefer the prolate grain aligned by az-
imuthal sources, we find that the promising theoretical model is the Gold
alignment model, and thus the alignment source is the gas flow acting on the
dust grains.

This means that (1) the timescale of the Gold alignment is short enough
compared to that of gas damping timescale to efficiently align the grains;
moreover (2) the timescale of the Gold alignment is the shortest in the other
alignment processes with the dust spinning (oblate grain models). As de-
scribed in Section 1.4, the helical grains tend to be aligned with the axes
with the shortest precession timescale. Roughly speaking the precession
timescale is determined by the strength of an external force working on dust
grains and helicity of dust grains. Of these parameters, the helicity of dust
grains has been poorly constrained and has large uncertainty (Lazarian and
Hoang, 2007; Das and Weingartner, 2016; Hoang, Cho, and Lazarian, 2018).
The fact that the Gold alignment model is preferred indicates that the dust
grains do not spin around any external sources but instead points to the gas
flow.

However, this interpretation has some difficulties in terms of theories of
grain alignment and dynamics. One difficulty is that theoretically, the Gold
alignment occurs only when the gas speed on the dust grains is supersonic
whereas that is generally subsonic in protoplanetary disks (Cho and Lazar-
ian, 2007). Our results and interpretation contradict the theoretical predic-
tion, posing a question in the general grain alignment theories.

The other difficulty is the directions of the gas flow on the dust grains.
The gas velocity on dust grains is determined by the Stokes number, which
is the grain friction time normalized by the local Keplerian time. Figure 2.14
presents the the radial and azimuthal components of relative velocity of dust
grains against gas, which is derived with Equation 1.45 and 1.46 in Section
1.2. Note that the radial distributions of the density and temperature were
assumed to be smooth when the two equations were derived.

With Equation 1.26, we can obtain the Stokes number as follows. We have
already estimated the grain size to amax = 130 µm in the outer region with
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ative velocity of dust grains against gas. ηvK in Equation is 1.45

and 1.46 assumed to be 50 ms−1.

the assumed grain internal density of ρs = 3 gcm−3. We estimate another
parameter, gas surface density by multiplying the dust surface density by
the canonical dust-to-gas ratio (=100). In the outer region, the dust surface
density was estimated to be Σd ∼ 0.2 gcm−2 (Pinte et al., 2016; Carrasco-
González et al., 2019), and thus the gas surface density is derived to be Σg ∼
20 gcm−2. Inserting those values to the equation 1.26, the Stokes number is
derived to be St = 5 × 10−3, which is much smaller than unity.

In such a small St range, as shown in Figure 2.14, the directions of gas
velocity on grains are predicted to be radial (δvr ≫ δvϕ) when we assume the
smooth surface profile for the surface density and temperature. However,
our modeling has found that the directions of the relative velocity are dom-
inantly in the azimuthal directions (δvr ≪ δvϕ), which is incompatible with
the theory.

We here summarize that although the Gold alignment is a unique model
to reproduce our obtained results, the model also has difficulties. This pose
questions our understandings of the grain alignment and dynamics theories.
Future theoretical works need to investigate other models to explain our re-
sults without the contradictions to the theory explained above. At the same
time, observational works that investigate the origins of azimuthal morphol-
ogy for other targets as conducted in this work are also necessary. Our mod-
els are applicable to other disks just by changing the disk parameters.

2.4.2 The Dust Size in the HL Tau Disk

The grain size in the HL Tau disk has been constrained with the continuum
observations at millimeter wavelengths. As explained in Section 1.4, the po-
larized emission was detected in Band 7 (λ = 870 µm) and Band 6 (λ = 1.3
mm) as well as Band 3 (λ = 3.1 mm). The polarization pattern in Band 7 is
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parallel to the disk minor axis with the polarization fraction of ∼0.6−0.8%.
This suggests that the scattering-induced polarization dominates the polar-
ized emission at the wavelength and the presence of grains with a size of
∼150 µm (Kataoka et al., 2015; Stephens et al., 2017). With the spectrum
of the polarization fraction obtained at λ = 870 µm, 1.3 mm and 3.1 mm,
Kataoka et al. (2016a) and Kataoka et al. (2017) estimated the grain size and
reached similar results with amax = 100 − 150 µm. Although there is a certain
difference in the estimation possibly due to differences of assumed disk or
grain models, the studies using millimeter-wave polarization as well as this
study all find that amax = 100−150 µm.

Note that the polarization pattern in Band 6 appears to consistent with
the combination of the alignment and scattering model (Stephens et al., 2017),
showing a transition from the scattering-dominated polarization in Band 7 to
the alignment-dominated polarization in Band 3. This indicates that the con-
tribution from thermal emission of the aligned grains gets to be comparable
to that from the scattered emission and further supports the above estima-
tion result. It is because bigger dust grains produce scattered emission at
the longer wavelengths, resulting in the same pattern in Band 7. As future
works, simultaneous modeling for the polarized observation in Band 3, 6 and
7 as is done in this study may provide further constrain the grain properties
like grain composition or internal density.

Spectral indices are the conventional way to constrain the grain sizes and
have been measured for various disks. However, one drawback of the mea-
surement is that optically thick emission contributes to the continuum emis-
sion, which makes it difficult to constrain the grain sizes. In fact, in the HL
Tau disk, Pinte et al. (2016) and Liu et al. (2017) have revealed that the emis-
sion is partially optically thick especially in the central regions and rings.
To avoid the effect, besides the ALMA images, the latest radiative transfer
modeling conducted by Carrasco-González et al. (2019) includes the high
resolution observation at 7.0, 9.0 and 13.0 mm obtained on VLA, in which
the emission is revealed to be optically thin (Carrasco-González et al., 2016).
They conducted detailed SED analysis, which also considers the effect of scat-
tered emission, and found the radial gradient of the grain sizes from amax =
1.5 mm in the inner region to amax = 500 µm in the outer region. Since we
have obtained amax ∼ 130 µm in the outer region, estimation from the spectra
is five times larger than that from polarized emission. When we put such
large grains in the outer region, the resultant polarization is dominated by
scattering-induced polarized emission, which is far from the observed fea-
tures.

Primary differences between Carrasco-González et al. (2019) and our study
are that we analyze the image with coarse angular resolution compared to
the images in Carrasco-González et al. (2019) and that we assume the pro-
file of the optical depth and temperature whereas Carrasco-González et al.
(2019) analyze the emission profile without such assumptions. Of course,
these differences could partially explain the discrepancy in the grain size
measurements. As well as such basic differences, the assumption on grain
compositions also can affect the measurement.
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One possible solution without modifying those assumptions in these works
is a model with several grain populations with different amax. The grain pop-
ulation of the maximum size of amax = 500 µm inferred from the spectrum is
thought to be settled down while the other population with amax = 130 µm is
stirred up relative to the large population. The grain settling reduces the po-
larization fraction because the incoming flux directed on a scatterer becomes
isotropic as the emission becomes optically thick (Kataoka et al., 2015). If it
is the case in the HL Tau disk, the large grain population, which is settled
down, contributes to little polarized emission in Band 3 whereas the small
grain population in the upper layer contributes to polarized emission. To ex-
amine the possibility and further constrain grain sizes and their spatial dis-
tributions, comprehensive studies combining those observations are needed.
This could be the next work.

2.4.3 Validity and Limitations of the Radiative Transfer Mod-
eling

In this study, the grain alignment and self-scattering models are separately
constructed to investigate the grain size, shape, and alignment efficiency. The
maximum grain radius amax = 130 µm is determined by investigating when
the scattered emission contribution becomes comparable to the thermal emis-
sion of aligned grains while α and ϵ are fixed. This method possibly causes
a certain uncertainty for the measured amax when α and ϵ change. For ex-
ample, if we assume more elongated grains (larger α) that more randomly
orient (small ϵ) to explain the polarized emission in the disk minor axis, the
contribution of the scattered emission to reproduce the azimuthally uniform
polarized emission can be modified.

However, the deviation from amax = 130 µm is probably small even if this
is the case. It is because as shown in Figure 2.11 and 2.12, the scattered emis-
sion is highly sensitive to amax. When amax changes with an order of 10 µm,
the scattered emission contribution easily increases or decreases and devi-
ates from the observed polarized intensity. Therefore, we here qualitatively
conclude that the uncertainty of amax is within an order of 10 µm. To exactly
determine all parameters and their uncertainties including α and ϵ as well as
amax, the modeling for the other data obtained at λ = 870 µm and 1.3 mm for
the disk is promising. This is future work.

We also note a technical difficulty for the dust models. We assume the dis-
tinctive grain size distributions for the alignment and self-scattering models:
the elongated grains with amax = 50 µm is assumed for the alignment model
while the spherical grains with changeable amax, while common grain models
are considered to natural assumption. Assuming the common grain popula-
tion is still difficult because computing the scattering opacity for the elon-
gated grains is challenging. Due to the difficulty, we cannot discuss how our
result would be modified when the common grain models are assumed. Al-
though the radiative transfer models assume the nearly spherical grains with
α = 1.1, and thus the modification would be small, quantitative estimation of
the effect is also future work.
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2.5 Conclusions

The origin of the polarized emission at 3.1 mm on the HL Tau disk has been
debated in the previous works. To solve the question, we have conducted
semi-analytical and radiative transfer modeling. We first confirmed that nei-
ther prolate and oblate grain models cannot reproduce the polarization fea-
ture on the HL Tau disk (elliptical polarization pattern and azimuthally uni-
form polarization fraction) as was previously concluded by Yang et al. (2019).
We proceeded to further modelings and we found that:

1. We found that the combination of the alignment model assuming pro-
late grains and self-scattering models can reproduce the polarization
features on the HL Tau disk. We also found that the combination of the
alignment model assuming the oblate grains and self-scattering mod-
els cannot reproduce the polarization feature. The results are surprising
because the grain alignment has been believed to triggered by the dust
spinning, which is the case in ISM or star-forming clouds.

2. We found that the maximum size of the scattering dust grains is amax
∼ 130 µm to reproduce the azimuthally uniform polarization fraction.
This size is consistent with them obtained on the polarization observa-
tion in Band 6 and 7. However, the size is a few times smaller than
that was measured by the spectra (Carrasco-González et al., 2019). The
difference of assumed disk model, grain composition, and grain popu-
lation possibly causes the discrepancy.

3. The Gold alignment model, where the long axes of the dust grains are
aligned by the gas flow on grains, is the unique model that predicts the
prolate aligned grains. However, this interpretation contradicts several
theoretical models. One of the problems is that the directions of gas
flow are predicted to be radial for the dust grains with amax = 130 µm,
whereas they should be azimuthal to reproduce the azimuthal polariza-
tion pattern for the prolate grains. More fundamental problem is that
the Gold alignment model is effective only when the gas velocity on the
dust grains is supersonic, whereas that is subsonic in disks in general.
These pose questions for the alignment theories.

The constructed semi-analytical and radiative transfer models can be
applied to the observations at other wavelengths (870 µm and 1.3 mm).
Modeling the multiband polarization observations provide the spec-
trum of alignment and scattering efficiency, which enable us to further
constrain the grain sizes and shapes.
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Chapter 3

The observation and analysis for
the polarized emission on the AS
209 disk

3.1 Introduction

AS 209 is a Classical T Tauri star in the Ophiuchus star forming region at
a distance of 121 ± 2 pc (Gaia Collaboration et al., 2018). It has a mass of
0.9 M⊙ (Bouvier and Appenzeller, 1992), spectral type of K5 (Luhman and
Rieke, 1999) and a luminosity of 1.5 L⊙ (Natta, Testi, and Randich, 2006).
The disk mass was estimated to 0.028 M⊙ with SMA continuum observation
assuming 100:1 dust-to-gas mass ratio (Andrews et al., 2009). More recently,
Favre et al. (2019) conducted CO isotopologue observation with ALMA and
derived the gas mass of 3 × 10−3 M⊙, which is less massive compared to
the previous study (Andrews et al., 2009). ALMA 1.3 mm dust continuum
observations revealed that the disk has two prominent rings at 74 and 120 au
and at least three faint rings in the inner 60 au (Fedele et al., 2018; Guzmán et
al., 2018). Planet-disk interaction is one promising gap opening mechanism.
Recent studies using 3D hydrodynamical simulations found that the ringed
structure may be induced by torque from a Saturn-like mass planet at ∼100
au (Fedele et al., 2018; Zhang et al., 2018; Favre et al., 2019). The radial profile
of the grain size of the AS 209 disk is constrained by measuring spectral index
(Pérez et al., 2012; Tazzari et al., 2016). They found that the radial profile of
the opacity index β radially increases, suggesting that the grain size radially
decreases from ∼2 cm to ∼0.2 cm.

This paper is organized as follows. In Section 3.2, we briefly summarize
observation and data reduction processes. In Section 3.3, we describe char-
acteristics of the observed polarized emission based on the polarization mor-
phology and fraction. In Section 3.4, we explore the origin of the polarized
emission and discuss a grain property and dynamics in the AS 209 disk. In
Section 3.5, we conclude this paper.

3.2 Observations

The continuum polarization observations at 870 µm were carried out on 2018
May 16 during ALMA Cycle 5 operation. The antenna configurations were
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C43-2 with 43 antennas. In total four spectral windows (spws), two for lower
sideband, another two for upper sideband, were taken in time division mode
(TDM). Those four spws were centered at the central frequencies of 336.5,
338.4, 348.5 and 350 GHz. The effective bandwidth of each spw is 1.875 GHz,
providing the bandwidth of ∼7.5 GHz. The bandpass, complex gain, and
polarization calibrators were J1751-0939, J1733-1304, and J1924-2914, respec-
tively. The polarization calibrator was observed in four different scans with
a scan length of ∼8 minutes at different hour angles to cover a wide range of
parallactic angle. The total integration times for the target were 30.89 minutes
in the observation.

The reduction and calibration of the data were done with the CASA ver-
sion 5.1.1 (McMullin et al., 2007). We follow the data reduction process given
by Nagai et al. (2016). For the imaging, we perform the interactive CLEAN
deconvolution by using the CASA task tclean. We employ Briggs weighting
with a robust parameter of 0.5. The beam size in the final product is 0.′′94 ×
0.′′62 which corresponds to ∼114 × 75 au at the distance of 121 pc.

With the obtained Stokes Q and U, we derive the polarized intensity (PI).
Note that PI has a positive bias because it is always positive value even if the
Stokes Q and U have negative values. This bias has a non-negligible effect
in low-signal-to-noise observations. We thus derive the debiased polarized
intensity with the following equation presented in Vaillancourt (2006) and
Hull and Plambeck (2015),

PI =
√

Q2 + U2 − σ2
PI (3.1)

where σPI is an error of the polarized intensity, which is derived to be σPI =
2.7 × 10−5 Jy beam−1 with the error propagation of Stokes Q and U.

Polarization fraction (PF) and polarization angle (θ) are also derived with
the following equation.

PF = PI/I (3.2)

θ =
1
2

arctan
U
Q

(3.3)

The 1σ error of the polarization angle σθ is calculated in each pixel in the
image with a following equation.

σθ(
◦) = 0.5 × 180/π ×

√
(U × σQ)2 + (Q × σU)2/PI2 (3.4)

where σQ and σU are the rms noise of Stokes Q and U, respectively. In ad-
dition, instrumental angle errors can systematically contribute to the uncer-
tainties of the angles. This systematic error (∆χ) is ∆χ ∼ 2◦/

√
N, where N is

the number of antennas (Nagai et al., 2016) and thus ∆χ ∼ 2◦/
√

43 = 0.◦3 in
this observation. All of these values presented above are derived only where
the detection is above the threshold 3σPI .
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3.3 Results

The main results of the observation are summarized in Figure 3.1. Figure
3.1(a) shows the total intensity (Stokes I) of the protoplanetary disk around
AS 209 with the color scale and contours. The substructures discovered in the
high-resolution observations (Fedele et al., 2018; Guzmán et al., 2018) are not
identified in our Stokes I image because the beam size 0.′′94 × 0.′′62 is not
small enough to resolve the rings or gaps with the size of ∼0.′′04 (Guzmán
et al., 2018). The integrated flux density is 489 ± 50 mJy, which is consis-
tent with the previously obtained value, 577 ± 58 mJy within the uncertainty
(Andrews et al., 2009).

Figures 1(b) and 1(c) show the polarized intensity and polarization frac-
tion, respectively. The polarization vectors are also overlaid where PI is
larger than 3σPI = 81 µJy beam−1. The vectors are plotted twice per syn-
thesized beam in each direction based on Nyquist sampling. Figure 3.1(d)
shows the map of σθ in degrees estimated with the equation (4). The typical
1σ polarization angle error is σθ ∼ 1−4◦. Note that the systematic angle error
(∆χ = 0.◦3) explained in the former section is not included in Figure 3.1(d).

The polarization orientations show distinct patterns between the inner
and outer regions. In the inner 0.′′5 region, which is illustrated by the circle
in Figure 3.1(d), the polarization orientations seem to be parallel to the minor
axis. In Figure 3.2, we plot a histogram of the deviations of the polarization
angles from the minor axis to see if the vectors are completely aligned with
the minor axis. We use the major axis position angle (PA) of 85.◦76 and minor
axis PA of −4.◦24 with reference to Guzmán et al. (2018). Due to the large
beam size, only four vectors are plotted with the bin width of ∼4◦. The plot-
ted angular deviations (∆θminor) are ∆θminor = 6.◦7 ± 2.◦8, −5.◦1 ± 2.◦5, 1.◦4 ±
4.◦3, and 7.◦7 ± 3.◦6. Note that the histogram with the small sample size is per-
haps not helpful to visualize the angle distribution. However, such analysis
will be helpful for future observations with smaller beam sizes, and thus we
keep the histogram in this paper.

The center of the histogram seems to be around ∼0◦, but three of the
∆θminor values significantly deviate from 0. Given the fact that the sample
size is small and each vector is not necessarily independently sampled, we
cannot conclude whether the spread is real or not. One possibility is that the
spread comes from beam dilution, where polarization in the outer regions
can cause some angular deviations from the minor axis. Although an obser-
vation with a smaller beam size is necessary to confirm the statement, we
conclude that the polarization orientations in the inner region are consistent
with the direction of the minor axis.

In the outer 0.′′5 region, on the other hand, the polarization orientations
seem to be aligned in the azimuthal directions. To interpret the polarization,
we proceed to a further analysis of the polarization angles. First, we discuss
whether the observed polarization orientations are consistent with circular
or elliptical patterns. The circular pattern is a concentric circle on the im-
age plane, and the elliptical pattern is a trajectory that traces the same orbits
in the inclined disk. We derive the tangents of the circle and the ellipse at
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FIGURE 3.1: Upper left (a): The total intensity (Stokes I) of the
continuum emission at 870 µm. The solid contours represent to-
tal intensity with levels of 100−10000 × σI (=60 µJy beam−1) in
log space. The beam with the size of 0.′′94 × 0.′′62 and position
angle of −75.◦3 is shown in the bottom left with the white el-
lipse. Upper right (b): Polarized intensity on a linear scale. The
solid contour levels are (3, 5, 7, 10) × σPI (= 27 µJy beam−1). The
polarization vectors are presented where polarized intensity is
larger than 3σPI . We set the length of the polarization vectors to
be the same. Lower left (c): The polarization fraction overlaid
with the vectors. The solid contours show polarized intensity
as with the PI map. The polarization fraction where polarized
intensity is less than 3σPI is removed. The synthesized beam is
also presented with the black ellipse. Lower right (d): The color
map of the 1σ polarization angle error (σθ). The synthesized
beam and polarization vectors are also overlaid. The overlaid
circle at the center represents the boundary of the inner and

outer regions with the radius of 0.′′5.
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Polarization angles measured from the minor axis

FIGURE 3.2: The distribution of the polarization angles mea-
sured from the minor axis in the inner 0.′′5 region. Three bins
are presented with the width of ∼4◦. The gray dotted line rep-

resents the positions of the minor axis PA.

each location of the polarization vectors. For the derivations of the elliptical
tangents, we use the same PA of the major axis as the previous discussion
and the inclination of 34.◦88 (Guzmán et al., 2018). Figures 3(a) and (b) depict
comparisons between the observed polarization orientations and the circular
(a) or elliptical (b) tangents overlaid on the Stokes I map. Figures 3(c) and
(d) show the distribution of the angular deviations from the circular (c) and
elliptical (d) tangents, each of which is overlaid with the best-fitted Gaussian
function.

The histogram of the angular deviations from the elliptical tangents shows
a little narrower width than that from the circular tangents. We confirm this
by performing the Gaussian fittings of the histogram, showing that the stan-
dard deviations are ∼10◦ and ∼11◦ in the elliptical and circular case, respec-
tively. Therefore, the polarization pattern is more consistent with the ellipti-
cal pattern rather than the circular pattern. We also conduct a χ2 test to statis-
tically examine the above discussion and conclude that the elliptical pattern
is preferred indeed (see Appendix C).

Then, we investigate if there is a systematic angular difference between
the polarization angles and the elliptical tangents. If the polarization vec-
tors are completely aligned with the ellipse, the mean of the angular differ-
ences ∆θellipse would be 0◦. However, the histogram of the angular differ-
ences shows a certain shift from ∆θellipse = 0◦. We calculate a weighted mean
of ∆θellipse with the ∆θellipse and σθ maps (see Appendix C). This results in
the weighted mean of ∆θellipse = −4.◦5 ± 1.◦6, which is significantly shifted
from 0◦. This suggests that the polarization orientations have certain angu-
lar deviations from the elliptical tangents with almost the same degrees and
directions. Note that a beam dilution due to the large and flattened beam
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(c) Angular deviations from the circle
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(d) Angular deviations from the ellipse

FIGURE 3.3: (a) Comparison between the polarization vectors
and circular tangents in the outer 0.′′5 region. The green and
white lines represent the polarization vectors and circular tan-
gents, respectively. (b) Comparison between the polarization
vectors and elliptical tangents. The green and white lines are
represented as with (a). (c) The histogram of the angular dif-
ferences between the polarization vectors and the circular tan-
gents, both of which are presented in (a). The best-fitted Gaus-
sian is overlaid to the histogram. The blue straight line repre-
sents the center of the distribution. The gray dotted line repre-
sents the ∆θcircle = 0◦ position. (d) The histogram of the angu-
lar differences between the polarization vectors and the ellipse,
both of which are presented (b). The best-fitted Gaussian and
the center of the distribution are overlaid as with (c) with red

lines. ∆θellipse = 0◦ position is also presented as with (c).

can artificially generate the angular deviation from the azimuthal directions.



3.3. Results 65

2.0 1.5 1.0 0.5 0.0 0.5 1.0 1.5 2.0
r [arcsec]

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

P 
[%

]

South and West North and East

Major Axis
Minor Axis
(deprojected)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
r [arcsec]

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

P 
[%

]

Minor North
Minor South

FIGURE 3.4: Upper panel: radial profiles of the polarization
fraction along with the major (red) and minor (blue) axes. To
correct the disk inclination (i = 34.◦88), the minor axis profile is
enlarged by multiplying the radius by 1/cos i for the deprojec-
tion. The shade in each profile represents the 1σ error regions
of the polarization fraction. The upper limits and shade are
also presented in the region where the polarized intensity is less
than 3σPI . Bottom panel: minor axis profiles of the polarization
fraction in the north (red) and south (blue), both of which are
extracted from the upper panel. The deprojection is not applied

to the profiles.

Although we need detailed modeling to examine the effect, the obtained ori-
entations which systematically deviate from the azimuth cannot be caused
only by the beam dilution.

The polarization fractions are another clue to interpreting the polariza-
tion. To compare the polarization fractions between the major and minor
axes, we plot radial profiles of the polarization fractions along the major and
deprojected minor axes in Figure 3.4 (upper panel). The negative values in
the horizontal axis represent the south and west regions, while the positive
values represent the north and east regions.
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As Figures 1(c) and Figure 3.4 show, polarization fractions are not the
same between the two regions as well as the polarization orientations. In the
inner 0.′′5 region, the polarization fractions are almost uniform at ∼0.20%.
Note that the rms noise of the polarization fraction is ∼0.01% and thus the
0.20% polarization fraction is significant. In the outer 0.′′5 region, on the
other hand, the polarization fractions gradually increase from ∼0.2% to ∼1.0%
with increasing radius. The gradual increase is likely due to the beam dilu-
tion between the inner and outer region, each of which shows distinct polar-
ization orientations and thus cancel out each other. This can reduce the polar-
ization fractions near the 0.′′5 regions where the distinct polarization orienta-
tions coexist in the inner and outer regions. The effect becomes weaker with
increasing the distance from the center. Thus, the typical polarization frac-
tion in the outer region is likely ∼1.0%, which is obtained in the outermost
region.

Another feature in the polarization fractions is that the radial profile along
the minor axis shows a certain asymmetry that polarization fractions increase
more sharply in the north region. The bottom panel of Figure 3.4 shows the
minor axis profiles extracted from the upper panel. Indeed, the polarization
fractions in the north region reach higher values of ∼1.2%. The asymmetry is
probably not caused by the beam dilution since its effect should be the same
between the north and south regions. However, the difference of the profiles
is only 1σ, and moreover, the detection of the polarized intensity is somewhat
marginal with the signal-to-noise ratio of ∼3−5σPI . Therefore, although the
asymmetry may reflect some physical origins, we cannot robustly conclude
if it is real with this data.

3.4 Discussion

We detect the ∼0.20% and ∼1.0% polarization in the inner and outer regions,
respectively. The polarization orientations are parallel to the minor axis in
the inner region, while they are in the azimuthal (elliptical) directions in the
outer region. These distinct characteristics of the polarized emission imply
the distinct origins of the polarized emission between the regions. First, we
describe the possible origins of the polarization and predicted polarization
pattern in subsection 4.1. Then, we explore the origins in the AS 209 disk and
possible models for the grain properties and grain dynamics in the AS 209
disk in the inner and outer regions in subsection 4.2. and 4.3.

3.4.1 The Polarization Pattern in the Different Theories

The possible origins of the millimeter-wave polarization from protoplanetary
disks are the grain alignment or self-scattering. The grain alignment models
include magnetic, radiative and mechanical alignment, where dust grains
are aligned with the magnetic fields, radiative gradient and gas flow, respec-
tively. We quickly review the currently proposed scenarios of the millimeter-
wave polarization and summarize the phenomenological differences.
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TABLE 3.1: The origin and expected polarization morphology
(inclined disks)

Origin Morphology

magnetic alignment radial (if toroidal)
radiative alignment circular
mechanical alignment (Gold mechanism) elliptical
mechanical alignment (helicity-induced, small grain) circular (if δvr ≫ δvϕ)
mechanical alignment (helicity-induced, large grain) spiral-like (if δvr ∼ δvϕ)
self-scattering minor axis

Long axes of the magnetically aligned dust grains are perpendicular to
magnetic fields (Davis and Greenstein, 1951; Cho and Lazarian, 2007). The
toroidal magnetic fields are thought to be amplified with magnetorotational
instability (MRI) in disks (Brandenburg et al., 1995; Fromang and Nelson, 2006;
Bai and Stone, 2013; Suzuki and Inutsuka, 2014). Thus, the resultant polariza-
tion would show a radial pattern in face-on disks (Brandenburg et al., 1995).

Grain alignment with radiation fields makes grain long axes perpendic-
ular to radiation gradients (Cho and Lazarian, 2007; Tazaki, Lazarian, and
Nomura, 2017). Thus, the outgoing radiation gradients would produce a cir-
cular pattern in polarization vectors in face-on disks. We note that Yang et al.
(2019) pointed out that the polarization orientations remain circular patterns
even in inclined disks.

Grain alignment with the ambient gas flows, which is called mechanical
alignment, makes grain long axes to be either parallel or perpendicular to the
gas velocity against the dust grains. The alignment parallel to the gas occurs
for subsonic gas flows, which is called the Gold mechanism (Gold, 1952). The
aligned dust grains would produce an elliptical polarization pattern in in-
clined disks (Yang et al., 2019). Dust grains can also be aligned perpendicular
to the gas flow onto the dust grains when they have certain helicity (Lazarian
and Hoang, 2007). The resultant polarization is perpendicular to the gas ve-
locity against the dust grains. This helicity-induced grain alignment occurs
for subsonic gas. Since gas velocity against dust grains is subsonic, helicity-
induced alignment likely occurs in protoplanetary disks (Kataoka, Okuzumi,
and Tazaki, 2019).

The polarization orientations for mechanical alignment are determined
by gas velocity against dust grains. We express the radial and azimuthal
components of the gas velocity against the dust grains with δvr and δvϕ, re-
spectively. The gas velocity against the dust grains is also determined by
how well the dust grains are coupled to gas, which is denoted with the Stokes
number (St). The Stokes number is the dust stopping time normalized with
the Keplerian timescale and is given by St = π

2
aρs
Σg

, where a is the grain size,
ρs is the internal density of the dust grains and Σg is the gas surface density
(Birnstiel, Dullemond, and Brauer, 2009). We briefly describe the expected
polarization patterns for the helicity-alignment model in Kataoka, Okuzumi,
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and Tazaki (2019), assuming that the dust grains radially drift due to the
headwind from the gas.

When the Stokes number is much smaller than unity, which corresponds
to small grain size, the headwind of the gas on the dust grain is dominated
by the radial component (δvr ≫ δvϕ). The polarization orientations are per-
pendicular to the gas velocity against the dust grains, and thus the resultant
polarization pattern is circular. When the Stokes number is close to unity, the
larger dust grains are decoupled from the gas and radially drift due to the gas
headwind, resulting in the comparable velocity fields against the dust grains
between the radial and azimuthal components (δvϕ ≲ δvr). As a consequence,
the synthetic relative velocity is inclined with respect to the azimuthal direc-
tions, and thus the polarization orientations show a spiral-like pattern. The
deviation from the circular direction at each location on the sky would be
arctan(δvr/δvϕ) (Kataoka, Okuzumi, and Tazaki, 2019).

The polarization orientations for the scattering-induced polarization are
determined by incoming flux distributions around the dust grains (Kataoka
et al., 2015). In the inclined disk such as the AS 209 disk, the polarization
orientations are parallel to the minor axis because the flux coming parallel to
the major axis is generally stronger than that parallel to the minor axis (Pohl
et al., 2016; Kataoka et al., 2017). Yang et al. (2017) pointed out that the po-
larization patterns can be modified by the spatial distributions of the optical
depth. When the disk is optically thin in the outer region, the polarization
orientations are perpendicular to the radiative gradient in the disks. The out-
going radiative gradient leads to the azimuthal pattern in the outer region.
However, the model assumed smooth surface density structures, which has
no rings and gap. In the case of the AS 209 disk, the radiative gradient of
the flux distribution produced by the ringed structure would be too small
to produce the azimuthal pattern. Thus, if the scattering dominates the ob-
served polarized emission, the polarization orientations are parallel to the
minor axis even if the disk is optically thin in the outer region.

In Table 1, we summarize the expected polarization patterns explained
above. In the following subsections, based primarily on the polarization pat-
terns shown in Table 1, we explore the origin of the polarization separately
in the inner and outer regions.

3.4.2 The Origin of the Polarization in the Inner Region

In the inner region, the polarization vectors are aligned with the minor axis
(Figure 3.2). Although certain deviations from the minor axis exist, the ob-
served orientations which are parallel to the minor axis are consistent with
the self-scattering model in the inclined disks (Table 1). Therefore, we con-
clude that self-scattering dominates the polarized emission in the inner re-
gion of the AS 209 disk at 0.87 mm.

The polarization fraction in the inner region is ∼0.2 % (Figure 3.1(a) and
4). The self-scattering model predicts the polarization fraction of 2−3%,
when the grain population has a single power-law with the maximum grain
size of amax ∼ λ/2π ∼ 140 µm (Kataoka et al., 2015; Kataoka et al., 2016a).
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Polarization fractions obtained in the previous observations for the inclined
disks were lower than 2−3%, but significantly higher than that in this obser-
vation. For example, the IM Lup and HL Tau disks show scattering-induced
polarization with the fractions of ∼1.2% and ∼0.6% in the central regions
(Hull et al., 2018; Stephens et al., 2017). Relatively low polarization fraction
in the AS 209 disk can be explained by two possibilities in the grain size
populations. One is that the grain population has a single power-law with a
maximum grain size of amax, which is a few times larger or smaller than ∼140
µm (Kataoka et al., 2016a). If this grain model is correct, amax is roughly es-
timated to be ∼50 µm or ∼400 µm. The other possibility is that two size
population model where amax ∼ 140 µm in one population but amax in the
other population is significantly smaller or larger than 140 µm. This addi-
tional grain population contributes to unpolarized Stokes I emission but not
to polarized emission, and thus reduces polarization fractions.

The maximum grain size has been constrained by Pérez et al. (2012) and
Tazzari et al. (2016) with the analysis of the spectral index. They found that
the spectral index radially increase with the range β = 0.5−1, and yielded
the grain size of amax ∼ 0.5−2 cm in inner 60 au. These grain sizes are much
larger than those from the polarization.

The size discrepancy may come from the contamination of the optically
thick emission in low-resolution observations. Although measurements of
the grain size assume the thermal emission is totally optically thin at mil-
limeter wavelengths, Tripathi et al. (2017) pointed out that the assumption
is not necessarily correct based on a large sample of low-resolution disk im-
ages. However, Pérez et al. (2012) and Tazzari et al. (2016) revealed that the
millimeter continuum emission from the AS 209 disk is optically thin at all
radii, suggesting that the discrepancy of the grain sizes are not due to the
optically thick emission.

The assumption on the grain composition also strongly affects the spec-
tral indices values, leading to grain size uncertainties. For example, Testi et
al. (2014) showed that compact grains which composed of silicate, carbona-
ceous and water ice take amax ∼ 0.5−5 cm in β = 0.5−1 range while compact
grains which composed only of silicate and carbonaceous material take amax
∼ 0.5−5 mm in the same β = 0.5−1 range (see Figure 3.4 of Testi et al. (2014)).
The one size population model with amax = 500 µm and the latter grain com-
position model described above is one of the solutions to reconcile the two
studies.

More recent studies pointed out that the observed low spectral indices
can be reproduced when the effect of scattering is included (Liu, 2019; Zhu et
al., 2019). This means that measurement of the grain size ignoring the opacity
of scattering can lead to overestimation of the grain size. Thus, including
the effects of scattering into continuum modeling is needed to reconcile the
discrepancy of the grain properties between the grain size measurements.
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FIGURE 3.5: The polarization vectors and the high resolution
image obtained in the DSHARP program (Guzmán et al., 2018).
The synthesized beam size in our and DSHARP observations

are presented in the lower left and lower right, respectively.

3.4.3 The Origin of the Polarization in the Outer Region

In the outer 0.′′5 region, the polarization orientations seem to be in the az-
imuthal directions. By conducting the detailed analysis on the orientations,
we find that the orientations are consistent with the elliptical pattern rather
than the circular pattern and moreover the vectors have the systematic angu-
lar deviations from the elliptical tangents with the mean value of ∆θellipse =
−4.◦5 ± 1.◦6. The spiral-like pattern can be produced only with the mechan-
ical alignment model (Table 1). Therefore, the observed polarization likely
originates from the dust grains which are aligned by the gas flow against the
dust grains.

To interpret the polarization, we explore where the polarized emission
comes from. However, the large beam size prevents us from exploring the
emitting regions only with the polarization data. Thus, in Figure 3.5, we
compare the polarization vectors with the previous higher resolution obser-
vation by Guzmán et al. (2018). Although it is difficult to link the positions
of the vectors to that of high resolution image due to the large beam size gap,
roughly speaking, the polarization in the outermost region at ∼1.′′0 likely
comes from the outermost ring at 120 au in the higher resolution image.
Thus, the emitter of the polarization is likely the dust grains at the 120 au
ring.

Since the polarization pattern is presumably related to the grain dynamics
in the disk, we consider possible grain dynamics to reproduce the spiral-like
pattern. Kataoka, Okuzumi, and Tazaki (2019) has already considered the re-
lationships between the grain dynamics and polarization patterns. However,
we cannot directly apply the model to the observed pattern because the as-
sumed disk in the model has a smooth surface density profile which is quite
different from that of the AS 209 disk. Therefore, we qualitatively discuss the
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FIGURE 3.6: Schematic illustration of the grain accumulation
scenario which can reproduce the inclined polarization orien-
tations. The blue region represents the gas pressure bump near
the 120 au ring. The left picture shows grain (black) and gas (or-
ange) velocity fields in the laboratory frame. The right picture
shows the radial, azimuthal and synthetic gas velocity against
dust grains with green arrows. The resultant polarization vec-

tors are also presented with the red lines.

polarization pattern when mechanical alignment occurs at the ring.
Figure 3.6 illustrates a possible scenario, where the dust grains radially

drift inside and outside of the local pressure maxima. To find the resul-
tant polarization pattern at the pressure maxima, we discuss the velocity
vectors of gas and dust grains. In a laboratory frame, the gas rotates with
sub-Keplerian outside the bump due to the negative pressure gradient while
it rotates with super-Keplerian inside the bump due to the positive pressure
gradient. Instead, the dust grains rotate almost with the Keplerian speed. As
a result, the dust grains on both sides of the bump drift to the pressure max-
imum. Now, we see the velocity fields on the rest frame of the dust grains.
The radial and azimuthal components of the relative gas velocity, δvr and
δvϕ become comparable. Because the polarization vectors are perpendicular
to the direction of the gas velocity on the rest frame of the dust grains in the
helicity-induced alignment model, this leads to the spiral-like polarization
patterns.

If the Stokes number is smaller than unity, dust grains would satisfy
δvr > δvϕ. This leads the polarization pattern almost in the azimuthal direc-
tion, but slightly deviates to the clockwise or counterclockwise directions de-
pending on the rotation direction: if the disk rotates in the counter-clockwise
direction, the polarization vectors slightly deviate in the clockwise direction
(see Kataoka, Okuzumi, and Tazaki (2019)). The direction of the disk rotation
has been revealed to be clockwise with previous CO isotopologue observa-
tions (Andrews et al., 2009; Guzmán et al., 2018; Favre et al., 2019). Therefore,
the expected direction of the deviation is in the counterclockwise direction, or
the plus sign in the histogram as shown in Figure 3.3 while the figure shows
the opposite results (see the discussion below).
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This scenario that produces the spiral-like pattern is partly supported by
the previous CO isotopologue observation, where local enhancement of the
gas surface density was discovered near the outermost dust ring (Favre et
al., 2019). This suggests the presence of the local gas pressure maximum
which coincident with the dust ring, implying that we see the drifting grains
in the pressure bump with the polarization.

We here note that the grain diffusion from the ring also reproduces the
same polarization pattern as the accumulation model. We do not discuss the
diffusion but accumulation because it is more likely to occur at a ring.

The common scenario to make the gas pressure maxima are, for example,
a planet (Kanagawa et al., 2015; Kanagawa et al., 2016; Bae, Zhu, and Hart-
mann, 2017; Dong et al., 2017; Huang et al., 2018b; Fedele et al., 2018; Favre
et al., 2019) and some MHD effects (Johansen, Youdin, and Klahr, 2009; Bai
and Stone, 2014; Simon and Armitage, 2014). We note that the grain accumu-
lation can also be triggered by secular gravitational instability (Tominaga,
Inutsuka, and Takahashi, 2018). This model predicts that the gas also be ac-
cumulated and thus the gas velocity on the dust grains is slightly different
from the models above. While we do not discuss the detailed comparison,
the presented polarization may distinguish these physics by revealing the
relative velocity between gas and dust grains.

The ratio of the radial and azimuthal components of gas velocity against
the dust grains can be derived by assuming the models as δvϕ/δvr = tan(∆θellipse)
= 0.08 ± 0.03. Both of the models predict the same directions of the angular
deviations, which are determined by which clockwise or counterclockwise
the disk rotates. When the disk rotates clockwise, as shown in Figure 3.6
shows, the orientations are inclined to the west directions, which correspond
to positive angular deviations.

However, there are several questions for the interpretation. One is that the
observed pattern is more consistent with the elliptical pattern, which is in-
consistent with the theoretical expectations of the helicity-induced alignment
model (Kataoka, Okuzumi, and Tazaki, 2019). Moreover, both of the models
predict the positive angular deviations whereas the observed orientations
show negative angular deviations (i.e. the theory predicts 90◦ flipped orien-
tations against the observed orientations). Thus, the directions of the orien-
tations cannot be reproduced with the combination of the helicity-induced
alignment model and the grain accumulation model as long as the disk ro-
tates clockwise.

Since we find that the helicity-induced alignment model does not per-
fectly explain the observations, we also consider another mechanical align-
ment, the Gold mechanism although it probably does not occur in disks since
gas velocity against dust grain is subsonic. As explained above, the polar-
ization orientations are parallel to the gas flow against the dust grains for
the Gold mechanism, leading to the elliptical polarization pattern (Yang et
al., 2019). This expectation is consistent with the fact that the observed pat-
tern is more consistent with the elliptical pattern. The Stokes number should
be much larger than unity (St ≳ 10) so that δvϕ is much larger than δvr and
the azimuthal pattern arises. If it is the case in the disk, the polarization
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orientations are inclined with the same directions of the observed polariza-
tion. However, another question is that the thermal emission from the dust
grains with such large Stokes number is not efficient because the emissiv-
ity of the dust grains is inversely proportional to the grain size. Therefore,
even though the Gold mechanism is considered, it is uncertain whether the
observed orientations can be explained by the possible grain dynamics.

We summarize that the observed spiral-like pattern can be reproduced
only with the mechanical alignment model. However, both Gold mecha-
nisms and helicity-induced alignment models have some difficulties, which
prevent us from naturally interpreting the orientations by assuming the grain
dynamics. This poses the possibility that we misunderstand somewhere in
the alignment processes and/or grain dynamics in the protoplanetary disks.

We also discuss the observed polarization fraction. We detect ∼1.0% po-
larization fractions in the outermost regions. Moreover, we also find the
asymmetry that the polarization fraction in the north region, which is farther
to us reaches the larger value with 1σ (Figure 3.4). No theoretical expecta-
tions for the polarization fractions for the mechanical alignment model have
been established so far, and thus it is unclear what determines the values and
spatial distributions of the polarization fractions. The near/far side asymme-
try is thought to be observed in the self-scattering and optically thick disks.
Yang et al. (2017) predicted a spatial shift of the polarized intensity peak
and near/far side asymmetry of the polarization fractions, both of which are
caused by geometrical effects such as disk flaring. However, the AS 209 disk
was revealed not to be optically thick at 870 µm (Pérez et al., 2012; Tazzari
et al., 2016), casting a question for applying the model to the disk. In fact, the
center shift, which was predicted by Yang et al. (2017), is not observed in the
inner region of the AS 209 disk, where the scattering-induced polarization
is observed. Therefore, the optical depth effects are unlikely to reproduce
the observed profile and the origin of the profile is uncertain. This will be
investigated in future works.

3.5 Conclusions

We have presented 870 µm polarization observation toward the Class II pro-
toplanetary disk around AS 209. Our main findings can be summarized as
follows:

1. We found the spatial segregation of the polarization patterns and frac-
tions between inner and outer regions. We detected ∼0.2% polarization
in the inner 0.′′5 regions. The polarization orientations in the region are
parallel to the minor axis. In the outer region, we detected ∼1.0% polar-
ization and found that the polarization orientations are consistent with
the elliptical pattern but with the angular deviation of ∆θellipse ∼ 4.◦5 ±
1.◦6.

2. The polarization pattern in the inner region is consistent with the self-
scattering model. The low polarization fraction (∼0.2%) compared to
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the expected value when the dust grains population has a single power-
law with amax ∼ λ/2π ∼ 140 µm can be explained by the following
grain models. One is that the grains population has a single power-law
with amax, which is a few times larger or smaller than 140 µm. The
other is that there is another grain population, which contributes to
unpolarized emission but not to the polarized emission.

3. The spiral-like pattern in the outer region can be produced only with
the mechanical alignment model. This polarized emission likely comes
from the outermost ring at 120 au. This suggests that the dust grains at
the ring accumulate to the pressure maximum near 120 au.

4. We found that the combination of mechanical alignment and grain ac-
cumulation model can reproduce the spiral-like pattern, but there are
some inconsistencies. The helicity-induced model predicts (1) circular
polarization pattern and (2) positive angular deviations from the az-
imuthal directions, both of which are inconsistent with the observed
pattern. The Gold mechanism can reproduce both of the elliptical pat-
tern and the observed deviations from the azimuthal directions, but
only in the case that the Stokes number is large, where the grain emis-
sivity is inefficient in the millimeter-wave.

5. No theoretical expectations for the polarization fraction for the mechan-
ical alignment disks. Thus, it is yet clear whether the obtained val-
ues and spatial distribution of the polarization fractions are typical or
not for mechanical alignment disk. This will be investigated in future
works.

For the detailed analysis of the polarization angles presented in this work,
the large beam size effects are not negligible. Observations with higher spa-
tial resolution would help to confirm the presence of the spiral-like pattern
and understand the origin.
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Chapter 4

Summary, Discussion, and Outlook

In this chapter, we summarize what we have newly conducted, new findings
and future prospects.

4.1 New Analysis and Findings in the Two Studies

Since the first detection of the polarized emission of protoplanetary disks by
Stephens et al. (2014), the millimeter-wave polarization observations have
turned out to be the strong tool to directly measure the grain sizes. How-
ever, the multiple contributors to the emission are proposed and their rela-
tive importance is poorly understood by the theoretical studies. To precisely
interpret the polarized emission and to connect the observed features with
the grain growth scenarios, it is essential to phenomenologically address the
origins with the careful analysis for the polarization features. Nevertheless,
there have been few studies that carefully disentangle the origins and deter-
mine the dominant processes.

This study conducted the detailed analysis and modeling toward the po-
larized emission on the AS 209 and HL Tau disks, whose origins have been
largely uncertain so far. In considering the origins, we newly include the ef-
fect of gas-flow alignment (Gold and helicity-induced) models, which have
not been considered as candidate models so far. In the following, we explain
what is new in this study.

In Chapter 2, we constructed the semi-analytical and radiative transfer
models of the grain alignment and self-scattering to interpret the 3.1 mm
polarization of the HL Tau disk. Especially, this is the first study that de-
velops the radiative transfer models of the grain alignment. The analysis
revealed that the HL Tau polarization can be reproduced by the combination
of the self-scattering and grain alignment models and the maximum grain
size reach amax = 130 µm. Furthermore, we also revealed that the prolate
grain model is preferred rather than the oblate grain model.

In Chapter 3, new observation and data reduction for 870 µm polariza-
tion of the AS 209 disk were conducted. In interpreting the polarization, we
proposed the new analysis to investigate the presence of systematic angular
deviation from the circular or elliptical pattern and we significantly detected
the deviation. The angular deviation is consistent with the model, where the
radially drifting dust grains are aligned by the gas flow on the dust grains
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at 120 au. Moreover, the directions of the angular deviations are consistent
with the alignment model with prolate grains, not oblate grains.

Through both the studies, for the first time, we revealed that both the
grain alignment and self-scattering simultaneously contribute to the (sub)millimeter-
wave polarization in disks. Furthermore, we also found that the aligned
grains are prolate but not oblate, although this contradicts some theoretical
predictions as explained in Section 2.4 and 3.4.

4.2 Common View on the Two Disks

We describe implications on the grain sizes and the alignment processes in
the HL Tau and AS 209 disks. We detect the polarized emission that prob-
ably comes from thermal emission of aligned grains for both of the disks
although some questions remain for the origin. A major difference between
the observations is the wavelengths in which the thermal emission by the
aligned grains dominates. The grain alignment works in the AS 209 at λ ∼
870 µm on the AS 209 disk. On the other hand, on the HL Tau disk, emission
by the aligned grains dominates at longer wavelength λ ∼ 3.1 mm while the
scattering-induced polarization dominates in the shorter wavelengths at λ ∼
870 µm and 1.3 mm.

This indicates that the sizes of the aligned grains are different between the
two disks. Kirchschlager, Bertrang, and Flock (2019) have calculated the ab-
sorption opacity for the major/minor axes of the elongated grains to predict
the polarization fraction as a function of grain sizes, axis ratio, and porosity.
One of the findings in their work is that when the grain sizes are much larger
than the observation wavelengths, net polarization fraction becomes negli-
gible. It is because that the emission with the short wavelengths is equally
absorbed by the grain major/minor axes, resulting in zero net polarization
fraction. They estimated the grain size range in which the polarization by
aligned grains to amax < 8λ for silicate grains.

With these results, we obtain some implications on the grain sizes in both
of the disks. Because the thermal emission of the aligned grains is observed
at λ = 870 µm on the AS 209 disk, the upper limit of the grain sizes is roughly
estimated to amax ≲ 100 µm. On the other hand, the emission is observed at λ
= 3.1 mm whereas the little alignment signatures are observed at the shorter
wavelengths, indicating that the lower and upper bound of the grain sizes
are roughly 100 µm ≲ amax ≲ 300 µm. Therefore, we find that the grain sizes
in the HL Tau disk are larger than those in the AS 209. We also find that
the grain size constrained by the alignment signatures are roughly consistent
with that constrained by the scattering model. We here emphasize that the
discussions are somewhat qualitative. Since the polarization fractions are
strongly influenced by the beam dilution, constraining the sizes or axis ratio
of the aligned grains needs higher resolution observations especially for the
AS 209 disk. Detailed modeling as is done in this study for higher quality
images would sophisticate the above discussions.

Another common result is that the model of the aligned grains prefer to
prolate model rather than the oblate model, suggesting that the dust grains
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do not spin about any external sources. This picture is obviously different
from that in the ISMs and star-forming clouds, where the dust grains are
aligned by magnetic fields, which is triggered by the dust spinning. Our
results indicate that the tendency of the dust spinning, which is called “he-
licity”, disappear through the grain growth processes and that the different
alignment mechanisms drive among the regions with the different spatial
scales.

The theoretical models that predict the prolate aligned grains are only
gas-flow alignment proposed by Gold (1952). However, this scenario pro-
vokes several inconsistencies regarding the grain size, dynamics, and align-
ment processes as explained in Sections 2.4 and 3.4. Therefore, no alignment
models cannot reproduce our obtained results without the explained incon-
sistencies, posing questions of our understandings of the grain alignment
and/or dynamics.

As well as the two objects, for example, DG Tau, Haro 6-13 (Harrison
et al., 2019), show the azimuthal polarization morphology and comparable
polarization fraction between the disk minor and major axes at 3.1 mm. As a
natural extension of our findings, these features can be also reproduced with
the grain alignment with the prolate grains and the self-scattering models.
This indicates that the prolate aligned grains are typical in the other disks.
This study provides the first step toward such comprehensive studies. As a
summary, new findings for each object are illustrated in Figures 4.1 and 4.2.

FIGURE 4.1: Summary of the interpretation of the polarized
emission for the HL Tau disk.
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FIGURE 4.2: Summary of the interpretation of the polarized
emission for the AS 209 disk.

4.3 The Implications on the Grain Growth Scenar-
ios

Theoretically, as explained in Chapter 1, the coagulation process of the dust
grains is poorly understood. To improve the theoretical models, the observa-
tional constraints on the grain sizes and shapes are essential. The millimeter-
wave polarization observations including our studies have revealed that the
maximum grain sizes are on the order of ∼100 µm in the disks, where the
scattering-induced polarization was detected (e.g. Bacciotti et al., 2018; Cox
et al., 2018; Girart et al., 2018; Harris et al., 2018; Hull et al., 2018; Lee et
al., 2018; Ohashi et al., 2018; Sadavoy et al., 2018a; Sadavoy et al., 2018b;
Dent et al., 2019; Harrison et al., 2019; Ohashi and Kataoka, 2019). The fact
that 100 micron-sized grains are prevalent in the many disks appears curious
in terms of the theories. It is because that many growth models predict that
dust grains easily evolve into centimeter size in the outer disks, where the
water ice grains efficiently stick to each other (Brauer, Dullemond, and Hen-
ning, 2008; Birnstiel, Dullemond, and Brauer, 2010; Okuzumi et al., 2012).
This indicates that some mechanisms that prevent the steady growth need to
be invoked. For example, the latest theoretical study showed that the pres-
ence of grains with CO2 ice mantles can lead to fragmentation because the
CO2 ice is poorly sticky (Okuzumi and Tazaki, 2019).

The fact that amax ∼ 100 µm is prevalent also suggests that the reachable
dust size induced by collisional grain growth is limited to the size. To fur-
ther growth that eventually forms planetesimal and planets take place, other
mechanisms need to be invoked. As explained in Section 1.2, accumulation
of the dust grains via Streaming Instability (Youdin and Goodman, 2005),
Secular Gravitational instability (Takahashi and Inutsuka, 2014; Tominaga,
Inutsuka, and Takahashi, 2018), and other processes are proposed as promis-
ing mechanisms. That can lead to form unstable dust clump, leading to form
larger body or planets.
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One more result obtained on the polarization observations is that the elon-
gated dust grains are also prevalent, which is indicated by the grain align-
ment signatures (Girart et al., 2018; Harris et al., 2018; Lee et al., 2018; Sa-
davoy et al., 2018a; Sadavoy et al., 2018b; Harrison et al., 2019). Previous
grain growth models have not considered the evolution processes of such
aspherical grains. How the presence of the aspherical grains modify the con-
ventional growth scenario is unclear and would need to be conducted as fu-
ture work. For theoretical works, observational constraints on the grain axis
ratio, alignment efficiency, and size are essential. Although there is the de-
generacy between the axis ratio and alignment efficiency in this study, the
analysis for the polarized emission from the aligned grains, our analysis
would be a potential tool to constrain parameters.

4.4 Future Prospects

New analysis and modeling for the millimeter-wave polarization developed
in our studies can be applied to that of the other disks. Comprehensive anal-
ysis and modeling for other objects that show the azimuthal polarization pat-
tern, which is, for example, DG Tau and Haro 6-13 (Harrison et al., 2019), can
provide us clues to investigate the grain properties and alignment processes,
which are beyond our new findings. As well as the class I/II objects, the
polarized emission has been for a number of class 0/I objects (e.g. Alves et
al., 2018; Cox et al., 2018; Girart et al., 2018; Sadavoy et al., 2018a; Sadavoy et
al., 2018b). Investigating the polarization origins for the polarization enables
us to investigate the grain growth processes in the earlier evolution phases.

Observations at different wavelengths are also crucial to further constrain
the grain sizes. The ALMA polarization observations can probe the grains
with the sizes of a few hundreds of microns in Band 3, 6 and 7; however, to
constrain the population of larger or smaller grains, observations at shorter
or longer wavelengths need to be involved. For example, mid-infrared po-
larization imaging using CanariCam found the centrosymmetric polarization
pattern on the AB Aur disk (Li et al., 2016). Centimeter polarization obser-
vations using ngVLA will enable us to probe the larger grains and to resolve
the size discrepancy between the spectra and polarized emission.
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Appendix A

We describe how to construct the semi-analytical models of the grain align-
ment and self-scattering in detail whose brief explanations are described in
Section 2.2.

A.0.1 Coordinate systems and disk model

We first introduce a coordinate system to put a disk model, which is com-
monly used for computing the grain alignment and scattering models. We
define a coordinate system as shown in Figure A.1. Given a Cartesian frame
xyz, we define a disk plane in the xy-plane, which is defined with unit vectors
x⃗ = (1, 0, 0) and y⃗ = (0, 1, 0). Thus, the z-axis z⃗ = (0, 0, 1) points perpendicular
to the disk plane. Since the HL Tau is inclined with respect to the plane-of-
sky, we additionally define a image plane by rotating the disk plane by as
much as the disk inclination angle about the x-axis. We denote the directions
of line of sight, north and east with unit vectors r⃗, n⃗ and e⃗ respectively. These
can be written as follows.

r⃗ = (0,− sin i, cos i) (A.1)

n⃗ =
(⃗r × z⃗)× r⃗
|(⃗r × z⃗)× r⃗| (A.2)

e⃗ =
−⃗r × n⃗
|⃗r × n⃗| (A.3)

We substitute i = 45◦, which is the HL Tau inclination angle derived by Kwon,
Looney, and Mundy (2011), for Equation A.1 to derive the vectors in the
plane-of-sky. This rotation yields the n⃗-axis and n⃗-axis that point in the di-
rection of the minor and major axes of the disk, respectively. We note that
although the disk position angle is measured to be 135◦ (Kwon, Looney, and
Mundy, 2011), which can be expressed by rotating the image plane about
the r-axis, we do not additionally rotate the image plane. It is because our
purpose of the analysis is to reproduce the elliptical polarization pattern and
uniform polarization in the azimuthal directions, both of which are not re-
lated to the disk position angle. Thus, in the semi-analytical models, the disk
position angle is fixed at 90◦.

On the disk plane defined above, we adopt a model of radial distribu-
tions of surface density and temperature. As done in Yang et al. (2019), we
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FIGURE A.1: Schematic illustration of defined disk and image
frame. The disk plane is defined in the xy-plane and z-axis
points perpendicular to the disk plane. The image plane is ro-
tated by as much as the disk inclination angle i about the x-axis.
As a result, the e-axis, n-axis and r-axis point in the directions

of the east, north and line of sight, respectively.

adopt a model derived by Kwon, Looney, and Mundy (2011), which repro-
duced the HL Tau intensity distribution at 1.3 mm and 2.7 mm obtained on
the CARMA. In the model, the radial distributions of the temperature and
gas surface density are given with a power law radial distribution with the
exponents of p and q.

T(r) = T0

( r
rc

)−q
, (A.4)

Σ(r) = Σ0

( r
rc

)3/2−p−q/2
exp

[
−
( r

rc

)7/2−p−q/2]
, (A.5)

where rc is a characteristic radius, where the surface density starts to expo-
nentially decrease, T0 and Σ0 is the local temperature and surface density at
the radius rc.

Given Equation A.4, the distribution of the gas scale height can be de-
rived. The gas scale height is given by

H(r) =
cs

Ωk
, (A.6)

where cs is the local sound speed and Ωk is the local Keplerian angular ve-
locity. The sound speed is given by

cs =

√
kT

µmp
, (A.7)
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where µ and mp are the mean molecular weight and proton mass, respec-
tively. The Keplerian angular velocity is given by

Ωk =

√
GM∗

r3 , (A.8)

where G and M∗ are the gravitational constant and the stellar mass, respec-
tively. Substituting Equations A.7, A.8 into A.6, the scale height distribution
is given by

H(r) =

√
kTr3

µmpGM∗
. (A.9)

As a result, with Equations A.4 and A.9, the distribution of the gas scale
height is given with the power-law as

H(r) = H0

( r
rc

)3/2−q/2
, (A.10)

where H0 is the scale height for the gas at rc. We adopt a set of parameters that
Kwon, Looney, and Mundy (2011) found best fit the CARMA observations:
rc = 79 au, p = 1, and H0 = 16.8 au.

A.0.2 Semi-analytical model of the alignment models (pro-
late and oblate grains)

In this section, we introduce the details of the grain alignment models. First,
we put vector fields, which align the dust grains, on the disk explained
above. Then, the models of prolate and oblate grains, both of which are de-
veloped by Draine (2003), are adopted to the disk.

To provide the polarization orientations on the disk, we define vector
fields

−→
V (x, y, z), which aligns elongated dust grains. As explained in the

former section, the Gold alignment model predicts that gas flow on grains
makes their long axes parallel to the flow. Therefore, to produce the az-
imuthal polarization morphology, the background vector filed needs to be
in azimuthal (circular) as given by,

−→
V (x, y, z) = (−y/r, x/r, 0), (A.11)

where r denotes a distance from the center in the disk plane with r =
√

x2 + y2.
The helicity-induced alignment model, on the other hand, predicts that the
long axes of the elongated grains are aligned with the direction perpendicu-
lar to vector fields. Therefore, if the aligned grains are oblate, the background
field is radial as written by

−→
V (x, y, z) = (x/r, y/r, 0). (A.12)

Given the vector fields, we compute how polarization orientations would
be observed when elongated grains are aligned by the vector fields defined



84 Appendix A. Appendix A

as Equations A.12 and A.11. The polarization orientations, as well as the
polarization fractions, are determined by the vector fields projected on the
plane-of-sky (or image plane). We thus need to decompose the vector fields
V⃗ into components V⃗∥ and V⃗⊥, each of which is parallel to the line of sight
and plane-of-sky and is given by

V⃗∥ = V⃗ · r⃗ (A.13)

V⃗⊥ = V⃗ − V⃗∥. (A.14)

We derive the polarization angles, which are measured from the north
axis to the east axis. As explained above, the alignment axes of prolate grains
are parallel to the plane-of-sky components of the vector fields. Thus, when
aligned grains are prolate, the polarization angles ϕp equals to the angles,
which V⃗⊥ makes with n⃗, and they are given by

ϕp = arccos
V⃗⊥ · n⃗
|V⃗⊥|

, (A.15)

where assumed vector field V⃗ is circular (Equation A.11).
When the aligned grains are oblate, on the other hand, the alignment axis

is perpendicular to the plane-of-sky components of the vector fields. Thus,
the polarization angle is derived only by adding 90◦ to Equation A.15 as

ϕp = arccos
V⃗⊥ · n⃗
|V⃗⊥|

+ 90◦, (A.16)

where assumed vector field V⃗ is radial (Equation A.12).
By using the equations above, we can derive the expected polarization

angles for both of the prolate and oblate grain models at all positions in the
image plane. In the next subsection, we derive the polarization fraction at
each location in the disk, which is dependent on the angles that the alignment
axes make with the line of sight.

A.0.3 Polarization fraction of the prolate and oblate grains

To derive the polarization fraction in the disk, we need to assume the size,
composition, and shape of the aligned grains. As introduced in Yang et al.
(2019), we use grain models derived by Lee and Draine (1985). The polariza-
tion fraction at each location p(x, y) is given by

p(x, y) =
p0 × sin2 id(x, y)

1 + p0 × cos2 id(x, y)
, (A.17)

where p0 is maximum polarization fraction and id(x, y) is the angle between
alignment axis and line of sight. When oblate grains are viewed edge-on,
which is the case id = 90◦, the most efficient polarization are expected at
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p(x, y) = p0. Conversely, when they are viewed face-on, no polarized emis-
sion is expected since id = 0◦. Substituting the viewing angles calculated at
each location, the polarization fraction can be derived at all locations in the
disk.

For the prolate grain model, where the long axes of the grains are paral-
lel to the alignment axes, the polarization fraction at each position p(x, y) is
derived as follows

p(x, y) =
p0 × sin2 id(x, y)

1 − p0 × cos2 id(x, y)
(A.18)

for small grains (Lee and Draine, 1985). In this model, the polarization frac-
tion reaches maximum when the long axes of the grains are parallel to the
plane-of-sky, whereas no polarization are expected when the axes are per-
pendicular to the plane-of-sky.

The polarization fraction and morphology can be computed with Equa-
tions A.15 and A.18 for the prolate grains, and A.16 and A.17 for the oblate
grains. Since the disk model and background field is fixed, the parameter
that determines the contribution to polarized emission is just the intrinsic
polarization fraction p0. To create the Stokes Q and U intensity for the align-
ment model, Stokes I intensity needs to be multiplied. As explained in the
following, we use the Stokes I emission derived in the scattering model. In
the next section, we additionally reconstruct the scattering model developed
by Yang et al. (2016).

A.0.4 Source function of scattered waves

In this section, we reproduce the Yang et al. (2016) model of the scattering-
induced polarization in inclined disks. We use the same coordinate systems
of the disk and image plane as in the alignment model illustrated with Figure
A.1. The model assumes that dust grains scatter incoming thermal emission
from surrounding grains whose temperature is T.

To facilitate the computation of the model, the model put three assump-
tions: (1) the emission is optically thin at all radii (2) the thermal emission
from dust grains is described with the Rayleigh-Jeans law so that the Planck
function Bν(T)is

Bν(T) =
2ν2kT

c2 , (A.19)

where k is the Boltzmann constant, and c is the light speed. (3) the only last
scattering contributes to resultant scattered emission.

Note that these assumptions are necessarily not applicable to the HL Tau
disk. Especially, Carrasco-González et al. (2019) has revealed that the HL
Tau disk is optically thick even at the millimeter wavelengths contrary to the
assumption (2). However, as explained in Section 1.2, we intend to inves-
tigate whether the scattering can solve the discrepancy between the theory
and observation, and thus such approximations are not problematic for the
purpose.
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With the assumptions, we can derive source functions of all Stokes pa-
rameters except Stokes V. We suppose a situation that a dust grain at the
position r scatters the emission coming from a direction polar angle θ and the
azimuthal angle ϕ as illustrated in Figure A.1. The intensity of the scattered
emission can be derived by an integration of the source function Ss along the
line of sight (i.e. r-axis). The Source function Ss is given by

Ss (⃗r) =
1
σs

∫ dσ

dΩ
I (⃗r, θ, ϕ)dΩ, (A.20)

where I (⃗r, θ, ϕ) is the intensity of the unpolarized thermal emission seen by
the scattering dust grains at a location r⃗ along a direction θ and ϕ, σs is scat-
tering cross section, which is integrated with the solid angle Ω, and dσ/dΩ is
the differential scattering cross section, which denotes how much the grains
scatter the incoming emission I (⃗r, θ, ϕ) into the line of sight.

The incoming emission to be scattered I (⃗r, θ, ϕ) is given by an integration
of the grain thermal emission over the optical depth along the direction (θ,
ϕ). We denote the distance from the scatterer along the direction (θ, ϕ) with l
and thus the unpolarized radiation is given by

I (⃗r, θ, ϕ) =
∫

Bν(T)dτabs =
∫

κabs (⃗rl)
2ν2kT

c2 ρ(⃗rl)dl, (A.21)

where dτabs = κabsρ(⃗rl)dl is the absorption optical depth, which is the product
of the absorption opacity κabs, mass density of the grains ρ at a location r⃗l, and
the short length along direction (θ, ϕ) dl.

By substituting Equation A.21 into Equation A.20, the source function of
the scattered emission is rewritten by

Ss (⃗r) =
2ν2k
c2σs

∫ 2π

0
dϕ

∫ ∞

0
dl

∫ π

0
dθ

dσ

dΩ
κ(⃗rl)ρ(⃗rl)T(⃗rl) sin θ. (A.22)

To compute the integration A.22, we need to adopt some modifications to the
equation. First, Yang et al. (2019) divided the source function A.22 into two
components, S0 and S∞, as follows

Ss (⃗r) = Ss,0 + Ss,∞, (A.23)

where

Ss,0(⃗r) ≡
2ν2k
c2σs

∫ 2π

0
dϕ

∫ H

0
dl

∫ π

0
dθ

dσ

dΩ
κ(⃗rl)ρ(⃗rl)T(⃗rl) sin θ (A.24)

and

Ss,∞ (⃗r) ≡ 2ν2k
c2σs

∫ 2π

0
dϕ

∫ ∞

H
dl

∫ π

0
dθ

dσ

dΩ
κ(⃗rl)ρ(⃗rl)T(⃗rl) sin θ, (A.25)

each of which denotes the contribution to the incoming emission to be scat-
tered at the location r⃗ from two distinct regions: §s,0 takes into account the
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contributions from a region within a local distance on the order of dust scale
height H(⃗r), while §s,∞ does the whole contribution from a region beyond a
local scale height. We hereafter refer to the two contributions as near- and
far-contribution, respectively.

To compute the contributions given by Equations A.24 and A.25, Yang et
al. (2019) additionally assumes that (4) the disk is geometrically thin along
the direction z⃗, (5) the absorption opacity κabs is constant at all locations, and
that the mass density ρ and temperature T are uniform within a distance on
the order of the local scale height H(⃗r). The assumption (3) enables to confine
the unpolarized radiation direct to the scatterer to δθ ∼ 2Hl/l around θ =
π/2. Moreover, with the assumption (4) and (5), the quantities ρ and κabs can
be moved outside the integral. Adopting the disk model explained above,
Equation A.24 is rewritten by

Ss,0(⃗r) =
2ν2kκabsΣ(⃗r)T(⃗r)

c2 . (A.26)

For the far-field contribution denoted by S∞, the assumption (3) enables
to integrate over the polar angle θ in Equation A.25, and the assumption (4)
move κabs to the outside of the integration. As a result, Equation A.25 is
rewritten by

Ss,∞ (⃗r) ≈ 2ν2kκabs
c2σs

∫ π

0
dϕ

dσ

dΩ

∫ ∞

H
dl

2ρ(⃗rl)H(⃗rl)T(⃗rl)

l

=
2ν2kκabs

c2σs

∫ π

0
dϕ

dσ

dΩ

∫ ∞

H
dl

Σ(⃗rl)T(⃗rl)

l
,

(A.27)

where Σ(⃗rl) is the surface density at a location r⃗l, which is given by Σ(⃗rl) =
2ρ(r⃗l)H(⃗rl).

The last quantity to determine is the differential cross section dσ/dΩ.
Yang et al. (2016) assumed that the scatter scattering follows Rayleigh ap-
proximation, which is applicable when the grain sizes are smaller than the
observation wavelength. This approximation yields the differential equation
as to be

dσ

dΩ
=

3σs

16π
(1 + cos2θs), (A.28)

where θs is the scattering angle, which the incoming emission along the di-
rection (θ = 90◦, ϕ) makes with the line of sight (i.e. along the r⃗). When we
define an unit vector, which points in a direction of the incoming emission
with I⃗ = (sin ϕ, sin ϕ, 0) (see Figure A.1), the scattering angle θs is given by

cos θs = I⃗ · r⃗ = sin i cos ϕ (A.29)

The scattered emission is partially polarized with a fraction of p, which is
given by

p =
1 − cos2θs

1 + cos2θs
. (A.30)
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When the scattering angle is θ = 90◦, the scattered emission is fully polarized
since p = 1.

As done in Section 1.2., the polarization angle is measured from the n-
axis to the e-axis. Since the polarization direction is perpendicular to the
incoming emission that is projected on the plane of sky, we decompose the
emission vector to the vectors that direct to the line of sight I⃗∥ and that lie in
the plane of sky with I⃗⊥. They are given by

I⃗∥ = (⃗I · r⃗)⃗r = sin ϕ sin i

 0
− sin i
cos i

 (A.31)

I⃗⊥ = I⃗ − I⃗∥ =

 − cos ϕ
− sin ϕ cos2 i

− sin ϕ sin i cos i

 (A.32)

Thus, the polarization angle is given by

cos ϕ =
I⃗⊥ · n⃗
| I⃗⊥|

=
cos i cos ϕ√

sin2 ϕ + cos2 i cos2 ϕ
. (A.33)

The intensity of the polarized emission is expressed by Stokes Q and U
parameters. They can be derived by taking into account the polarization
fraction (Equation A.30) and the polarization angles (Equation A.33) to the
source function of the scattered emission (Equation A.27). The source func-
tions of the Stokes Q and U are given by

SQ,∞ (⃗r) ≈ 2ν2kκabs
c2σs

∫ 2π

0
dϕ

dσ

dΩ

∫ ∞

H
dl

Σ(⃗rl)T(⃗rl)

l
p(θs) cos 2ϕPA (A.34)

SQ,∞ (⃗r) ≈ 2ν2kκabs
c2σs

∫ 2π

0
dϕ

dσ

dΩ

∫ ∞

H
dl

Σ(⃗rl)T(⃗rl)

l
p(θs) sin 2ϕPA (A.35)

Since we assume the optically thin emission at all radii, we can simply derive
the resultant Stokes Q and U by multiplying the source functions and scat-
tering optical depth τs = κscaΣ(⃗r)/cos i (where κsca is the scattering opacity):
Q = SQ,∞ τs and U = SU,∞ τs.

Unlike the case for the near-field contribution given by A.26, we cannot
directly integrate Equations A.27, A.34, and A.35 by hand because the inte-
gral over l includes infinitely distant field. Instead, since we have all func-
tions to be integrated in Equations A.34 and A.35, we derive the source func-
tions by summing up the product of Equations A.28, A.29, A.30 and A.33 at
each location.

Finally, we derive the Stokes I emission coming from the disk. To facilitate
the modeling, we assume that the Stokes I emission is simply originate from
direct thermal emission from the grains. Since the source function of thermal
emission is the Planck function, direct thermal emission component Id is the
product of the Planck function (A.19) and the absorption optical depth τabs =
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κabsΣ(⃗r)/cos i, as written by

Id =
2ν2kκabsΣ(⃗r)T(⃗r)

c2 cos i
(A.36)

With the obtained Stokes I, Q and U intensity, we can derive the polar-
ized intensity, polarization fraction, and polarization position angles, each of
which is given by

PI =
√

Q2 + U2, (A.37)

PF =
PI
I

, (A.38)

and
θPA =

1
2

arctan
U
Q

. (A.39)

To confirm whether the scattering model is correctly reconstructed, we re-
produce a Figure 2 in the paper Yang et al. (2016) that presents images of the
polarized intensity with the inclination angles of i = 0◦, 30◦, 45◦ and 60◦, as
shown in A.2. Comparing reconstructed model with the results in Yang et
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FIGURE A.2: Expected polarization morphology overlaid on
the polarized intensity, showing the effects of disk inclination
angles as done by Yang et al. (2016). The polarized intensity is

normalized with a units of 2Σ2
0κabsκscaν2kT0/c2.
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al. (2016), we confirm that the scattering model is successfully reconstructed
and the polarization features in the scattering model are captured explained
in Introduction Section.

A.0.5 Combined (scattering + alignment) model

In this section, we describe how to combine the alignment and scattering
models presented above. By constructing the models explained above, we
can obtain the polarization fraction and pattern for the alignment model, and
the Stokes I, Q and U intensity for the scattering model. To derive the Stokes
Q and U intensity for the alignment model, we use the Stokes I intensity
provided in the scattering model and multiply that with polarization fraction
p(x, y) as written by

Q = I(x, y)p(x, y) cos ϕp (A.40)

U = I(x, y)p(x, y) sin ϕp, (A.41)

where the Stokes I, p(x, y) and ϕp are given by Equations A.36, A.18 and
A.15 for the prolate grains. (For the oblate grains, p(x, y) and ϕp are given by
Equations A.17 and A.16.)

To create the combined model, we compute the sum of Stokes Q and U in-
tensity derived for each model. When combining the models, the controllable
parameters that determine the intensity of scattered and thermal emission
of the aligned grains are absorption/scattering opacity (κabs and κsca) and
the intrinsic polarization fraction of the aligned grains (p0). The polarization
fraction and morphology in the combined model are determined by how the
alignment and scattering contribute to the polarized emission. Between the
three parameters, the absorption opacity κabs determines the absolute inten-
sity for both the emission but does not determine the flux contribution from
each emission because the parameter is equally involved in both of the emis-
sion. On the other hand, the scattering opacity κsca and the intrinsic polar-
ization fraction p0 are involved only in the intensity of scattered and thermal
emission of the aligned grains, respectively. Therefore, the resultant polar-
ization fraction and morphology can be modified by changing the parameter
κsca and p0. We construct the combined model with changing the parame-
ters and compare it with the observed images after the beam averaging is
adopted.
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We describe how to construct the radiative transfer models of the grain align-
ment and self-scattering in detail whose brief explanations are described in
Section 2.2.

B.1 Method (Radiative transfer modeling)

In section 3.3, by computing the semi-analytical model, we find that the po-
larization feature on the HL Tau disk at 3 mm can be reproduced by the mix-
ture of the grain alignment and self-scattering model. Moreover, we also
find that the Gold alignment model is preferred rather than helicity-induced
alignment model.

In this section, to further examine the conclusions and constrain the grain
sizes and shape quantitatively, we perform radiative transfer calculations
with RADMC-3D (Dullemond et al., 2012). First, we perform Stokes I mod-
eling to reproduce the observed continuum image obtained on the ALMA
polarization observation. Then, we include the effect of thermal emission
from the aligned and elongated grains. We also distinctly develop the self-
scattering model. Finally, we combine the created Stokes I, Q, and U images.

B.1.1 Previous RAT model

In constructing semi-analytical models, we have used the disk model that
fit the multiband observation using CARMA in 1.3 mm and 2.7 mm wave-
length (Kwon, Looney, and Mundy, 2011). We first investigate whether the
previous model can reproduce the Stokes I image obtained on the ALMA
polarization observation in Band 3. Figure B.1 presents the Stokes I image
obtained on the ALMA polarization observation, the RAT model developed
by Kwon, Looney, and Mundy (2011), and residual map, which is observed
Stokes I subtracted with the RAT model. The residual map shows that es-
pecially in the outer region of the disk, the model excessively produces the
Stokes I emission. Therefore, we find that although the model is the best for
the continuum obtained on CARMA, it does not necessarily reproduce the
Stokes I emission obtained on the ALMA observation. Thus, we develop a
new RAT model that can reproduce the tokes I image obtained on ALMA.

Note that recent studies have developed sophisticated RAT models that
constrain multi-ringed and gaped structures revealed by the high resolution
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FIGURE B.1: The image of Stokes I emission obtained on
ALMA (left panel), modeled image based on the previous RAT
modeling (central panel), and residual map, where the ob-

served Stokes I subtracted with modeled Stokes I.

observation (Pinte et al., 2016; Liu et al., 2017; Carrasco-González et al., 2019).
However, the models require huge amounts of grid points for the disk sub-
structure and machine- and time-demanding. Thus, we develop the geomet-
rical model assuming smoothed surface density without any substructure.
This approach is reasonable because we intend not to reproduce the detailed
structure of the disk but the polarization features obtained on the ALMA ob-
servation with the coarse angular resolution compared to ALMA Partnership
et al. (2015).

B.1.2 New RAT model in this study

To reproduce the observed Stokes I image, we model the radial profile of
the optical depth τ. Modeling τ profiles has an advantageous in enabling
to model the brightness without assuming grain model. The τ profile to be
modeled is derived with

τobs(r) =
TB(r)
T(r)

, (B.1)

where TB(r) is the brightness temperature profile and T(r) is the temperature
profile. Assuming Rayleigh-Jeans law, the brightness temperature profile is
given by

TB(r) =
4 ln 2
2πk

λ2

θMAθMI
Fν(r), (B.2)

where θMA and θMI are the full widths at half power of the major and minor
axes of the beam and Fν is the observed flux density. To derive the τ profile,
the other temperature profile T(r) needs to be specified. We use the tem-
perature profile that is used in Okuzumi and Tazaki (2019), which is given
by

T(r) = 310
( r

1 AU

)−0.57
K. (B.3)
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FIGURE B.2: The τ profiles derived with Equation B.1, B.2 and
B.3. The blue and orange plots show the profiles for the contin-
uum images obtained with high resolution observation ALMA
Partnership et al. (2015) and polarization observation Kataoka

et al. (2017), respectively.

We derive the τ profiles by inserting Equations B.2 and B.3 into B.1. Figure
B.2 presents the derived profiles for the two continuum images obtained by
Kataoka et al. (2017) and ALMA Partnership et al. (2015).

We model the derived τ profiles by assuming the power-law radial distri-
bution with the exponents of γ1 and γ2 as given by,

τmodel(r) = τ0

( r
1 AU

)−γ1
exp

[( r
rc

)−γ2]
, (B.4)

where τ0 is the optical depth at a location r = 1 au, rc is the characteristic
radius, beyond which the optical depth starts to exponentially decreases. The
parameters to be determined are those four parameters (τ0, rc, γ1, γ2)

We search a model that best fits the profile obtained on the polarization
observation as follows. First, we fix one of the exponents parameters γ1 that
determines the profiles in the central region and change the other parameters
to search a best model. Then, with the best fit parameter set, we make the
convolved Stokes I image and subtract it from the observed image. The tried
parameters are listed in Table B.1

Figure B.3 shows the models with the parameters in B.1 overlaid on the
τobs profiles in B.2. The profiles of the model 1 and 2 are obviously so shallow
in the inner r < 30 au region, where large residuals remain in the inner re-
gion. Thus, larger γ1 is needed to produce steeper τmodel profile in the radial
direction.

Repeating the changes of γ1 and the fitting, we evaluate the residual lev-
els for each model. As a result, we find that the model 5 is the best model in
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TABLE B.1: List of the tried parameters to fit the optical depth
τobs profile

Model No. τ0 rc γ1 γ2

1 0.0 -2.0 84.4 0.28
2 0.5 -3.2 112.1 1.4
3 0.8 -4.8 123.5 4.2
4 0.9 -5.6 126.5 6.2
5 1.0 -6.6 129.2 9.0
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FIGURE B.3: The τobs profiles overlaid with the τobs assuming
the parameter sets in B.1.

the tried parameter sets. Figure 2.2 presented in Section 2.2 shows the images
of observed and modeled Stokes I produced by the model 5 and residual as
done in Figure B.1

We note that there remains still residuals with the significant levels (∼25
× σI). Moreover, the residuals show azimuthal variations between the near
and far side of the disk, which is possibly due to more complex geometry
than that in the assumed model. Although the origin of the residuals is un-
certain, given the limited angular resolution and simplified model, we do not
employ more detailed modeling because we intend to reproduce the polar-
ization pattern and fractions with the resolutions of ∼0.1 % that is probably
not affected by the residual level shown in Figure 2.2 in Section 2.2. Thus, we
proceed to the next step with the acquired best model in the following.
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B.1.3 Alignment model

Here, we include the effect of grain alignment in the ray-tracing to create the
Stokes Q and U images. As is explained in subsection 3.1.2, the polarization
fraction is sensitive to the grain axis ratio and viewing angle. Thus, we intro-
duce two parameters α and ϵ, which denote the grain geometrical axis ratio
and grain alignment efficiency, respectively.

We make a grain model to put on the disk by assuming the grain com-
position and size distribution. Note that in calculating the absorption and
scattering opacities, the grains are assumed to be spherical. It is because that
the Mie theory cannot be adopted non-spherical grains. We use a grain com-
position model developed by Birnstiel et al. (2018), where the grains are the
mixture of silicate, troilite, organics, and water ice. The refractive index used
in the calculation is as follows: Draine (2003) for astronomical silicate, Hen-
ning and Stognienko (1996) for troilite and refractory organics, and Warren
and Brandt (2008) for water ice. We compute the mixture of them with the
effective medium theory using the Maxwell-Garnett rule (e.g., Bohren and
Huffman (1983) and Miyake and Nakagawa (1993)). We assume the grains
have a power-law-size distribution with a power of q = -3.5 (Mathis, Rumpl,
and Nordsieck, 1977) with the maximum grain size of amax, while the mini-
mum grain size is fixed at amin = 0.05 µm.

With the assumed model, we produce the model of the polarized emis-
sion that purely comes from the thermal emission of the elongated grains.
However, one problem is that RADMC-3D cannot compute the ray-tracing
without the effect of scattering and separate the thermal emission and scat-
tered emission. Thus, to virtually switch off the scattering, the maximum
grain sizes are adjusted to where the scattering opacity is negligible com-
pared to the absorption opacity. We fix the maximum size at amax = 50 µm,
where the absorption opacity κabs = 0.5 whereas the scattering opacity κsca =
0.01. At the fixed radius, the absorption opacity is almost constant within the
range amax < λ/2π. Thus, although we change the grain size in the scatter-
ing model, the contribution from the thermal emission of the aligned grains
changes little compared to that of the scattered emission.

The apparent grain axis ratio of the elongated grains deviates from its
original ratio when they are viewed inclined. It depends on the viewing an-
gle, and thus changes location to location in the disks. Thus, we next develop
an elongated grain model, which correctly describes the dependence. Figure
B.4 presents the directions of the alignment axis and line of sight with the
viewing angle of θ. The viewing angle is measured counterclockwise from
the alignment axis and is given by

cos θ ≡ |⃗nalign · n⃗los|, (B.5)

where n⃗align and n⃗los are the unit vectors, which point in the directions of
alignment axis and line of sight, respectively. The alignment axis of the oblate
grains is parallel to the short axes of the grain whereas that of the prolate
grain is parallel to the long axes. Whichever the aligned grains are oblate
or prolate, the maximum polarization fraction is expected when cos θ = 0 (θ
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= 90◦), which is the case that a dust grain is viewed edge-on. On the other
hand, zero polarization fraction is expected when cos θ = 1 (θ = 0◦), which is
the case that a dust grain is viewed face-on.

FIGURE B.4: Schematic illustrations of the aligned prolate (left)
and oblate (oblate) grains, in which the alignment axis and the
line of sight are defined. The viewing angle θ is measured coun-
terclockwise from the alignment axis. The alignment axis of the
prolate grain is parallel to the long axis of the grain, whereas
that of the oblate grain is perpendicular to the short axis. The
geometrical length of the two axes are also presented lh and lv,
which is measured along the parallel and perpendicular to the

alignment axis.

To quantitatively denote the angle dependence, we introduce the func-
tions κabs,ν,x and κabs,ν,y as a function of the viewing angle θ. The functions
are written by

κabs,ν,x = κabs,νkν,x(θ) (B.6)

and
κabs,ν,y = κabs,νkν,y(θ), (B.7)

where kν,x(θ) and kν,y(θ) are the dimensionless functions, each of which de-
termines the opacity along the directions of x- and y-axis in the plane of sky.
One condition is that when the grains randomly orient, the average opacity
equals to the original opacity κabs,ν:∫ ∞

0

1
2
[κabs,ν,x(θ) + κabs,ν,y(θ)]dµ = κabs,ν, (B.8)

or equivalently, ∫ 1

0

1
2
[kν,x(θ) + kν,y(θ)]dµ = 1, (B.9)
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where µ = cos θ.
We implement an additional parameter α, which is the original axis ratio

of the aligned grains:

α =
lv
lh

=
kν,v

kν,h
, (B.10)

where lv is the length along the direction that is parallel to the alignment axis,
while lh is the length along the direction that is perpendicular to the align-
ment axis (Figure B.4). The second modification in Equation B.10 assumes
that kν,v ∝ lv and kν,h ∝ lh. With the definition, the grains with α > 1 are re-
garded as the prolate grains, whereas the grains with α < 1 is regarded as the
oblate grains. When we set α = 1 then the grain is totally spherical and no
polarization are expected.

To derive the functions kν,x(θ) and kν,y(θ), the relationship between the
grain original axis ratio (α = kv/kh) and projected axis ratio denoted with kν,x
and kν,y need to be solved. One of the parameters kν,x is always equals to
kν,h because the length lx is constant at its original length for all the viewing
angle θ.

kν,x = kν,h (B.11)

The other parameter kν,y, on the other hand, varies with the viewing angle.
This can be derived by finding linear functions with the slope of tan θ that
contact with the ellipse. When we write the elliptical function with x′2/l2

h +

y′2/l2
v = 1 and the linear function with y′ = (tan θ)x′ + c, the condition

that the two equations have multiple root is c = ±
√

l2
v cos2 θ + l2

h sin2 θ. The
opacity projected on the plane of sky kν,y corresponds to the distance of two
linear functions and is given by

kν,y =
√

k2
ν,v sin2 θ + k2

ν,h cos2 θ. (B.12)

By specifying the grain axis ratio α, we can compute the opacity for the two
grain axes with Equations B.11 and B.12 as a function of the viewing angle θ.

Finally, we derive concrete values of the function kν,x(θ) and kν,y(θ) for
each viewing angle θ. We substitute Equations B.11 and B.12 to B.9, yielding

kν,h = 2
/ ∫ 1

0
[
√

α2 sin2 θ + cos2 θ + 1]dθ, (B.13)

where we use kv = αkh. Replacing µ = cos θ, Equation B.13 is rewritten by

kν,h = 2
/ ∫ 1

0

√
α2 + (1 − α2)µ2dµ

= 2
/√

|1 − α2|
∫ 1

0

√
µ2 +

α2

|1 − α2|dµ.

(B.14)

To derive the function kν,h, we compute the integration in Equation B.14.
Since the sign of 1 − α2 changes with α in Equation B.14, the integration is
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distinctly performed for the prolate (α > 1) and oblate grains (α < 1). When
the aligned grains are prolate (α > 1),

kν,h = 2
/√

3
2
+

α2

2
√

α2 − 1
sin−1(

√
1 − 1

α2 ), (B.15)

where we use an equation
∫ 1√

x2+a2 dx = log(x +
√

x2 + a2) + C to derive
Equation B.15 (C is the integration constant). When the aligned grains are
oblate (α < 1),

kν,h = 2
/[3

2
+

√
1 − α2

2
[ α2

1 − α2 log(1 +
1√

1 − α2
)− α2

1 − α2 log(
α√

1 − α2
)
]]

,

(B.16)
where we use an equation

∫ 1√
x2−a2 dx = 1

2 [x
√

x2 − a2 − a2 log x+
√

x2 − a2]+

C to derive Equation B.16.
Figure B.5 shows the functions kx and ky for the prolate and oblate grains

derived with Equations B.15 and B.16. We substitute α = 0.85, 0.9, and 0.95 to
Equation B.15 for the prolate grains, while α = 0.85, 0.9, and 0.95 to Equation
B.16 for the oblate grains. For both of the grains, the grains seen from the
directions of the alignment axis (i.e. θ = 0◦) produce no asymmetry between
the two functions kx and ky. As the viewing angle increases, the function ky
becomes larger or smaller for the prolate or oblate grains, respectively. The
function kx, on the other hand, is constant for the all angle as described above.
The asymmetry between the two axes becomes maximum at the viewing an-
gle θ = 90◦, where the elongated grains are viewed edge-on. The shape of
prolate or oblate grain is more elongated as the axis ratio is apart from α = 1,
resulting in the larger asymmetry between the two axes. The viewing angle
of the prolate grains varies with the azimuthal directions from θ = 0◦ to θ =
i◦.

B.1.4 Grain alignment efficiency

Alignment efficiency, which denotes how well the grains are aligned by some
external sources, is another parameter to be specified. We additionally intro-
duce a parameter ϵalign to include an effect of the partial grain alignment. We
implement the partial alignment in the ray-tracing by modifying Equations
B.6 and B.7 as follows.

κabs,ν,x(θ) = κabs,ν[ϵalignkν,x(θ) + 1 − ϵalign] (B.17)

κabs,ν,y(θ) = κabs,ν[ϵalignkν,y(θ) + 1 − ϵalign] (B.18)

The case ϵ = 1 represents the situation that grains are completely aligned
with external sources, resulting in high polarization efficiency. The case ϵ
= 0, on the other hand, represents the situation that grains randomly orient
and the opacity along with the directions of the x- and y-axis equal to the
original opacity κ, resulting in no polarization. Since the parameter ϵalign



B.1. Method (Radiative transfer modeling) 99

0 20 40 60 80
Viewing angle  [degrees]

0.90

0.95

1.00

1.05

1.10
k x

, k
y

Prolate grains
 = 0.85
 = 0.9
 = 0.95

0 20 40 60 80
Viewing angle  [degrees]

0.90

0.95

1.00

1.05

1.10

k x
, k

y

Oblate grains

 = 1.15
 = 1.1
 = 1.05

FIGURE B.5: The dimensionless functions kx and ky as a func-
tion of the viewing angle θ for the prolate (left) and oblate
(right) grains. The solid lines represent the function along x-
axis kx, while the dotted lines represent the function along y-
axis ky. The three kind of the axis ratio values are color-coded
in the each panels (α = 0.85, 0.9 and 0.95 for the prolate grains,

and α = 1.15, 1.1 and 1.05 for the oblate grains).

is specified to a certain value and is constant in the whole disks, unlike the
grain axis ratio α, it does not change the degree of polarization variations in
the azimuthal directions but equally, contribute to polarized intensity in the
whole disks.

B.1.5 Scattering model

The intensity of the scattered emission depends on the scattering opacity and
phase functions, both of which depend on the grain radius. In creating the
Stokes Q and U images for the self-scattering model, the grains are assumed
to be spherical, unlike the alignment model. The polarization fraction be-
comes highest when the grain size is amax ∼ λ/2π, while it is reduced when
the grain size is larger or smaller than that radius. The contributions to the
polarized emission from the scattered emission are determined only by the
grain maximum size of amax. As done by Kataoka et al. (2015), we perform
radiative transfer calculation taking into account multiple scattering. The
created Stokes I, Q, and U images are convolved with a Gaussian beam as in
the alignment model.
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C.1 Statistical tests for examining the mechanical
alignment model

We conduct a simple statistical analysis of the polarization angles to exam-
ine (1) which circular or elliptical pattern is compatible with the observed
pattern, and (2) whether systematic angular deviations exist or not.

FIGURE C.1: The polarization angle error map and vectors. The
vectors which are used for the statistical analysis are encircled

in black.

For the analysis, each polarization angle should be independently sam-
pled without the overlap of the synthesized beam. Thus, as shown in Figure
C.1, we select the eight positions in the outer region, where the contamina-
tion from the central emission likely weak. Since the polarization angle error
is obtained at the each position, the value of χ2 can be calculated with the
following equation.

χ2 =
8

∑
i=1

{θobs,i − (θcircle/ellipse,i + ∆θcircle/ellipse)}2

σ2
θ,i

(C.1)



102 Appendix C. Appendix C

where θobs,i, θcircle/ellipse,i and σθ,i are the observed polarization angle, the po-
sition angle of the circular/elliptical tangent, and the polarization angle error
at ith position, respectively. ∆θi is weighted mean of the angular deviation
from circular/elliptical tangents at ith position, which can be estimated with
a following equation.

∆θcircle/ellipse =
8

∑
i=1

(θobs,i − θcircle/ellipse,i)
2/σ2

θ,i

1/σ2
θ,i

(C.2)

The uncertainty of ∆θcircle/ellipse, δθ can also be estimated with

δθ =
8

∑
i=1

1
σ2

θ,i
(C.3)

First, with Equations C.2 and C.3, we calculate the weighted mean of the an-
gular deviation from circular/ellipse tangents and their uncertainties. Then,
we substitute the values to Equation C.1 for the circular and elliptical cases.
Equation C.3 yields ∆θcircle = −3.◦8◦ ± 1.◦6 and ∆θellipse = −4.◦5◦ ± 1.◦6, each
of which corresponds to χ2 = 25 and 10, respectively. Thus, we conclude that
the elliptical pattern is preferred rather than the circular pattern. This is the
answer for (1) described above. At the same time, the mean value of the an-
gular deviations from the elliptical tangents is ∆θellipse = −4.◦5 ± 1.◦6, which
significantly deviates from 0. Therefore, we also conclude that there is the
systematic angular deviation from the elliptical tangents. This is the answer
for (2).
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