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Abstract

Dust polarization at (sub)millimeter wavelengths has been observed for many protoplanetary disks. Theoretically,
multiple origins potentially contribute to the polarized emission but it is still uncertain what mechanism is
dominant in disk millimeter polarization. To quantitatively address the origin, we perform radiative transfer
calculations of the mixture of alignment and self-scattering-induced polarization to reproduce the 3.1 mm
polarization of the HL Tau disk, which shows azimuthal pattern in polarization vectors. We find that a mixture of
the grain alignment and self-scattering is essential to reproduce the HL. Tau 3.1 mm polarization properties. Our
model shows that the polarization of the HL Tau at 3.1 mm can be decomposed to be the combination of the self-
scattering parallel to the minor axis and the alignment-induced polarization parallel to the major axis, with the
orders of ~ 0.5% fraction for each component. This slightly eases the tight constraints on the grain size of
~ 70 pm to be ~ 130 pm in the previous studies but further modeling is needed. In addition, the grain alignment
model requires effectively prolate grains but the physics to reproduce it in protoplanetary disks is still a mystery.
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1. Introduction

The presence of dust polarization of protoplanetary disks at
submillimeter/millimeter wavelengths has been indicated for
several protostars and T Tauri stars with the James Clerk
Maxwell Telescope (JCMT) single-channel polarimeter (Akeson
& Carlstrom 1997; Tamura et al. 1995, 1999). However, for two
decades, spatially resolved polarization has not been obtained
due to the lack of the sensitivity and spatial resolutions of the
instruments (Hughes et al. 2009, 2013) until the first detection of
the millimeter polarization 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, showing the various polarization morph-
ology and polarization fractions (Kataoka et al. 2016b, 2017;
Stephens et al. 2017; Bacciotti et al. 2018; Hull et al. 2018;
Ohashi et al. 2018; Dent et al. 2019; Harrison et al. 2019; Mori
et al. 2019).

One difficulty in interpreting the disk polarization is that multiple
mechanisms of polarization are at work at millimeter wavelengths.
One mechanism is the grain alignment, where elongated dust grains
are aligned to some directions and emit polarized thermal dust
emission. The grain alignment mechanism has been long and well
studied, especially the radiative torques (RATS) (e.g., Lazarian &
Hoang 2007). Here we only discuss which direction the grains are
aligned to because it reflects the polarization orientation. The
directions of the grain alignment may represent magnetic fields
(Davis & Greenstein 1951; Cho & Lazarian 2007), radiation
(Tazaki et al. 2017), or gas flow (Gold 1952; Lazarian & Hoang
2007; Kataoka et al. 2019). Since the grain alignment has been
mainly studied in the condition of the interstellar medium, further
discussion of the alignment physics in the protoplanetary disks is
necessary. Another mechanism that would produce polarization is
the self-scattering, where the dust grains scatter and polarize
the incoming thermal emission from other dust grains (Kataoka
et al. 2015). Dust grains with the size comparable to observed

wavelengths efficiently scatter and polarize the thermal emission.
The interpretations of the observations depend on each target.
However, the interpretation itself is one of the major issues of the
millimeter polarization of protoplanetary disks.

To interpret the dust polarization, it is essential to disentangle
the polarization mechanisms. In this paper, as one step toward
complete understanding of the polarization, we investigate the
effects of superposition of the two major polarization mechanisms,
which are the self-scattering and alignment. Especially, we model
the 3.1 mm polarization of the HL Tau disk, which has been
interpreted purely as alignment-induced polarization (Kataoka
et al. 2017), but also pointed out to be contaminated by self-
scattering (Yang et al. 2019).

HL Tau is a class I/II protostar in the Taurus star-forming
complex at a distance of 140 pc from the solar system (Rebull
et al. 2004; Robitaille et al. 2007). A notable feature of the
surrounding disk is the concentric multi-ringed structure with a
spatial scale of ~100 au (ALMA Partnership et al. 2015). The
polarization morphology at millimeter wavelengths on the HL
Tau disk shows strong wavelength dependence (Stephens et al.
2014; Kataoka et al. 2017; Stephens et al. 2017). The polarization
morphology at 870 um is parallel to the disk minor axis,
while that at 3.1 mm shows almost the azimuthal pattern. The
polarization pattern with the vectors parallel to the minor axis is
well reproduced by the self-scattering model (Kataoka et al.
2016a; Yang et al. 2016). Therefore, the 870 pum polarization has
been interpreted by the self-scattering. In contrast, the origin of the
3.1 mm polarization has been interpreted by dust alignment
because the self-scattering fails to explain the azimuthal pattern. It
has been first interpreted by grain alignment with the radiative
anisotropy (Kataoka et al. 2017; Tazaki et al. 2017), but slight
inconsistency in the morphology has also been pointed out (Yang
et al. 2019).

The switching of the polarization mechanisms between 870 yum
and 3.1 mm must be explained. That the self-scattering disappears
at 3.1 mm is an expected behavior because polarization fraction
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quickly drops if dust grains are larger than the wavelengths
divided by 27 (Kataoka et al. 2015). However, this requires the
grain size to be ~100 pm, which is not consistent with the general
SED analysis, which requests millimeter to centimeter dust grains
(e.g., Beckwith & Sargent 1991; Ricci et al. 2010). Carrasco-
Gonzilez et al. (2019) analyzed the millimeter SED of the HL Tau
disk with the effects of scattering-induced intensity reduction (Liu
2019; Zhu et al. 2019) and obtained grain size to be millimeter,
which is larger than ~100 gm. In contrast, the reason why
alignment-induced polarization is observed at 3.1 mm but
disappears at 870 um is still unresolved. One idea to explain the
transition is that the grain size is comparable to the wavelengths,
and their intrinsic polarization is strong enough to be detected at
3.1 mm but too weak at 870 yum. This happens because of the
transition from Rayleigh to Mie regime. If the grain size is much
smaller than the wavelengths, the intrinsic polarization does not
have strong wavelength dependence. If the grain size is much
larger than the wavelengths, in contrast, the polarization fraction
drops. Note that if the grain size is comparable to the wavelengths,
polarization direction becomes perpendicular to the grain
major axis because of the Mie regime (e.g., Guillet et al. 2020).
In this way, the wavelength dependence between millimeter and
submillimeter wavelengths is the key to understanding the
polarization.

Toward the full understanding of the wavelength-dependent
polarization of the HL Tau, in this paper, we focus on the
modeling the 3.1 mm polarization by the mixture of the self-
scattering and grain alignment. Yang et al. (2019) raised the
issue that neither aerodynamic nor radiative flux induced
polarization can explain the 3.1 mm polarization, and specu-
lated on possible contamination of the self-scattering comp-
onent. We quantitatively investigate how strong the self-
scattering contamination is even at the 3.1 mm band and leave
the full modeling of the three wave bands for future studies.
Note that this does not solve the issue that no alignment model
can perfectly explain the polarization, but it may change the
wavelength dependence of the self-scattering components in
the HL Tau polarization, which may have an impact on the
grain size constraints.

2. Model

We briefly describe the outline of the radiative transfer
models in this study. First, we construct a dust disk model that
reproduces the Stokes / emission obtained with the 3.1 mm
polarization observation. Then, on the constructed disk model,
we take into account the effect of the grain alignment and self-
scattering in calculating polarization.

2.1. Disk Model

Figure 1 shows the Stokes [ intensity, polarized intensity,
and polarization fraction, all of which are overlaid with the
polarization vectors. The notable features of the 3.1 mm
polarization are (1) azimuthal polarization morphology and
(2) azimuthally uniform polarization fraction at ~1%.

We construct an axisymmetric disk model that reproduces the
stokes / image 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
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radial profile of the optical depth at 3.1 mm with the form of

N 2
Tmodel () = 7-O(L) €xXp [(L) :|7 (1
lau T,

with the temperature profile of T (r) = 310(r/1 au) %7 K
(Okuzumi & Tazaki 2019). We note that both the dust surface
density and temperature are assumed to have smooth radial
distributions without any ring and gap structures observed with
the higher spatial resolution (ALMA Partnership et al. 2015)
for simplicity.

We adopt the parameter set of (¢, 7., 71, 72) = (1.0, 129.2,
6.6, 9.0), which reproduces the Stokes I emission. Figure 2
shows the images of observed and modeled Stokes I produced
assuming the parameter set and residual.

We derive the dust surface density profile 2,(r) by calculating
Y AF) = Tmodel/ Kabss WheTe Ky is the absorption opacity. As we
will describe below, the value of k. is a function of a,,,x and A
when constituent materials are determined. For the fiducial value,
we adopt Kyps (@max = 100 pm, A = 3.1 mm) = 0.0788 cm? f{1
in calculating the dust surface density.

The vertical dust density is assumed to be Gaussian
density distribution with a dust scale height h, such that
p; = Ya/N2mhgexp(—z2/2h3). We also assume that hy is the
same as the gas pressure scale height.

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

2.2. Dust Model

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 astronomical silicate,
Henning & Stognienko (1996) for troilite and refractory organics,
and Warren & Brandt (2008) for water ice. We compute the
mixture of them with the effective medium theory using the
Maxwell-Garnett rule (e.g., Bohren 1983; Miyake & Nakagawa
1993). We assume the grains have a power-law-size distribution
with a power of g = —3.5 (Mathis et al. 1977) with the maximum
grain size of ., while the minimum grain size is fixed at
amin = 0.05 um. We assume the same grain population through-
out the disk.

To reproduce polarization, we consider both alignment and
scattering-induced polarization. For the alignment-induced
polarization, we consider both prolate and oblate grains.® The
motivation to consider both models is the observed polarization
morphology. There are two ways to reproduce azimuthal
polarization vectors; effectively prolate grains with their major
axis parallel to the disk azimuthal direction and effectively
oblate grains with their minor axis parallel to the disk radial
direction. We assume the Rayleigh regime (Lee & Draine 1985)
to calculate the intrinsic polarization. This approximation holds
when the size parameter x = 27a /A < 1. We assume the grain
size up to 200 um at the wavelength of 3.1 mm, which
corresponds to the size parameter of x = 0.42, which justifies
the use of Rayleigh regime. We assume the axes ratio of the

3 Grains are believed to be spinning when they are aligned. The spinning
motion makes the grains effectively prolate or oblate ellipsoidal bodies. We call
grains prolate/oblate for simplicity but this does not rule out any complex
shapes of the dust grains.
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Figure 1. ALMA Band 3 (A = 3.1 mm) polarimetric observations 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 [ 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 o; (=34 pJy
beam"). The overlaid line segments represent the polarization vectors where the polarized intensity is larger than three times the noise level of the polarized intensity,
which is op; (=5.3 pJy beam™"). Note that the length of the polarization vectors is set to be equal. The beam has a size of 0”51 x 0741 and position angle of —6°76,

which is represented in the bottom left as an ellipse.
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Figure 2. The left panel shows the Stokes 7/ image of the observations, the central panel shows the model image, and the right panel shows the residual map where the
observed Stokes I subtracted from the model image. The contours of the left and the central panels are the same as Figure 1 and the contour of the right panel shows

the residual levels of (—10, —25) X o;.

grains to be o = 0.9 for prolate grains and oo = 1.1 for oblate
grains and that the alignment efficiency is € = 0.6. We 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. We ignore the effects of temperature for simplicity.

As pointed out by Guillet et al. (2020), to discuss the
wavelength dependence of the alignment-induced polarization,
the Mie regime is essential to be considered. In this paper,
however, we do not treat the Mie regime for simplicity and we
focus on the single band observations on the HL Tau at
3.1 mm. In the cases of further modeling at 870 ym and at
1.3 mm, the Mie regime treatment is required because the size
parameter of 200 pm grains becomes x = 1.44 at 870 um and
x =0.97 at 1.3 mm.

The scattering-induced polarization is included by turning on
the scattering 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, an.x. The self-scattering polarization is
the most effective when the maximum grain size iS dpax ~A/27
(Kataoka et al. 2015). We assume spherical dust grains for

computing self-scattering while we assume oblate or prolate
grains for computing alignment-induced polarization. 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 polarization without scattering,
therefore, we use an.x = 50 um with the scattering turned on,
where the scattering-induced polarization is negligible.

3. Results
3.1. Alignment-only Model

First, we see how the beam dilution affects the appearance of
the polarization vectors. We use the same disk model of HL
Tau but assume that the disk is observed with a face-on view,
i = 0°. The left panels of Figure 3 demonstrate the effects of
beam dilution with the face-on view. To reproduce the
azimuthal polarization pattern, the prolate grains are assumed
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Figure 3. The six panels show the polarized intensity of models with prolate and oblate grains with different disk inclinations. The top three panels show the results of
the prolate grains with their long axis parallel to the azimuthal direction and the disk inclinations are i = 0° (left), 45° (center), and 60° (right). The bottom three panels
show the same as the top but for oblate grains. The levels of contours and the line segments are the same as Figure 1 but for each model. The synthesized beam is

represented as the ellipse at the bottom left of each panel.

to be aligned with their long axis parallel to the azimuthal
direction, while the oblate grains are with their short axis
parallel to the radial direction. Both models generally show the
azimuthal pattern in polarization vectors, but the vectors at
around the central region have certain inclination angles, which
is not expected in the case without beam dilution.

Next, we see the effects of changing the disk inclination
angle on the appearance of the polarization vectors and
polarized intensity. The center and right columns of Figure 3
show the case of the inclination angles of 45°, and 60°. The
polarization vectors are almost in the azimuthal directions in
the inclination angles of 45° and 60° for both the prolate and
oblate grains, except in the central regions where the beam
dilution affects the morphology.

Yang et al. (2019) proposed that, if the disk inclination is
non-zero, we can distinguish the alignment models between
effectively prolate and oblate grains by investigating if the
polarization vectors are in the azimuthal directions (i.e.,
azimuthal pattern) or are with their normal direction toward
the disk center (i.e., circular pattern). However, as we see in
Figure 3, the difference between elliptical and circular patterns
is hard distinguish because of the beam dilution.

In contrast, the polarized intensity shows prominent differences
between the prolate and oblate grain models; the prolate grain
models show higher polarized intensity (i.e., brighter color in
Figure 3) along the minor axis than along the major axis, while the
oblate models show higher polarized intensity along the major axis.
The reason can be understood by simple geometry. Prolate grains
along the disk minor axis always show the longest axis in the
observed projected plane even if the disk inclination is changed,

while those along the disk major axis show less polarization
fraction if the disk inclination changes to be closer to edge-on view
because of the projection effects. The situation is completely
opposite in the case of oblate grains. Oblate grains along the disk
major axis always show the longest axis to observers while those
along the minor axis become fainter in higher inclination angles
because of the projection effects. Therefore, investigating the
polarized intensity pattern is a promising way to distinguish the
mechanisms between prolate and oblate models if the polarization
is purely due to the grain alignment.

Now we come back to the case of the HL Tau disk. As
shown in the central panel of Figure 1, the polarized intensity
of the HL Tau disk at 3.1 mm wavelength shows little variation
in the azimuthal direction. This is different from the models
that we discussed, where the prolate grain model shows that
polarized intensity is brighter along the disk minor axis while
the oblate model shows it is brighter along the disk major axis.
This illustrates that alignment-only models may not be able to
reproduce the observed polarized intensity pattern. This
motivates us to add another mechanism of polarization, self-
scattering, which we will discuss in the next chapter.

We note that the general properties described above hold for
the polarization fraction as shown in Figure 5 in the Appendix.
In addition, the general behavior and differences between
prolate and oblate grain models is also discussed by Yang et al.
(2019) with semi-analytical models.

3.2. Mixture of Alignment and Scattering Models

Next, we discuss a possibility that a mixture of the alignment
and self-scattering models can reproduce the HL Tau polarization
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Figure 4. The six panels show the polarized intensity of models with mixture of the grain alignment and self-scattering. The upper three panels show the case of the
combination of the aligned prolate grain and self-scattering. The prolate grain model is fixed through the three panels while the self-scattering-induced polarization is
changed by setting the maximum grain size to be a,,,, = 100 pm (left), 130 pm (center), and 200 pm (right). Note that the contribution of self-scattering is weaker for
the left panel and stronger for the right panel. The bottom panels are the same as the top panels but for oblate grains.

at 3.1 mm. The self-scattering polarization generally produces the
polarization vectors parallel to the minor axis, and the fraction is a
strong function of the grain size. Therefore, we set the maximum
grain size dp,. to be the the major parameter and change it to
reflect the strength of the self-scattering polarization. We use the
same disk models of the alignment-induced polarization of the
prolate and oblate cases, and add the self-scattering-induced
polarization.

Figure 4 shows the polarized intensity of the prolate and
oblate grain models with i = 45°. The contributions of the self-
scattering model increase by increasing a,,,x from left to right
panels while that of the alignment models is fixed.

As expected, the oblate + scattering models do not
reproduce the observation. Both polarization of the alignment
of oblate grains and self-scattering produces stronger polariza-
tion along the major axis. As a result of superposition, the
azimuthal variation becomes stronger, which is not consistent
with the observation shown in Figure 1, which shows little
azimuthal variation in polarized intensity. Instead, the prolate +
scattering model shows less azimuthal variation than the oblate
+ scattering model. This is because the prolate grain alignment
produces strong polarization along the disk major axis while
the self-scattering does so along the disk minor axis. As a result
of their superposition, the polarized intensity shows less
azimuthal variation, which is consistent with the observations.

Now the question is, how strong are the contributions of the
alignment and scattering? We focus on the prolate + scattering
model and discuss it. The top three panels of Figure 4 show the
case of different grain sizes, which correspond to difference of
contribution of self-scattering. As demonstrated in the figure, the

max = 100 um case is dominated by the alignment-induced
polarization because the polarized intensity is stronger along the
minor axis, while the a,,,x = 200 ym is by the self-scattering
because it is stronger along the major axis. The @y.x = 130 um
case shows the half-and-half contributions between alignment and
scattering, which reproduce little azimuthal variation as observed.
Therefore, we conclude that prolate + scattering model with
Amax = 130 pm best reproduces the observed HL Tau polarization
at 3.1 mm. Note that we also successfully reproduce the observed
polarization fraction with the mixture model a@,,.x = 130 um as
shown in Figure 5 in the Appendix.

4. Discussion

The main results of the radiative transfer calculations are: (1)
the HL Tau 3.1 mm polarization can be reproduced with the
mixture of the alignment and self-scattering models; and (2) the
prolate grain model can explain the observations but the oblate
model does not. In this section, we discuss the implications on
the grain properties from both alignment and scattering theories
as well as the caveats of our models.

4.1. What Can Reproduce Effectively Prolate Shape?

As discussed also by Yang et al. (2019), the effectively
prolate grain model is preferable for reproducing the HL. Tau
polarization but it is theoretically counter-intuitive. We usually
assume that grains are spinning if they are aligned, and they are
observed as effectively oblate grains.

One possible speculation for explaining the prolate grain
model is that grains are not spinning in the HL Tau disk. The
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Table 1
Summary of the Total Polarization Fraction of the Models and Observations

A (mm) PFiotai( 2 PFycar + PFajign) (%) PFca (%) PFajign (%)

oblate 3.1 1.07 0 1.07
oblate + scattering (@myax = 100 pm) 3.1 1.25 0.20 1.07
oblate + scattering (dm.x = 130 pm) 3.1 1.47 0.42 1.07
oblate + scattering (dm.x = 200 pm) 3.1 2.23 1.21 1.07
prolate 3.1 —0.55 0 —0.55
prolate + scattering (dmax = 100 pm) 3.1 —0.35 0.20 —0.55
prolate + scattering (@yax = 130 pm) 3.1 —0.12 0.42 —0.55
prolate + scattering (dmax = 200 pm) 3.1 0.68 1.21 —0.55
observation 3.1 — 0.1 < PFg < 0.1

observation 1.3 0.551 + 0.003

observation 0.87 0.619 + 0.004

Note. The first column represents the model names. \ is the wavelengths. PF,, represents the total polarization fraction, which can be decomposed to the scattering
component, PF, and the alignment component, PF,;;,,. We define positive values of the polarization fraction for the component parallel to the disk minor axis and

negative values for that parallel to the disk major axis.

only mechanism that does not assume grain spinning so far
would be the mechanical alignment with a supersonic gas flow,
which is so-called Gold alignment, where the long axis of
needle-like grains is parallel to the gas flow onto dust grains
(Gold 1952). However, the Gold alignment assumes that the
gas speed on the dust grains is supersonic, whereas it is
generally subsonic in protoplanetary disks (e.g., Cho &
Lazarian 2007). All the discussion above is phenomenological
and we need further development of general grain alignment
theory in protoplanetary disks.

Furthermore, we note that, even if the Gold mechanism is at
work, the predicted polarization pattern is not consistent with
the observations. The direction of the polarization would be
parallel to the gas flow on the frame of dust grains (Kataoka
et al. 2019), which is a strong function of the Stokes number,
which denotes how well dust grains couple to ambient gas. The
grain radius a is found to be a;,x = 130 pm in our modeling,
which gives the Stokes number to be St = 5 x 10~ with the
assumption of the gas surface density of ¥, ~20 g cm 2. With
such a small number of St much smaller than unity, the
directions of gas velocity on grains would be in the radial
directions (see Figure 2 in Kataoka et al. 2019). Note that this
discussion holds even for ring-like disks (Mori et al. 2019).
However, our modeling has found that the directions of the
relative velocity are dominantly in the azimuthal directions,
which is incompatible with the theory.

4.2. How Efficient Is the Scattering at 3.1 mm?

The size of dust grains has been constrained by modeling the
wavelength dependence of the contribution of the scattering-
induced polarization. In the case of HL Tau disk, previous
studies have assumed that the Band 7 (0.87 mm) polarization is
dominated by self-scattering while Band 3 (3.1 mm) has no
contribution of self-scattering, which results in the tight
constraint on the grain size being 70 um in size (Kataoka
et al. 2016a, 2017; Yang et al. 2016). However, we have
revealed that there is a contribution of self-scattering even for
the 3.1 mm polarization. Therefore, we discuss if our modeling
changes the interpretation of the grain size in the HL Tau disk.

To estimate the scattering component at each wavelength, as
conducted in Kataoka et al. (2017), we compute the total

polarization across the HL. Tau disk, which is given by

_J1 (minor)
PM—{_1 (major)} < (OQP + (SUPEL ()

where X1, X Q, and XU are the Stokes I, O, and U emissions
integrated for the whole disk. Here, we explicitly define the
sign of the total polarization fraction; PF,, is positive if the
position angle of the total polarization, which is calculated from
¥, and YU, is closer to the disk minor axis, while PF,; is
negative if the position angle is closer to the disk major axis.
This is motivated to be able to estimate the canceling out
effects. In the case of axisymmetric protoplanetary disks, the
position angle of polarization is usually parallel to either the
disk minor or major axes because of the symmetry. If this is the
case, defining sign with respect to the disk minor and major
axes helps to see which components dominate the total
polarization.

Table 1 summarizes the computed total polarization fraction for
the observations and models. We update the total polarization
fraction presented in Kataoka et al. (2017), who used the SMA
and CARMA data, with the ALMA data in Band 6 and 7 while its
upper limit in ALMA 3 is presented as the same as with that
study. PF,. is calculated from the final images as shown in
Figure 4 with Equation (2). We also show PF ., moqer and
PFajignmodels Which represent the total polarization of the cases
where either scattering or alignment model is calculated. As
shown in Table 1, the total polarization fraction is nearly equal to
the sum of those of the scattering and alignment components. This
illustrates the powerful estimation of the total polarization by
considering the positive and negative signs of each polarization
component.

As shown in Table 1, the oblate grain model always shows
the positive value while the prolate grain model shows the
negative value, where positive value corresponds to the
polarization parallel to the disk minor axis while negative
value corresponds to that parallel to the disk major axis. In
contrast, the self-scattering always shows positive values
because of the disk geometry. To reproduce the tight upper
limit on the absolute value of the total polarization fraction as
less than 0.1%, the oblate grain model is not favored and the
combination of the prolate model and self-scattering is the key.
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Here, we emphasize our big assumption that we do not know
the wavelength dependency of the alignment-induced polariza-
tion, and assume that there is no contribution from alignment
polarization at the wavelengths of Bands 6 and 7. To reproduce
this, we need to calculate the intrinsic polarization in the Mie
regime (Kirchschlager et al. 2019; Guillet et al. 2020), which
computationally costs. By assuming that there is no contrib-
ution of alignment-induced polarization at Bands 6 and 7, we
confirm the decreasing trend of the observed total polarization
fraction from 0.87 to 3.1 mm, which has been discussed by
Kataoka et al. (2017) partially with the SMA and CARMA
results from (Stephens et al. 2014). Furthermore, our study
revealed that the non-detection of total polarization at 3.1 mm
is explained by the combination of the alignment (—0.55%) and
the self-scattering (+0.42%), which requires modification on
the wavelength dependence of the self-scattering polarization.
However, the contribution of self-scattering to the total
polarization at 3.1 mm, which is estimated to be 0.42% in this
study, is still smaller than the 0.87 and 1.3 mm total
polarization fractions. This means that the decreasing trend of
the self-scattering polarization still holds, which supports the
idea of ~100 micron-size grains because the wavelength at
which the self-scattering polarization peaks is 0.87 mm or
shorter (see Kataoka et al. 2016a, 2017; Yang et al. 2016).

Still, there are significant differences in the size measurements
between millimeter-wave polarization and spectral indices. Latest
modeling for the continuum emission of the HL Tau disk obtained
at multiple wavelengths from 0.9 to 13 mm found the radial
gradient of the grain sizes from a,,,x = 1.5 mm in the inner region
t0 amax = 500 pm in the outer region, which is at least four times
larger than that in this study (Carrasco-Gonzdlez et al. 2019).
Plenty of differences between the two studies, for example the
observation wavelengths, angular resolutions, and modeling
methods, can affect the size measurements and partly explain the
discrepancy. Another primary difference is assumed to be
constituent materials of the dust grains, which determine refractive
indices. Because the absolute values of the absorption/scattering
opacities and their wavelength dependence are strongly sensitive to
the assumption on the composition, this can affect the measure-
ment conducted in both of the studies (Testi et al. 2014). To
reconcile the discrepancy, further modeling that assumes the same
grain composition and disk parameters should be conducted.

4.3. Caveats

In the radiative transfer calculations, the dust models are not
fully consistent between the alignment and scattering models.
When we calculate the polarization of aligned elongated grains,
we set angle-dependent absorption opacities. However, we
assume spherical dust grains that have the same absorption
opacities for elongated grains for calculating their scattering
because of the difficulties in calculating scattering opacities of
non-spherical dust grains.

5. Conclusions

The origin of the polarized emission of the HL Tau disk at
3.1 mm has been debated in previous works. We have focused
on the 3.1 mm polarization of HL Tau, which shows the
azimuthal pattern of polarization vectors, and have conducted
radiative transfer simulations for the 3.1 mm HL Tau polariza-
tion. Our main findings are as follows.

Mori & Kataoka

1. By radiative transfer simulations, we confirmed that
alignment-induced polarization cannot reproduce the
3.1 mm polarization feature of the HL Tau disk as
discussed by Yang et al. (2019) with a semi-analytical
model.

2. Next, we ran models of the mixture of the grain alignment
and self-scattering and found that the combination of the
effectively prolate grain emission and self-scattering can
reproduce the observations. However, the combination of
the effectively oblate grain emission and self-scattering
cannot reproduce the polarization. Our model shows that the
total polarization fraction at 3.1 mm can be understood by
the combination of 0.42% polarization due to the self-
scattering, which is parallel to the disk minor axis, and
0.55% of the alignment-induced polarization, which is
parallel to the disk major axis.

3. We found that the maximum size of the scattering dust
grains i a@pax ~130 pum to reproduce the azimuthally
uniform polarization fraction. This size is consistent with
that obtained on the polarization observation in Bands 6
and 7. However, the size is a few times smaller than that
measured by the multi-wavelength continuum analysis
(Carrasco-Gonzdlez et al. 2019). We confirmed that
effectively prolate grain models are preferable to oblate
grain models to reproduce the 3.1 mm polarization of HL
Tau. However, the physical model to reproduce the
situation is still uncertain.

We note that while the radiative transfer calculations have been
performed for explaining the 3.1 mm polarization of the HL
Tau disk, further modeling of the multi-wavelength polariza-
tion with the results at 870 ym and 1.3 mm is required in future
studies. Modeling of the multiband polarization observations
will provide the spectrum of alignment and scattering
efficiency, which will enable us to further constrain the grain
sizes and shapes.
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us to conduct the modeling work. We are also deeply grateful
to Takashi Miyata, Takafumi Kamizuka, and Ryou Ohsawa for
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JSPS KAKENHI Numbers 18K13590 and 19H05088. ALMA
is a partnership of ESO (representing its member states), NSF
(USA) and NINS (Japan), together with NRC (Canada), MOST
and ASIAA (Taiwan), and KASI (Republic of Korea), in
cooperation with the Republic of Chile. The Joint ALMA
Observatory is operated by ESO, AUI/NRAO, and NAOJ.

Facility: ALMA.

Appendix
The Polarization Fraction in the Mixture Models
(Alignment + Self-scattering)

Figure 5 shows polarization fraction mixture of the grain
alignment and self-scattering. As well as Figure 4 in Section 3,
the model with prolate grains and a,,,x = 130 pum (top-central
panel) successfully reproduces the azimuthally uniform
polarization fraction with ~1%-2%, whereas other models
predict significant azimuthal variations.



THE ASTROPHYSICAL JOURNAL, 908:153 (8pp), 2021 February 20

[%]

00 05 1.0 15 20 25 3.0 0.0 05

1.0

Mori & Kataoka

[%]
15

[%]

20 25 3.0 00 05 10 15 20 25 3.0

Prolate + scattering (amax = 100 um)

A DEC [arcsec]

Prolate + scattering (@amax = 130 um)

Prolate + scattering (amax = 200 um)

1_

o

A DEC [arcsec]

I
=

A RA [arcsec]

A RA [arcsec]

A RA [arcsec]

Figure 5. Same as Figure 4, but for polarization fraction.
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