THE ASTROPHYSICAL JOURNAL, 820:54 (8pp), 2016 March 20

© 2016. The American Astronomical Society. All rights reserved.

doi:10.3847,/0004-637X /820/1/54

CrossMark

GRAIN SIZE CONSTRAINTS ON HL TAU WITH POLARIZATION SIGNATURE

AKIMASA KATAOKAI’Z, TAKAYUKI MUTOB, MUNETAKE MOMOSE4, TAKASHI TSUKAGOSHI4, AND CORNELIS P DULLEMOND'
Zentrum fiir Astronomie der Universitdt Heidelberg, Institut fiir Theoretische Astrophysik, Albert-Ueberle-Str. 2, D-69120 Heidelberg, Germanys;
kataoka@uni-heidelberg.de
% National Astronomical Observatory of Japan, Mitaka, Tokyo 181-8588, Japan
3 Division of Liberal Arts, Kogakuin University, 1-24-2 Nishi-Shinjuku, Shinjuku-ku, Tokyo 163-8677, Japan
4 College of Science, Ibaraki University, 2-1-1 Bunkyo, Mito, Ibaraki 310-8512, Japan
Received 2015 July 31; accepted 2016 February 4; published 2016 March 17

ABSTRACT

The millimeter-wave polarization of the protoplanetary disk around HL Tau has been interpreted as the emission
from elongated dust grains aligned with the magnetic field in the disk. However, the self-scattering of thermal dust
emission may also explain the observed millimeter-wave polarization. In this paper, we report a modeling of the
millimeter-wave polarization of the HL Tau disk with the self-polarization. Dust grains are assumed to be spherical
and to have a power-law size distribution. We change the maximum grain size with a fixed dust composition in a
fixed disk model to find the grain size to reproduce the observed signature. We find that the direction of the
polarization vectors and the polarization degree can be explained with the self-scattering. Moreover, the
polarization degree can be explained only if the maximum grain size is ~150 pm. The obtained grain size from the
polarization is different from that which has been previously expected from the spectral index of the dust opacity
coefficient (a millimeter or larger) if the emission is optically thin. We discuss that porous dust aggregates may
solve the inconsistency of the maximum grain size between the two constraints.
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1. INTRODUCTION

Protoplanetary disks are believed to be the birthplace of
planets. Due to the high spatial dust density, submicron-sized
dust grains coagulate to form larger bodies, and ultimately form
planets in the disks (e.g., Weidenschilling 1977; Hayashi 1981).
Thus, observational constraints on the grain size in proto-
planetary disks are essential to directly investigate the ongoing
planet formation.

The grain size in protoplanetary disks has been constrained
with the spectral index of the dust opacity coefficient at
millimeter wavelengths (e.g., Beckwith et al. 1990; Beckwith
& Sargent 1991; Miyake & Nakagawa 1993; Andrews &
Williams 2005; Isella et al. 2009; Ricci et al. 2010a, 2010b; van
der Marel et al. 2013). The opacity index at millimeter
wavelengths in protoplanetary disks has been shown to be as
low as 0—1, which indicates that the grain size in protoplanetary
disks is of the order of a millimeter or larger (e.g., Draine 2006).
In addition, even at some of the envelopes of protostars, the
opacity index is indicated to be as low as the later stage of
protoplanetary disks, which suggests that the dust grains are
grown to a millimeter in size even in the early phase of the
protoplanetary disks (Miotello et al. 2014) although the
modeling contains large uncertainties. However, the low
opacity index can also be explained with optically thick disks
(e.g., Ricci et al. 2012), irregularly shaped grains (e.g., Min
et al. 2005, 2007), or different chemical composition of the
grains (e.g., Pollack et al. 1994; Mennella et al. 1998;
Jones 2012). Therefore, there are still large uncertainties of
constraints on the grain size in protoplanetary disks.

Recently, an independent method to constrain the grain size
in protoplanetary disks has been proposed. Kataoka et al.
(2015) proposed that millimeter-wave emission is partially
polarized due to the self-polarization if the following two
conditions are satisfied. The first condition is that dust grains
must have sizes comparable to the wavelengths for the

scattering efficiency to be large enough to produce the scattered
emission. The second is that the thermal dust emission has
anisotropic distributions so that the thermal dust emission is
scattered by dust grains themselves and to show the residual
polarization in total due to the anisotropic distribution of the
incoming fluxes. Therefore, if the polarization due to the self-
scattering of dust thermal emission is detected, it would be the
evidence of the existence of dust grains that are of comparable
sizes to the wavelength. In this paper, we report the application
of this method to the protoplanetary disk around HL Tau.

HL Tau is a protostar 140 pc away from the Sun (Rebull
et al. 2004). This young star is surrounded by an envelope and
is producing jets and outflows, which indicates highly active
star formation (e.g., Hayashi et al. 1993). The millimeter
emission from the envelope and the disk has been intensively
investigated with interferometers (Beckwith et al. 1990; Mundy
et al. 1996; Wilner et al. 1996; Looney et al. 2000; Greaves
et al. 2008; Kwon et al. 2011). Furthermore, Atacama Large
Millimeter/submillimeter Array (ALMA) has revealed that the
circumstellar disk around HL Tau has multiple rings at
submillimeter wavelengths, which might be a signature of
multiple planets (ALMA Partnership et al. 2015). In addition,
spatially resolved polarized emission of the disk at submilli-
meter wavelengths has been detected with Combined Array for
Millimeter-wave Astronomy (CARMA) and Submillimeter
Array (SMA). The net polarization degree is 0.89% on average
with CARMA, and 0.86 £ 0.4% with SMA. The polarization
vectors are directed from northeast to southwest. In this paper,
we construct a disk model that reasonably reproduces the
ALMA observations and perform radiative transfer calculations
to investigate the polarization due to the self-scattering of
thermal dust emission.

The millimeter-wave polarization observations toward star-
forming regions and protoplanetary disks have been interpreted
as an indicator of the morphology of the magnetic field (Girart
et al. 2006, 2009; Hull et al. 2013, 2014; Rao et al. 2014,
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Table 1
The Disk Parameters
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Table 2
The Gap Parameters

Parameters Values

Gap Number Tdi Wai Jai

To 280 K
q. 0.3
To 2.0
)4 0.3
Sexp 4
Rexp 120 au

Stephens et al. 2014; Segura-Cox et al. 2015). The elongated
dust grains have a preferential direction perpendicular to the
magnetic field, which results in the polarization of the thermal
dust emission (Davis & Greenstein 1951). In addition, radiative
torques help dust grains to be aligned with the magnetic field
(Draine & Weingartner 1997; Cho & Lazarian 2005, 2007;
Hoang & Lazarian 2008, 2009a, 2009b).

This paper does not intend to exclude the possibility that the
polarized emission of the HL Tau disk is caused by the grain
alignment with the disk magnetic field, but investigates the
self-polarization as an alternative explanation for the polariza-
tion observed with CARMA and SMA. We also discuss
possible methods to distinguish the mechanisms between the
grain alignment and the self-polarization.

Note that, during the preparation of the manuscript, Yang
et al. (2016) independently found that the interpretation of the
millimeter-wave polarization of HL. Tau due to dust scattering.

2. METHOD

We construct an axisymmetric dust disk model with several
gaps with a smooth temperature distribution that reasonably
reproduces the submillimeter continuum image at A = 1.3 mm
(ALMA Partnership et al. 2015). This model is not a unique
solution of the density and temperature of the HL Tau disk.
However, this model would be enough to investigate the grain
size with a polarization signature as long as the millimeter-
wave continuum is reasonably reproduced. The polarization
fraction is determined by the combination of the grain size and
the anisotropy of the thermal emission. The difference in the
temperature and density distributions affects the anisotropy of
the radiation field, but the dependence of the polarization on the
grain size is thought to be stronger. We discuss this point in
Section 4.4, but the detailed parameter studies of the density
and temperature remain to be explored in a future work.

First, we fix the temperature profile with the smooth power-

law distribution as
4
T= To(i) ) (1)
1 au

Then, we add the additional gaps on the density profile to
reproduce the observation along the major axis of the disk
observed with the continuum observed with the ALMA Band

6.
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Table 3
The Disk Parameters

Parameters Values

Ty 280 K
qt 0.5
To 2.0
P -0.3
Sexp 4
Rexp 85 au

ALMA Band 6 (South)
ALMA Band 6 (North)
Model

100 ¢

10 ¢

Brightness temperature [K]

1 10 100
orbital radius [AU]
Figure 1. Data points show the observed intensity profile of Band 6 of ALMA

along the major axis in brightness temperature. The solid line shows the
brightness temperature of the disk model adopted in this paper.

The parameters are summarized in Tables 1 and 2.

Figure 1 shows the brightness temperature derived from the
Band 6 data on the major axis illustrated with the model
brightness temperature, which is calculated as

I,(R) = (1 — exp(=7(R))B,(T (R)). 3)

Then, we model the disk with a dust surface density of
Ya = T(R)/Kaps (@maxs A = 1.3mm), where Kups(@max, A) 1S
the absorption opacity including a size distribution of dust
grains.

In calculating the opacity, the dust grains are assumed to be
spherical and have a power-law-size distribution with a power
of g = —3.5 (Mathis et al. 1977) with the maximum grain size
amax- We take this maximum grain size as the representative
grain size in the following discussion. The opacity is calculated
with the Mie theory. The composition is assumed to be the
mixture of silicate, organics, and water ice (Pollack et al. 1994;
Kataoka et al. 2014). We use the refractive index of
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Figure 2. (Left) The intensity map of the radiative transfer calculations in units of [Jy/arcsec?]. (Center) The polarized intensity map in units of [mJy/arcsec?],
overlaid with the polarization vectors. (Right) The map of the polarization degree in units of %, overlaid with the polarization vectors, which is the same as the middle

panel.

astronomical silicate (Weingartner & Draine 2001), organics
(Pollack et al. 1994), and water ice (Warren 1984) and calculate
the mixture of them with the effective medium theory using the
Maxwell-Garnett rule (e.g., Bohren & Huffman 1983; Miyake
& Nakagawa 1993). A different abundance may lead to a
different absolute value of polarization degree, which should be
investigated in future studies. The adopted value for the fiducial
run is Kaps(@max = 150 pm, A=13mm) = 0.24cm? g~ '. In
the fiducial case, therefore, the dust surface density >4 has a
profile of

_ ” i)”’ (R
Yg=283gcm (1au exp[ (Rexp] ]
2
X Z[l - exp[—l(R — r""') ]/Jz,,-} @)
i 2 Wd.,i

We perform the radiative transfer simulations with a public
code RADMC-3D to obtain the dust continuum, the polarized
intensity, and the polarization degree. To obtain the vertical
density distribution, we assume the Gaussian density distribu-
tion with a dust scale height #hy such that
Py = Ed/ (27 hy) exp (—z%/ 2hdz). To reproduce the geometri-
cally flat disk observed with ALMA, we set hq = hg/f. e
where h, is the gas pressure scale height and fiqe = 10 (see
the Appendix). Here, we do not use the thermal Monte Carlo
simulations to determine the temperature, but use the simple
power-law temperature model described above. We assume
that the distance to HL Tau is 140 pc, so 1 arcsec corresponds
to 140 au in the figures. The inclination is assumed to be 40°.

Note again that this modeling is not a unique solution to
reproduce the emission of the HL Tau disk. However, the main
goal of this paper is to constrain the grain size from the
polarization observations. As we discuss in the following
sections, the polarization degree is mainly determined by the
combination of the observed wavelengths and the grain size,
which does not depend so much on the detailed modeling of
temperature and the surface density.

3. RESULTS

We show the results in the case that the maximum grain size
iS amax = 150 pum as a fiducial case. Figure 2(a) shows the dust
continuum, where we confirm that the continuum image well

reproduces the multiple-ring structure observed with ALMA.
Figure 2(b) shows that the polarized intensity overlaid with the
polarization vectors. Figure 2(c) shows the polarized degree
overlaid with the polarization vectors.

The basic feature of the polarized intensity and the
polarization vectors can be explained with the self-polarization
with the anisotropy of the thermal dust emission (Kataoka
et al. 2015). The thermal emission from dust grains are
originally unpolarized. The unpolarized light is scattered by
other grains because of the high scattering opacity. Due to the
ring-like structure of the emission and the inclination of the
disk, the distribution of the incoming flux to the scattering dust
grains has anisotropies (see also Yang et al. 2016). As a result,
the total flux has a residual polarization corresponding to the
anisotropic radiation field. Note that the scattered emission
comes mainly from the midplane because the disk is optically
thin or marginally thick in the vertical direction (see
Equation (2)).

The polarized intensity is centrally concentrated. This infers
that if we detect the polarization with a marginal sensitivity, we
can detect the central part of the disk. This is consistent with
the results of polarization observation with CARMA (Stephens
et al. 2014), which show the centrally concentrated polarized
intensity. In addition, the polarization vectors are directed from
top left to bottom right (northeast to southwest). This is also
consistent with the polarization observation with CARMA
(Stephens et al. 2014). Figure 2(c) shows the polarization
degree overlaid with polarization vectors. The polarization
degree is two times higher in the gap regions than that in ring
regions. At present, the polarization image of CARMA does
not have a spatial resolution high enough to resolve the rings.
Future observations of ALMA with spatial resolution as high as
the long baseline campaign (ALMA Partnership et al. 2015)
would reveal these structures even in the polarization.

The reinterpretation of the polarization puts a strong
constraint on the size of dust grains. Figure 3 shows the
theoretical model of the net polarization degree at the
wavelength of A = 1.3 mm as a function of the maximum
grain size ap,x. The top of Figure 3 shows the total polarization
degree for several radiative transfer calculations at A = 1.3 mm
as indicated black dots overlaid with the theoretical model. The
theoretical model is calculated as the product of polarization
degree at 90° scattering Py, and the albedo w (Kataoka
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Figure 3. (Top) The net polarization degrees of 0.90% (average) and 0.72%
(median) with CARMA observations are shown as red and green lines
(Stephens et al. 2014). The red shaded region is the analytical model of the net
polarization degree. The black points represent the net polarization degree of
each radiative transfer calculation. The analytical model has a good agreement
with radiative transfer calculations. From this figure, the grain size is
constrained to be 70 pm < apmyx < 350 pm. (Bottom) The net polarization
degrees of 0.90% (average) and 0.72% (median) with CARMA observations
and 0.84 = 0.4% with SMA observations are shown (Stephens et al. 2014).
Expected polarization degree as a function of observed wavelengths. Each
thick line represents one of the several cases of grain size, which are amax = 0,
70, 150, 270, and 350 pm. The lines include the error of £50%.

et al. 2015). The expected polarization degree is
P = Cpgow, (5)

where C = 2.0% calibrated with the radiative transfer calcula-
tions in this paper. We also include the model’s uncertainty of
+50% (see the Appendix of Kataoka et al. 2015 for the error of
the polarization degree in different radiative transfer calculation
codes). The observed polarization degree with CARMA is also
shown. This figure clearly shows that the observed polarization
degree of 0.89% at A\ = 1.3 mm observed with CARMA can
only be explained with the grain size in the range of
70 pm < apmax < 350 pm. If the grain size is much lower,
the scattering opacity is too low to scatter the thermal dust
emission. If the grain size is much higher, the scattering is
forwardly peaked and thus no polarization can be expected.
We put further constraints on the grain size with the results
of SMA. The polarization degree is a function of the
combination of the observed wavelength and the grain size.

KATAOKA ET AL.

Therefore, the results of the different wavelengths provide
further constraints. The bottom of Figure 3 shows the expected
polarization degree as a function of observed wavelengths with
changing the maximum grain size dn,,. As shown in the figure,
the result of ay.x = 350 um explains the CARMA observa-
tions at A = 1.3 mm, but underestimates SMA observations at
A = 0.89 mm. Therefore, we can rule out the possibility of
Amax = 350 pm to explain the polarization. In this way, we put
further constraints on the grain size to be in the range of
70 pm < amax < 270 pm to explain the polarization degree of
the both  CARMA and SMA observations. We take
amax = 150 um as a representative value and continue the
discussion.

4. DISCUSSION
4.1. Grain Size Constraints with Opacity Index

The grain size has been constrained with the spectral index at
submillimeter wavelengths. If the emission is optically thin, the
index has the information of the dust opacity index at
submillimeter wavelengths. The opacity index is typically
equal to or less than one in protoplanetary disks, which can be
explained with millimeter-sized grains (e.g., Beckwith &
Sargent 1991). In the case of HL Tau, the dust opacity index
is in the range from 0.3 to 0.8 for the bright rings (Kwon et al.
2011; ALMA Partnership et al. 2015). Therefore, the maximum
grain size of 150 pm, which is obtained in this paper, is not
consistent with the constraints on the grain size with the opacity
index if the emission is optically thin.

Figure 4 shows the opacity index [ in the case of ¢ = —3.5
and ¢ = —2.5 in the case of the dust model adopted in this
paper. We change the power-law index because there is no
solution if the power of the grain size distribution is ¢ = —3.5.
To explain the observed opacity index, the grain size should be
in the range of lem < ay,, < 5cm if the power of the grain
size distribution is g = —2.5. The opacity index strongly
depends on the composition of the dust grains. For example,
dust grains composed of silicate and carbonaceous materials
can produce the lower value of beta than the ice-included
grains; the grains with mixtures of silicate and carbonaceous
material can reach 0= 1 even with a,,x = 500 um (see
Figure 4 of Testi et al. 2014 for an example). Although there
are uncertainties in compositions, the maximum grain size
expected from the interpretation of the spectral index is
significantly larger than that expected from the polarization.

4.2. Porous Dust Aggregates As a Possible Solution

Here, we discuss the porous dust aggregates as a possible
solution to solve the inconsistency of the grain size between the
two constraints. We have constrained the size of maximum dust
grains under the assumption of spherical grains. The upper
limit of the maximum grain size is determined by the fact that
the large spherical dust grains do not show the polarization due
to scattering but forwardly scatter the light. However, if we
consider porous dust aggregates, the properties of their
scattering and resultant polarization reflect the properties of
constituent particles (Min et al. 2016; Tazaki et al. 2016),
which are believed to be of (sub)micron size. Therefore, if we
consider dust aggregates that have an even larger size than the
constraint from the millimeter-wave polarization, they may
explain the polarization. This infers that the highly porous and
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Figure 4. (Left) The opacity index between ALMA Band 6 (1.3 mm) and Band
7 (0.89 mm) as a function of the product of the maximum grain size a,,, and
the filling factor. The power of the size distribution is taken to be ¢ = —3.5.
The observed range of the opacity index is indicated as the shaded region.
(Right) The power of the size distribution is taken to be ¢ = —2.5.

massive aggregates may have both the low opacity index and
the high efficiency of scattering to produce the polarization.
To understand what kind of dust aggregates are required to
explain both the polarization and the spectral index, here we
discuss possible constraints on the dust aggregates from the
spectral index assuming that the emission is optically thin. Dust
grains coagulate to form porous dust aggregates (e.g.,
Ossenkopf 1993) The filling factor can be even as small as
10~* in disks (Kataoka et al. 2013), though how porous the
dust aggregates are is still controvercial. However, we can
constrain the product of the aggregate radius a and the filling
factor f because the absorption opacity is the same if the
product af is the same (Kataoka et al. 2014). Figure 4 also
shows the opacity index as a function of the product of grain/
aggregate size a and the filling factor f. In the case of
qg = —2.5, the grain size to explain the observations is
Sem S apax (f) < 21cm in the case of the fluffy aggregates
(f < 0.1). To explain the observed index of the absorption
opacity, the dust aggregates in HL Tau should have a product

KATAOKA ET AL.

10.0 ¢ R
= ol JUMAI |
g) ;ll!!““ K
S |l”l¢
= 0.1 | A g "
S g |
N |l|‘
= j 3.5
) i =-3. il
a 00¢ 91:—3.0
F q=-2.5
q=-2.0
L CARMA (average;
0.0 CARMA (median ‘
0.01 0.1

Maximum grain size (a,,,,) [cm]

Figure 5. Expected polarization of the circumstellar disk of HL Tau with
different grain size distribution. The red and green solid lines represent
CARMA observations (see Figure 3). We take a power-law grain size
distribution ofn (a) < a? and change g as ¢ = —3.5, —3.0, —2.5, —2.0.

of af in the range of 5cm < dpaf < 21em in the adopted dust
model. This means that, for example, if the filling factor is as
small as f = 10~* (Kataoka et al. 2013), the aggregate radius
is ~1 km.

The size distribution does not significantly affect the
polarization degree. Figure 5 shows the expected polarization
degree in different cases of the power of the size distribution.
We do not see a significant effect on the polarization.
Therefore, we conclude that the grain size constrained with
the polarization is more robust than that with the opacity index.

4.3. Stokes Number

The dynamics of dust grains or aggregates are determined by
the normalized stopping time due to the friction between the
gas and dust, which is the Stokes number. The great advantage
of knowing the product af is that we can determine the Stokes
number if the aggregate radius is smaller than the mean free
path of the gas (Kataoka et al. 2014). If we obtain the Stokes
number, we can discuss the coupling efficiency between the
dust and gas. We will discuss the Stokes number based on the
discussion above. Here, we consider two dust grain sizes: the
150 um sized compact grains, which explain the polarization
observations but do not explain the spectral index, and the 1
km-sized fluffy aggregates with f= 10", which explain the
opacity index and which may explain the polarization proper-
ties although it is highly uncertain. The Stokes number is
written in the form of St ~ p_..a/%,. With the adopted model,
the Stokes number is estimated to be St ~ 10~* - 1073 in the
case of the 150 um spherical grains. If the dust aggregates are
fluffy and they have af = 10cm, St ~ 1072, This means that if
we assume compact grains, the possible grains, which can
reproduce the polarization, are tightly coupled to the gas. If we
assume that fluffy dust aggregates, the coupling to the gas is
relatively weak.

In the case of the spherical grains, the Stokes number is so
small that they are coupled to the gas. Therefore, if it is the
case, the gas and dust have the same density distribution as the
multiple-ring structure, which encourages scenarios of gas
clearance by planets (Tamayo et al. 2015), magnetic instabil-
ities of the gas (Flock et al. 2015), or gravitational instability
(Takahashi & Inutsuka 2014). Furthermore, the rings may be
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related to enhanced grain growth at snow lines of several dust
spices (Zhang et al. 2015), which should be consistent with the
spherical grain size because the condensation growth leads
grains to be larger spherical grains.

On the other hand, if the submillimeter emission is coming
from the fluffy aggregates, the Stokes number may be large
enough to be decoupled from the gas. This encourages the
scenarios of trapping the dust at a radial pressure bump (Pinilla
et al. 2012), at a vortex (Lyra et al. 2009), or at planet-induced
pressure bumps (Dipierro et al. 2015). It also support the
scenario of dust fragmentation to create rings because of the
higher relative velocity compared with the compact grains.
Future observations on the gas density distribution at the rings
will reveal them.

In addition, the geometrical thickness of the disk also hints
the grain size. As shown in the Appendix, the observed dust
continuum image cannot be reproduced without the vertical
settling (see also Pinte et al. 2016). The vertical thickness of the
disk is considerably smaller than the thermal scale height of the
gas, which indicates that the dust grains are settled toward the
midplane. This requires that at least the Stokes number is larger
than the turbulent parameter « (e.g., Youdin & Lithwick 2007).
Therefore, the turbulent parameter o should at least be lower
than 10~*-107> in the case of compact grains and be lower
than 1072 in the case of fluffy dust aggregates from on the
constraints on the Stokes number we discussed above.

4.4. Dependence on Disk Models

In this paper, we have used only one disk model to constrain
the grain size by the polarization signature. However, the
dependence of the polarization fraction on the disk model is
weak. As shown in Figure 3, the polarization fraction is
described as P = CPyyw and Pggw is determined by the grain
size (Kataoka et al. 2015). A different disk model only changes
the calibration parameter C, which is calibrated to be 2.0% in
the adopted disk model in this paper. Therefore, unless the disk
model can change the calibration parameter C in a factor of a
few, the constraint on the maximum grain size in this paper
does not change.

4.5. How to Distinguish the Polarization Mechanisms?

In this paper, we focus on the interpretation of the observed
millimeter-wave polarization properties with the self-scattering
mechanism. However, elongated dust grains aligned with the
magnetic field can also explain the polarization. Here, we
discuss the ways to distinguish the two mechanisms. The most
promising way to distinguish the polarization mechanisms is to
perform the polarization observations at other wavelengths.
Although the wavelength dependence of the polarization
degree is strong in the case of the self-scattering, as shown in
Figure 3, the wavelength dependence in the case of the grain
alignment is not so strong, though it is still uncertain (see
Figure 2 of Andersson et al. 2015 for example). Further
observations at wavelengths other than 0.87 and 1.3 mm will
give us a clue to distinguish the two mechanisms.

5. CONCLUSIONS

The protoplanetary disk around HL Tau shows the polarized
emission at millimeter wavelengths (Tamura et al. 1995;
Stephens et al. 2014). The polarized emission has been
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interpreted as the thermal dust emission from elongated dust
grains aligned with the magnetic field. However, the self-
scattering of dust grains may also explain the observed
polarization (Kataoka et al. 2015). Therefore, we have
investigated whether the self-scattering of the thermal dust
emission accounts for the observed millimeter-wave polariza-
tion of the protoplanetary disk around HL Tau. We used a
simple dust disk model that reasonably reproduces the
millimeter-wave continuum observed with ALMA at a 1.3
millimeter wavelength (ALMA Partnership et al. 2015). Dust
grains are assumed to be spherical and have a power-law size
distribution with the power of ¢ = —3.5. The maximum grain
Size amax 1S the parameter. We have performed radiative
transfer calculations with the model described above with
RADMC-3D to investigate the polarization properties at
millimeter wavelengths.

As a result, we successfully reproduced the polarization
vectors and the polarization degree of HL Tau observed with
CARMA and SMA (Stephens et al. 2014). We changed the
maximum grain Size an,.x as a parameter and calculate the
polarization degree to constrain the grain size. We found that
the observed polarization degree can be reproduced only if the
maximum  grain size is in  the range  of
70 pm < apu < 270 pm. This is a strong constraint on the
grain size in the protoplanetary disk around HL Tau.

If the grain size is around 150 pm, it gives a constraint on the
scenario of the trapping of dust grains through to the coupling
efficiency between the gas and dust. The Stokes number of
these grains is estimated to be around 10~* < St < 1073,
which indicates that the dust grains are almost coupled to the
disk gas.

We also discussed the possibility that the dust grains are
porous in the HL Tau disk. The Stokes number inferred from
the spectral index is as large as St < 1072 if the emission is
optically thin and if the dust aggregates are highly porous. If
this is the case, the dust aggregates are marginally decoupled
from the gas. However, due to the lack of knowledge about the
millimeter-wave polarization of porous dust aggregates, we
could not discuss the polarization degree. Further theoretical
constraints on polarization properties of porous dust aggregates
are required in future studies.

We have also discussed the possible way to distinguish the
mechanisms between the self-scattering and the grain align-
ment. One possible way is to perform the multi-wave
observations because the polarization degree expected from
the self-scattering shows a strong dependence on the observed
wavelength, though the wavelength dependence in the case of
magnetic field alignment is not so strong. Therefore, further
observations at the wavelengths different from 1mm is
required in future studies.

This paper makes use of the following ALMA data: ADS/
JAO.ALMA#2011.0.00015.SV. ALMA is a partnership of
ESO (representing its member states); NSF (USA); and NINS
(Japan), together with NRC (Canada), NSC, and ASIAA
(Taiwan); in cooperation with the Republic of Chile. The Joint
ALMA Observatory is operated by ESO, AUI/NRAO, and
NAOJ. This work is supported by MEXT KAKENHI No.
23103004 and by JSPS KAKENHI No. 15K17606 and
26800106.
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Figure 6. Intensity map in the case without the vertical settling of dust grains.

APPENDIX A
VERTICAL SETTLING OF DUST GRAINS

We also perform the radiative transfer calculations without
the dust settling; fieqqe = 1. In this case, the dust grains are well
mixed with the gas. The other parameters are set to be the same
as the fiducial run and the maximum grain size is set to be
150 pm. Figure 6 shows the intensity distribution. The gaps are
not clearly seen in this picture. This is because the scale height
of dust grains are too high to reproduce the geometrically thin
disk observed with ALMA (see also Pinte et al. 2016).

APPENDIX B
DEPENDENCE ON DISK MODELS

In this paper, we have used only one disk model, which
reasonably reproduce the intensity distribution of ALMA
observations at A = 1.3 mm. Although the adopted disk model
is not a unique solution, the results of the constraints on grain
size would not depend so much on the disk model. This is
because the different model of the density and temperature
distribution gives a different anisotropic radiation field, but it
only changes the absolute value of the polarization degree and
does not change the relative dependence of the polarization
degree on the grain size. To demonstrate this, we perform a
radiative transfer calculation of another disk model in this
section.

We change the power-law index of temperature from
g, = 0.3 to g, = 0.5. In addition, to roughly fit the overall
radial distribution of intensity, we set p = —0.3, which means
that the column density increases with increasing orbital radius
as ¥ o< R%3 (see Figure 7). The parameters are summarized in
Table 4.

Figure 8 shows the resultant polarization degree for the
shallower temperature slope model. The calibration factor C of
the formula CPyyw is set to be C = 1.3%. This figure shows
that the formula CPyyw can also fit the polarization fraction in
the case of this model. Pyw is determined by grain size and
does not depend on the disk model. The all contribution of the
change of the disk model comes into the calibration factor C.
Therefore, we conclude that although the absolute value of the
polarization fraction depends on the disk model, the constraints
on the grain size do not depend so much on disk models; the
polarization of the HL Tau can be reproduced only when the
maximum grain size is around 150 ym, though the minimum
and maximum size of a.,.x can slightly depend on the disk
model.

KATAOKA ET AL.

100

Brightness temperature [K]

10 ¢
ALMA Band 6 (South) - i
ALMA Band 6 (North) Foait
Fiducial run iy
| Shallower temperature ‘
1 10 100

orbital radius [AU]

Figure 7. Same as Figure 1, but with the profile of the shallower temperature
model adopted in the Appendix.

Table 4
The Gap Parameters
Gap Number Tai Wi fai
1 12.5 4.0 1.09
2 32.0 55 12
3 42.0 2.0 1.6
4 55.0 4.0 1.7
5 65.0 7.0 1.15
6 77.0 5.0 1.3
7 95.0 5.0 2.0

10 ; 5
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. |
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Figure 8. Same figure as Figure 3 but for the shallower temperature slope disk
model. The analytical model has the form of CPyyw where C = 1.3%.

REFERENCES

ALMA Partnership, Brogan, C. L., Pérez, L. M., et al. 2015, ApJL, 808, L3

Andersson, B.-G., Lazarian, A., & Vaillancourt, J. E. 2015, ARA&A, 53, 501

Andrews, S. M., & Williams, J. P. 2005, ApJ, 631, 1134

Beckwith, S. V. W., & Sargent, A. I. 1991, ApJ, 381, 250

Beckwith, S. V. W., Sargent, A. 1., Chini, R. S., & Guesten, R. 1990, AJ,
99, 924

Bohren, C. F., & Huffman, D. R. 1983, Absorption and Scattering of Light by
Small Particles (New York: Wiley-VCH)

Cho, J., & Lazarian, A. 2005, ApJ, 631, 361

Cho, J., & Lazarian, A. 2007, ApJ, 669, 1085

Davis, L., Jr., & Greenstein, J. L. 1951, AplJ, 114, 206

Dipierro, G., Price, D., Laibe, G., et al. 2015, MNRAS, 453, L73


http://dx.doi.org/10.1088/2041-8205/808/1/L3
http://adsabs.harvard.edu/abs/2015ApJ...808L...3A
http://dx.doi.org/10.1146/annurev-astro-082214-122414
http://adsabs.harvard.edu/abs/2015ARA&amp;A..53..501A
http://dx.doi.org/10.1086/432712
http://adsabs.harvard.edu/abs/2005ApJ...631.1134A
http://dx.doi.org/10.1086/170646
http://adsabs.harvard.edu/abs/1991ApJ...381..250B
http://dx.doi.org/10.1086/115385
http://adsabs.harvard.edu/abs/1990AJ.....99..924B
http://adsabs.harvard.edu/abs/1990AJ.....99..924B
http://dx.doi.org/10.1086/432528
http://adsabs.harvard.edu/abs/2005ApJ...631..361C
http://dx.doi.org/10.1086/521805
http://adsabs.harvard.edu/abs/2007ApJ...669.1085C
http://dx.doi.org/10.1086/145464
http://adsabs.harvard.edu/abs/1951ApJ...114..206D
http://dx.doi.org/10.1093/mnrasl/slv105
http://adsabs.harvard.edu/abs/2015MNRAS.453L..73D

THE ASTROPHYSICAL JOURNAL, 820:54 (8pp), 2016 March 20

Draine, B. T. 2006, ApJ, 636, 1114

Draine, B. T., & Weingartner, J. C. 1997, ApJ, 480, 633

Flock, M., Ruge, J. P., Dzyurkevich, N., et al. 2015, A&A, 574, A68

Girart, J. M., Beltran, M. T., Zhang, Q., Rao, R., & Estalella, R. 2009, Sci,
324, 1408

Girart, J. M., Rao, R., & Marrone, D. P. 2006, Sci, 313, 812

Greaves, J. S., Richards, A. M. S., Rice, W. K. M., & Muxlow, T. W. B. 2008,
MNRAS, 391, L74

Hayashi, C. 1981, PThPS, 70, 35

Hayashi, M., Ohashi, N., & Miyama, S. M. 1993, ApJL, 418, L71

Hoang, T., & Lazarian, A. 2008, MNRAS, 388, 117

Hoang, T., & Lazarian, A. 2009a, ApJ, 697, 1316

Hoang, T., & Lazarian, A. 2009b, ApJ, 695, 1457

Hull, C. L. H., Plambeck, R. L., Bolatto, A. D., et al. 2013, ApJ, 768, 159

Hull, C. L. H., Plambeck, R. L., Kwon, W., et al. 2014, ApJS, 213, 13

Isella, A., Carpenter, J. M., & Sargent, A. 1. 2009, ApJ, 701, 260

Jones, A. P. 2012, A&A, 540, A2

Kataoka, A., Muto, T., Momose, M., et al. 2015, ApJ, 809, 78

Kataoka, A., Okuzumi, S., Tanaka, H., & Nomura, H. 2014, A&A, 568, A42

Kataoka, A., Tanaka, H., Okuzumi, S., & Wada, K. 2013, A&A, 557, L4

Kwon, W., Looney, L. W., & Mundy, L. G. 2011, ApJ, 741, 3

Looney, L. W., Mundy, L. G., & Welch, W. J. 2000, ApJ, 529, 477

Lyra, W., Johansen, A., Zsom, A., Klahr, H., & Piskunov, N. 2009, A&A,
497, 869

Mathis, J. S., Rumpl, W., & Nordsieck, K. H. 1977, ApJ, 217, 425

Mennella, V., Brucato, J. R., Colangeli, L., et al. 1998, ApJ, 496, 1058

Min, M., Hovenier, J. W., & de Koter, A. 2005, A&A, 432, 909

Min, M., Rab, C., Woitke, P., Dominik, C., & Ménard, F. 2016, A&A, 585, 13

Min, M., Waters, L. B. F. M., de Koter, A., et al. 2007, A&A, 462, 667

Miotello, A., Testi, L., Lodato, G., et al. 2014, A&A, 567, A32

KATAOKA ET AL.

Miyake, K., & Nakagawa, Y. 1993, Icar, 106, 20

Mundy, L. G., Looney, L. W., Erickson, W., et al. 1996, ApJL, 464, L169

Ossenkopf, V. 1993, A&A, 280, 617

Pinilla, P., Benisty, M., & Birnstiel, T. 2012, A&A, 545, A81

Pinte, C., Dent, W. R. F., Menard, F., et al. 2016, ApJ, 816, 25

Pollack, J. B., Hollenbach, D., Beckwith, S., et al. 1994, ApJ, 421, 615

Rao, R., Girart, J. M., Lai, S.-P., & Marrone, D. P. 2014, ApJL, 780, L6

Rebull, L. M., Wolff, S. C., & Strom, S. E. 2004, AJ, 127, 1029

Ricci, L., Testi, L., Natta, A., & Brooks, K. J. 2010a, A&A, 521, A66

Ricci, L., Testi, L., Natta, A., et al. 2010b, A&A, 512, Al5

Ricci, L., Trotta, F., Testi, L., et al. 2012, A&A, 540, A6

Segura-Cox, D. M., Looney, L. W., Stephens, I. W., et al. 2015, ApJL, 798, L2

Stephens, I. W., Looney, L. W., Kwon, W., et al. 2014, Natur, 514, 597

Takahashi, S. Z., & Inutsuka, S.-i 2014, ApJ, 794, 55

Tamayo, D., Triaud, A. H. M. J., Menou, K., & Rein, H. 2015, ApJ,
805, 100

Tamura, M., Hough, J. H., & Hayashi, S. S. 1995, ApJ, 448, 346

Tazaki, R., Tanaka, H., Okuzumi, S., Kataoka, A., & Nomura, H. 2016, ApJ,
submitted

Testi, L., Birnstiel, T., Ricci, L., et al. 2014, in Protostars and Planets VI, ed.
H. Beuther, R. S. Klessen, C. P. Dullemond, & T. Henning (Tuscon, AZ:
Univ. Arizona Press), 339

van der Marel, N., van Dishoeck, E. F., Bruderer, S., et al. 2013, Sci, 340, 1199

Warren, S. G. 1984, ApOpt, 23, 1206

Weidenschilling, S. J. 1977, MNRAS, 180, 57

Weingartner, J. C., & Draine, B. T. 2001, ApJ, 548, 296

Wilner, D. J., Ho, P. T. P., & Rodriguez, L. F. 1996, ApJL, 470, L117

Yang, H., Li, Z.-Y., Looney, L., & Stephens, 1. 2016, MNRAS, 456, 2794

Youdin, A. N., & Lithwick, Y. 2007, Icar, 192, 588

Zhang, K., Blake, G. A., & Bergin, E. A. 2015, ApJ, 806, 7


http://dx.doi.org/10.1086/498130
http://adsabs.harvard.edu/abs/2006ApJ...636.1114D
http://dx.doi.org/10.1086/304008
http://adsabs.harvard.edu/abs/1997ApJ...480..633D
http://dx.doi.org/10.1051/0004-6361/201424693
http://adsabs.harvard.edu/abs/2015A&amp;A...574A..68F
http://dx.doi.org/10.1126/science.1171807
http://adsabs.harvard.edu/abs/2009Sci...324.1408G
http://adsabs.harvard.edu/abs/2009Sci...324.1408G
http://dx.doi.org/10.1126/science.1129093
http://adsabs.harvard.edu/abs/2006Sci...313..812G
http://dx.doi.org/10.1111/j.1745-3933.2008.00559.x
http://adsabs.harvard.edu/abs/2008MNRAS.391L..74G
http://adsabs.harvard.edu/abs/1981PThPS..70...35H
http://dx.doi.org/10.1086/187119
http://adsabs.harvard.edu/abs/1993ApJ...418L..71H
http://dx.doi.org/10.1111/j.1365-2966.2008.13249.x
http://adsabs.harvard.edu/abs/2008MNRAS.388..117H
http://dx.doi.org/10.1088/0004-637X/697/2/1316
http://adsabs.harvard.edu/abs/2009ApJ...697.1316H
http://dx.doi.org/10.1088/0004-637X/695/2/1457
http://adsabs.harvard.edu/abs/2009ApJ...695.1457H
http://dx.doi.org/10.1088/0004-637X/768/2/159
http://adsabs.harvard.edu/abs/2013ApJ...768..159H
http://dx.doi.org/10.1088/0067-0049/213/1/13
http://adsabs.harvard.edu/abs/2014ApJS..213...13H
http://dx.doi.org/10.1088/0004-637X/701/1/260
http://adsabs.harvard.edu/abs/2009ApJ...701..260I
http://dx.doi.org/10.1051/0004-6361/201117624
http://adsabs.harvard.edu/abs/2012A&amp;A...540A...2J
http://dx.doi.org/10.1088/0004-637X/809/1/78
http://adsabs.harvard.edu/abs/2015ApJ...809...78K
http://dx.doi.org/10.1051/0004-6361/201323199
http://adsabs.harvard.edu/abs/2014A&amp;A...568A..42K
http://dx.doi.org/10.1051/0004-6361/201322151
http://adsabs.harvard.edu/abs/2013A&amp;A...557L...4K
http://dx.doi.org/10.1088/0004-637X/741/1/3
http://adsabs.harvard.edu/abs/2011ApJ...741....3K
http://dx.doi.org/10.1086/308239
http://adsabs.harvard.edu/abs/2000ApJ...529..477L
http://dx.doi.org/10.1051/0004-6361/200811265
http://adsabs.harvard.edu/abs/2009A&amp;A...497..869L
http://adsabs.harvard.edu/abs/2009A&amp;A...497..869L
http://dx.doi.org/10.1086/155591
http://adsabs.harvard.edu/abs/1977ApJ...217..425M
http://dx.doi.org/10.1086/305415
http://adsabs.harvard.edu/abs/1998ApJ...496.1058M
http://dx.doi.org/10.1051/0004-6361:20041920
http://adsabs.harvard.edu/abs/2005A&amp;A...432..909M
http://dx.doi.org/10.1051/0004-6361/201526048
http://adsabs.harvard.edu/abs/2016A&amp;A...585A..13M
http://dx.doi.org/10.1051/0004-6361:20065436
http://adsabs.harvard.edu/abs/2007A&amp;A...462..667M
http://dx.doi.org/10.1051/0004-6361/201322945
http://adsabs.harvard.edu/abs/2014A&amp;A...567A..32M
http://dx.doi.org/10.1006/icar.1993.1156
http://adsabs.harvard.edu/abs/1993Icar..106...20M
http://dx.doi.org/10.1086/310117
http://adsabs.harvard.edu/abs/1996ApJ...464L.169M
http://adsabs.harvard.edu/abs/1993A&amp;A...280..617O
http://dx.doi.org/10.1051/0004-6361/201219315
http://adsabs.harvard.edu/abs/2012A&amp;A...545A..81P
http://dx.doi.org/10.3847/0004-637X/816/1/25
http://adsabs.harvard.edu/abs/2016ApJ...816...25P
http://dx.doi.org/10.1086/173677
http://adsabs.harvard.edu/abs/1994ApJ...421..615P
http://dx.doi.org/10.1088/2041-8205/780/1/L6
http://adsabs.harvard.edu/abs/2014ApJ...780L...6R
http://dx.doi.org/10.1086/380931
http://adsabs.harvard.edu/abs/2004AJ....127.1029R
http://dx.doi.org/10.1051/0004-6361/201015039
http://adsabs.harvard.edu/abs/2010A&amp;A...521A..66R
http://dx.doi.org/10.1051/0004-6361/200913403
http://adsabs.harvard.edu/abs/2010A&amp;A...512A..15R
http://dx.doi.org/10.1051/0004-6361/201118296
http://adsabs.harvard.edu/abs/2012A&amp;A...540A...6R
http://dx.doi.org/10.1088/2041-8205/798/1/L2
http://adsabs.harvard.edu/abs/2015ApJ...798L...2S
http://dx.doi.org/10.1038/nature13850
http://adsabs.harvard.edu/abs/2014Natur.514..597S
http://dx.doi.org/10.1088/0004-637X/794/1/55
http://adsabs.harvard.edu/abs/2014ApJ...794...55T
http://dx.doi.org/10.1088/0004-637X/805/2/100
http://adsabs.harvard.edu/abs/2015ApJ...805..100T
http://adsabs.harvard.edu/abs/2015ApJ...805..100T
http://dx.doi.org/10.1086/175965
http://adsabs.harvard.edu/abs/1995ApJ...448..346T
http://adsabs.harvard.edu/abs/<mac_aqq id=
http://dx.doi.org/10.1126/science.1236770
http://adsabs.harvard.edu/abs/2013Sci...340.1199V
http://dx.doi.org/10.1364/AO.23.001206
http://adsabs.harvard.edu/abs/1984ApOpt..23.1206W
http://dx.doi.org/10.1093/mnras/180.2.57
http://adsabs.harvard.edu/abs/1977MNRAS.180...57W
http://dx.doi.org/10.1086/318651
http://adsabs.harvard.edu/abs/2001ApJ...548..296W
http://dx.doi.org/10.1086/310307
http://adsabs.harvard.edu/abs/1996ApJ...470L.117W
http://dx.doi.org/10.1093/mnras/stv2633
http://adsabs.harvard.edu/abs/2016MNRAS.456.2794Y
http://dx.doi.org/10.1016/j.icarus.2007.07.012
http://adsabs.harvard.edu/abs/2007Icar..192..588Y
http://dx.doi.org/10.1088/2041-8205/806/1/L7
http://adsabs.harvard.edu/abs/2015ApJ...806L...7Z

	1. INTRODUCTION
	2. METHOD
	3. RESULTS
	4. DISCUSSION
	4.1. Grain Size Constraints with Opacity Index
	4.2. Porous Dust Aggregates As a Possible Solution
	4.3. Stokes Number
	4.4. Dependence on Disk Models
	4.5. How to Distinguish the Polarization Mechanisms?

	5. CONCLUSIONS
	APPENDIX AVERTICAL SETTLING OF DUST GRAINS
	APPENDIX BDEPENDENCE ON DISK MODELS
	REFERENCES



