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possibility is the difference in the grain size and its effects on
the alignment efficiency; the radiative torque efficiency
decreases with decreasing grain size if the grain size is smaller
than the wavelength. Therefore, if the peak emission of Stokes I
is mainly coming from grains smaller than the wavelengths, it
would decrease the alignment efficiency and thus the polariza-
tion fraction (e.g., Cho & Lazarian 2007; Lazarian &
Hoang 2007).

The azimuthal direction of the polarization vectors as shown
in the outer regions indicates the poloidal magnetic field
configuration, while the radial direction on the inner ring
indicates the toroidal magnetic field. There has been no
mechanism locally to rotate the direction of the magnetic field
by 90°. Therefore, at least at that position, the mechanism
should be different from the grain alignment.

The polarization fraction in the south region is as high as
13.9±0.7%, which is higher than the predicted value (e.g.,
Cho & Lazarian 2007). The high fraction of polarization means
that the alignment efficiency maybe higher than expected or the
long-to-short axis ratio of elongated dust grains is larger than
the assumed value (Cho & Lazarian 2007). Alternatively, the
high polarization fraction observed in the southwest region
could be due to interferometric filtering effects, where the
Stokes I and the Stokes Q, Umaps are resolved out differently.

Here, we also note that the high polarization fraction
observed in the southwest region could be due to interfero-
metric effects where the Stokes I and the Stokes Q, Umaps are
resolved out.

4.2. Self-scattering

4.2.1. Model Prediction

Another possible explanation for the millimeter-wave
polarization is the self-scattering of the thermal dust emission
at the observed wavelengths (Kataoka et al. 2015). We model
the intensity with a simple model and perform radiative transfer
calculations with RADMC-3D10 to see the model prediction of
the self-scattering. We assume that the dust grains have a

power-law size distribution with a power of −3.5 and the
maximum grain size 150 μm, which is the most efficient grain
size to scatter the thermal emission and make it polarized at the
observed wavelength of λ = 0.87 mm. The density distribution
is based on a previous modeling of the continuum at the same
wavelength (Muto et al. 2015). The density distribution of dust
grains Σd is taken to be a Gaussian distribution in radial and
azimuthal direction as
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where r and θ are the radial and azimuthal coordinates, S0,max

and S0,min are the maximum and minimum surface density at
the center of the ring, θd and fd represent the center and width
of the vortex in the azimuthal direction, and rc and rw represent
the center and width of the vortex in the radial direction. The
values are taken to be Σ0,max=0.6 g cm−2, Σ0,

min=0.008 g cm−2, θd=30°, fd=60°, rc=170 au, and
rw=27 au. The dust temperature is set to 36 K. In the
calculations of RADMC-3D, we set the inclination of the disk
to be 27° (Fukagawa et al. 2013) and the position angle to be
71°. Here, we do not aim to model the intensity and the
polarization perfectly, but to investigate the morphology and
the strength of the polarization with a simple model of an
inclined lopsided-disk to understand that feature can be
explained with the simple model.
Here, we summarize the model prediction by the self-

scattering model. Figure 3 shows the intensity, the polarized
intensity, and the polarization fraction of the model. The
polarized intensity shows the main ring inside with radial
polarization vectors and the ring outside with azimuthal
polarization vectors. The polarization fraction is up to ∼2%
in the inner ring while ∼5% in the outer ring. Also, the
polarized intensity is weaker at the peak of the continuum than
in other regions because the dust thermal emission is optically
thick at the peak of the continuum. The reason is as follows.

Figure 1. In the left panel, the colorscale represents the polarized intensity in units of mJy beam−1 with a log scale, the gray contours show the continuum emission,
and the white vectors show the polarization vectors. Note that the lengths of the polarization vectors are set to be the same. The levels of the contours are (3, 10, 30,
100, 300, 600, 900, 1200, 1500, 1800)×σI(=185 μJy beam−1) for Stokes I. Polarization vectors are plotted where the polarized intensity is larger than
3σPI=0.128 mJy beam−1. In the right panel, the colorscale displays the polarization fraction overlaid with the polarization vectors. The gray contours display the
continuum emission with the same levels of the left panel. The colorscale is only shown with the same threshold of the polarization vectors in the left panel.

10 RADMC-3D is an open code of radiative transfer calculations. The code is
available online: http://www.ita.uni-heidelberg.de/~dullemond/software/
radmc-3d/.

3

The Astrophysical Journal Letters, 831:L12 (6pp), 2016 November 10 Kataoka et al.

grain density distribution is assumed to be
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where r is the orbital radius. The mass of the central star is
taken to be M1.9 :. The adopted values are 0.6 g cm0

24 � � ,
r 173d � AU, w 27d � AU, and h r19.8 AU 173 AUg

1.5( )� ,
which corresponds to the isothermal disk of 36 K. The dust
mass of the disk is M5.0 10 3q �

:. We confirm that the results
in the case of a power-law temperature distribution do not show
any significant difference from the constant temperature
adopted here (see Appendix B for more details).

These choices of parameters are motivated by recent results
of the modeling of HD 142527 (Muto et al.), although we use
different dust models. In addition, the dust density is assumed
to be zero if R 70� AU or if R 300� AU. We assume that
the target is at 140 pc and thus 1 arcsec = 140 AU. Note
that the optical depth at the peak is 0 absU L� 4 q �
0.6 g cm 0.51 cm g 0.312 2 1q �� � . Thus, this object is opti-
cally thin.

Figure 7 shows the intensity, the polarized intensity, and the
polarization degree overlaid with polarization vectors. The
polarization degree has a double-ring structure. The polariza-
tion vectors are orientated to totally opposite directions in the
two rings. The vectors in the outer polarization ring are in the
azimuthal direction. This is because the background thermal
emission has a strong radial gradient at the location of the outer

polarized ring. This corresponds to point B in Figure 6. By
contrast, the vectors are in the radial direction in the inner
polarization ring. This is due to the net flux from the azimuthal
direction being larger than the net flux in the radial direction.
This corresponds to point A in Figure 6. This double-ring
pattern is a unique feature of the polarization due to dust
scattering, and thus this will be a clue to distinguish the
polarization mechanism.

3.2. Polarization from Lopsided Protoplanetary Disks

We now calculate the expected polarization from a lopsided
disk. To mimic the lopsided disk structure observed with
ALMA (e.g., Fukagawa et al. 2013), we further add an
azimuthally Gaussian distribution (e.g., Pérez et al. 2014) as
follows:
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Since the broad range of azimuthal contrast of dust
continuum emission has been reported so far (1.5 for
SAO206462, Pérez et al. 2014; 24 for HD 142527, Fukagawa
et al. 2013; 130 for IRS 48, van der Marel et al. 2013), we
consider two cases: model A for low azimuthal contrast and
model B for high azimuthal contrast. In model A, we use the

Figure 7. Same as Figure 5, but for the case of the ring-shaped protoplanetary disk.

Figure 8. Same as Figure 5, but for model A in the case of the lopsided protoplanetary disk. The object is optically thin everywhere.
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• 原始惑星系円盤から、ダスト散乱に起因したミリ波偏光
が受かるはずだ！ (Kataoka et al. 2015)

• ALMAで観測したら偏光を検出できたし、散乱由来の
予想とばっちり合ってた (Kataoka et al. 2016b)

• 惑星形成途中のダストサイズは~100µmである。今
までの理解とぜんぜん違う！（おもしろい！） 

(Kataoka et al. 2016a, Kataoka et al. 2017, Ohashi 
and Kataoka 2019, Ueda, Kataoka, et al. 2021… )

However, we cannot rule out the grain alignment with the
poloidal magnetic fields. In the case of the 1.3 mm image,
however, we interpret it with (c) the self-scattering of the
thermal dust emission, which provides the polarization vectors
parallel to the minor axis. However, there could be also some
contributions of (b) the alignment with the radiation fields to
the polarization, which enhances the polarization vectors at the
north–west and south–east regions (along the major axis) while
decreasing the polarization fraction at the north–east and
south–west regions (along the minor axis).

The wavelength dependence in the polarization fraction in
the case of the self-scattering is strong (Kataoka et al. 2015),
while it is weaker in the case of the grain alignment. Therefore,
the most natural interpretation is that the alignment with the
radiation fields provides the axisymmetric azimuthal polariza-
tion vectors on both wavelengths, while the self-scattering
dominates at 1.3 mm.

4.2. Modeling the Scattered Components

By modeling the scattered components of the polarization,
we can constrain the grain size in the HL Tau disk. To model
the scattering components in polarization, we consider the total
polarization fraction across HL Tau. If we integrate the
polarization all over the disk, the axisymmetric vectors are
canceled out. The scattering-induced polarization provides the
vectors parallel to the minor axis, which resides as the total
polarization fraction. However, the alignment with the radiative
flux is almost axisymmetric and thus does not contribute so
much on the integrated polarization fraction. We estimate the
contribution of the radiative flux alignment to the total
polarization fraction assuming that the disk is geometrically
and optically thin, the local alignment efficiency p is the same
in the entire disk (Fiege & Pudritz 2000; Tomisaka 2011), and
there is no wavelength dependence. The contribution is
calculated to be ´ p0.114 , and the polarization vectors are
parallel to the major axis.

We have already discussed that the upper limit of the total
polarization fraction is 0.1% at 3.1 mm with our ALMA
observations. The polarization fraction with SMA is reported to
be 0.86%±0.4% at 0.87 mm (Stephens et al. 2014). Note that
the detection was at 2σ significance, which might be an upper
limit of the polarization fraction, while we use the reported
value in Stephens et al. (2014) in this Letter. We calculate the
total degree of polarization observed with CARMA at 1.3 mm
with the data reported by Stephens et al. (2014), which
is o0.52% 0.1%.

Figure 4 compares that the theoretical prediction and the
observational results of the total polarization fraction. The
contribution of the self-scattering is estimated as w=P CP90 ,
where C is the calibration factor set to be 2.0%, P90 is the
polarization efficiency for the scattering angle of 90° in a single
scattering, and ω is the albedo (Kataoka et al. 2015, 2016a).
This prediction is confirmed as matching the resulting radiative
transfer calculations of the polarization due to the self-
scattering within an error of 50% (Kataoka et al. 2016a). The
dust grains are assumed to be spherical and have a power-law
size distribution of µ -( )n a a 3.5. We vary the maximum grain
size amax for =a 50, 70, 100max , and m150 m. The contrib-
ution of the radiative alignment is estimated in three cases
where the local polarization fraction is =p 0%, 1.8%, and
3.6%. We choose =p 1.8% for the fiducial case based on our
observations, but the local polarization fraction could be higher

if the spatial resolution is better or smaller if it is diluted by the
beam. Then, we obtain the contribution to the total polarization
fraction of ´ =p0.114 0, 0.21, and 0.41, respectively.
To explain the results of SMA and CARMA, the self-

scattering is essential. In the case of m=a 50 mmax , the
expected polarization fraction is too low to explain the
observations because the albedo is too small at the wavelengths
of 0.87 and 1.3 mm. In the case of m=a 150 mmax , on the
other hand, the polarization fraction is too high to explain the
SMA, CARMA, and ALMA observations. In the case of

m=a 70 mmax , if the contribution from the radiative alignment
is small in the range of < <p0 1.8%, the observations can be
explained. However, if the local alignment efficiency produces
>p 1.8%, the total polarization fraction is more than 0.1% at

3.1 mm, which is not consistent with the upper limit of the
ALMA observations. In the case of m=a 100 mmax , the
combination of the self-scattering and the radiative alignment
greatly explains the whole observations. Therefore, we
conclude that the maximum grain size is constrained to be

m=a 100 mmax from the polarimetric observations of SMA,
CARMA, and ALMA.

4.3. Dust Grains in the HL Tau Disk

The opacity index of dust grains with m=a 100 mmax is the
same as the interstellar medium or higher, which corresponds
to b ~ 1.7 or more for the standard mixture of silicate, water
ice, or carbonaceous materials (e.g., Miyake & Nakagawa 1993;
Ricci et al. 2010). However, the HL Tau disk has been
observed at 7 mm using VLA, and the spectral index between
3 mm with ALMA and 7 mm with VLA is around 3.0
(Carrasco-González et al. 2016). The continuum emissions at
3 mm and 7 mm are optically thin, and thus the opacity index is
b ~ 1.0, which is not consistent with the value inferred from
our polarization observations.
One possibility that could resolve this problem would be to

consider two dust populations. One dust population consists
primarily of small grains (10s of μm in size) that dominate the
polarization in the disk. The second dust population primarily
consists of large grains (�100μm in size) that produce

Figure 4. Total polarization fraction as a function of the observed wavelengths.
The total polarization fraction is derived by integrating each Stokes I, Q, and U
component. The curves represent the prediction of the HL Tau disk with the
self-scattering model where the maximum grain sizes are =a 50, 70, 100max ,
and m150 m (Kataoka et al. 2016a) and with the radiative alignment model. The
dashed, solid, and dotted lines represent the models with the local alignment
efficiency of =p 0%, 1.8%, 3.6%, respectively.
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• 星・惑星形成領域のミリ波放射
は、~10-100K程度の熱放射。


• （よって、シンクロトロン偏光
などは受からない）


• 熱放射偏光の有力なメカニズム
は、ダストの整列

星・惑星形成におけるミリ波偏光

4A2, which we find to be separated by 400 AU
(1.8¶¶) at a PA of 130- (Fig. 1), as previously
observed at lower frequencies at an angular

resolution of È0.6¶¶ (15). Using the SMA polar-
imetry system (16), we are able to examine the
magnetic field at 360 AU resolution and we
find a clear Bpinched[ morphology (Fig. 1C)
around this protostellar system. This provides a
direct confirmation of the magnetic field con-
figuration at the few-hundred–AU scale pre-
dicted by the standard theory of low-mass-star
formation (3, 4). Moreover, the detection of
hourglass morphology even in this complex
region suggests that the models of isolated star
formation may apply even when the initial con-
ditions are much less idealized than is normally
assumed. Hints of magnetic field hourglass
shape have also been reported in high-mass-
star–forming regions such as NGC 2024 (17)
and more clearly but at much larger scales
(È0.5 pc) toward OMC-1 (18).

The total flux measured in our 877-mm
observations is 6.2 T 0.5 janskys (Jy) over an
area of 33 square arc sec, where there is adequate
sensitivity to measure the polarization. Assum-
ing optically thin emission, a dust temperature of
50 K (19), a gas-to-dust ratio of 100, and a dust
opacity of 1.5 cmj2 gj1 (20), we estimate the
total mass traced by the dust to be 1.2 d300

2

solar masses Ed300 K (d/300 pc), where d is the
adopted distance to the NGC 1333 cloud^. We
can make an estimate of the averaged column
density EN(H2)^ and volume density En(H2)^ of
the region traced by the dust as follows: N(H2) 0
M/(Amm) and n(H2) 0 M/(Vmm), where M is the
dust mass, mm is the average mass per par-
ticle, A is the area of the dust emission, and V 0
(4/3)p–

1/2 A
3/2 is the volume. Adopting a helium-

to-hydrogen mass ratio of 30%, we find that the
mean column density is N(H2) 0 8.2 ! 1023

cmj2 and the mean volume density is n(H2) 0
4.3 ! 107 d300

j1 cmj3; both are similar to the
expected values for the observed scales (19).

With the array configuration and frequency
used, these SMA observations are not sensitive
to dust emission on scales larger than 10¶¶ or
3000 AU, where models of magnetized collaps-
ing clouds expect the magnetic field to be
uniform. Therefore, the magnetic field has been
modeled by a family of parabolic functions

using a c2 analysis. We find that the center of
symmetry of the magnetic field coincides
within the measured uncertainty, È0.6¶¶, with
the center of the two cores. The position angle
of the magnetic field axis, ,61-, is roughly
similar to the orientation of the magnetic field
on larger scales around NGC 1333 (21). From
Fig. 1C, we can see that across most of this
region there is a remarkably accurate corre-
spondence between the measured magnetic
field vectors and the modeled parabolic mag-
netic field lines. However, there are some
discrepancies southeast of the center, where
the measured field seems to systematically
deviate from the fitted model. The observed
dispersion (Fig. 2), dqobs, is made up of con-
tributions from the measurement uncertainty of
the polarization angle sq and the intrinsic
dispersion dqint, according to the equation (22)
dqobs 0 (dqint

2 þ sq
2)

1/2. The observed disper-
sion (dqobs) in the residuals is 8.0 T 0.9-,
whereas the measurement uncertainty of the po-
larization angle (sq) is 6.2 T 0.3-. Therefore, the
intrinsic dispersion is dqint 0 5.1 T 1.4-. This
estimate of the intrinsic dispersion should be
regarded as an upper limit because the parabolic
function is just a first approximation of the true
magnetic field morphology.

If we assume that the dispersion in polariza-
tion angles is a consequence of the perturbation
by Alfv2n waves or turbulence in the field lines,
then the strength of the magnetic field projected
in the plane of the sky (Bpos) can be determined
from the equation Bpos 0 Q (dvlos/df)(4pr)1/2,
where r is the average mass density; dvlos is the
line-of-sight velocity dispersion; and df is the
dispersion in angular deviations of the field lines,
which is the same as dqint calculated above (23).
Q is a dimensionless parameter that depends on
the cloud structure EQ 0 1 corresponds to the orig-
inal equation of Chandrasekhar and Fermi (24)^.
Simulations of turbulent clouds suggest that Q ,
0.50 (25), which is the value adopted. Using the
value of the volume density derived from our
data, n(H2) 0 4.3! 107 cmj3, and the line width
(corrected for the kinematical contribution) given
by (26), dvlos , 0.2 km sj1, we calculate the

Fig. 1. (A) Sketch of the axis directions: red/blue
arrows show the direction of the redshifted/
blueshifted lobes of the molecular outflow,
probably driven by IRAS 4B (8); solid lines show
the main axis of the magnetic field; and dashed
lines show the envelope axes. The solid triangles
show the positions of IRAS 4A1 and 4A2. The cross
shows the center of the magnetic field symmetry.
(B) Contour map of the 877-mm dust emission
(Stokes I) superposed with the color image of the
polarized flux intensity. Red vectors indicate that
length is proportional to fractional polarization,
and the direction is the position angle of linear
polarization. Contour levels are 1, 3, 6, 9,I30 !
65 mJy per beam. The synthesized beam is shown
in the bottom left corner. (C) Contour and image
map of the dust emission. Red bars show the
measured magnetic field vectors. Gray bars
correspond to the best-fit parabolic magnetic field
model. The fit parameters are the position angle of
the magnetic field axis qPA 0 61- T 6-; the center
of symmetry of the magnetic field a0(J2000) 0 3 h
29 m 10.55 s T 0.06 s and d0( J2000) 0
31-13¶31.8¶¶ T 0.4¶¶; and C 0 0.12 T 0.06 for
the parabolic form y 0 g þ gCx2, where the x is
the distance along the magnetic field axis of
symmetry from the center of symmetry.

Fig. 2. Histogram of the
polarization angle residuals
for the best parabolic magnet-
ic fieldmodel, shown in Fig. 1.
The mean and the standard
deviation of the polarization
angle residuals are –1.1- and
8.0-, respectively.
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Linear polarization

ダスト整列による偏光理論 偏光観測の例
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• ALMA前の時代


• 原始惑星系円盤全体の大きさは
100 au くらい ~ 1秒角くらい


• 分解能が1秒角切れば偏光見える？


• トロイダル磁場の証明ができるはず


• SMA,CARMAで円盤の偏光が全然受
からない…

原始惑星系円盤におけるミリ波偏光

disk symmetry axis and the line of sight. We plot the direction of
polarization for three different wavelengths and two different
viewing angles. The lines represent the direction of polarization.
Since we assume that magnetic field is azimuthal, the direction
of polarization is predominantly radial (see Fig. 10, bottom). In
Figure 11 we show similar plots for radiation from the disk inte-
rior only. For k > 100 !m, the polarization patterns in Figure 11
are very similar to those in Figure 10. But near the disk edges,
Figure 10 shows a larger degree of polarization than Figure 11,
because the emission from the disk interior is very weak there
compared with that from the disk surface layer. For k < 100 !m,
the polarization patterns in Figure 11 are very different from those
in Figure 10, because polarized emission from the disk surface layer
dominates that from the disk interior. Note that since the degree
of polarization of emission from the disk surface layer is very sen-
sitive to themaximumgrain size in the surface layer, the results for
k < 100 !m should be very sensitive to the maximum grain size
in the surface layer.

While the polarimetry of the spatially resolved accretion disks
is promising with a new generation of instruments (see x 6.2), at
present one can study disk magnetic fields with unresolved accre-
tion disks. Below we provide predictions for this case. Figure 12
shows a SED for such a disk for four different viewing angles.
When " ¼ 90 (i.e., for edge-on disk), the inner part of the disk
(i.e., region close to the star) is invisible due to high opacity.
Therefore, the SED truncates for k < 10 !m.When " ¼ 0 (i.e., for
face-on disk), the polarized emission is zero as expected.4

Finally, Figure 13 shows the change of the degree of polarization
for selected wavelengths. The left panel shows the degree of po-
larization for total emission, while the right panel shows that for
radiation from the interior only. The degree of polarization is large

Fig. 11.—Simulated observations. Degree of polarization is calculated for the radiation from the disk interior only.

4 That is, we do not see thick dotted or thick dashed lines in Fig. 12d.

Fig. 12.—SED for four different viewing angles.When " ¼ 90 (i.e., for edge-on
disk), inner part of the disk (i.e., region close to the star) is invisible because it is
occulted by the outer part of the disk. Therefore, the SED truncates for k < 10 !m.
When " ¼ 0 (i.e., for face-on disk), the polarized emission is zero as expected,
because the assumed magnetic field configuration is perfectly azimuthal.
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e.g., Draine and Weingartner 1997, 
Lazarian 2007, Cho and Lazarian 
2007…
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Figure 2. Comparison between the Cho & Lazarian (2007) model and the SMA 340 GHz observations of HD 163296. The top row shows the prediction for the model
at full resolution (left), a simulated observation of the model with the SMA (center), and the 2008 SMA observations (right). The gray scale shows either the total flux
(left) or the polarized flux (center, right), and the blue vectors indicate the percentage and direction of polarized flux at half-beam intervals. The center and bottom
rows compare the model prediction (center) with the observed SMA data (bottom) in each of the four Stokes parameters (I, Q, U, V, from left to right). Contour levels
are the same in both rows, either multiples of 10% of the peak flux (0.9 Jy beam−1) in Stokes I or in increments of 2σ for Q, U, and V, where σ is the rms noise of
2.4 mJy beam−1. The size and orientation of the synthesized beam are indicated in the lower left of each panel.
(A color version of this figure is available in the online journal.)

we should be able to detect it given that we recover most of
the Stokes I flux. Figures 2 and 3 compare the data with the
fiducial model predictions (described in Section 4.1 below).
The upper right panel of each figure displays the amount and
direction of observed polarized flux for each source, while the
bottom row presents contour maps for each of the individual
Stokes parameters. The emission in Stokes Q and U (linear
polarization), as well as in Stokes V (circular polarization), is
consistent with noise. As noted in Section 2, since Stokes V is
calculated as the difference between the measured right and left
(RR and LL) circular polarization, the difficulty of calibrating
the gains precisely enough to remove the influence of the bright
Stokes I emission raises the rms value in this Stokes parameter
relative to Stokes Q and U, which are calculated instead from
the crossed (RL and LR) polarization states.

We can rule out calibration errors as the reason for the lack
of polarized emission for the following three reasons. (1) The
point-like test quasars and the similarity of the visibility profiles
in Figure 1 with previous observations of these sources (see e.g.,
Isella et al. 2007; Hughes et al. 2008) illustrate both the success
of the atmospheric and instrumental gain calibration and the high
sensitivity of the data set. (2) The detection of polarized emission
from the test quasars in each of the data sets, with direction
consistent between sidebands, demonstrates the success of the

instrumental leakage calibration. Furthermore, (3) several of
the nights were shared with other SMA polarization projects,
and our solutions for the instrumental leakage between Stokes
parameters for the eight quarter-wave plates were effectively
identical to those derived by other observers, who successfully
detect polarization in their targets.

It is worth comparing the rms noise achieved here with the
limiting precision of the current SMA polarimeter. Errors in
alignment of the quarter-wave plates introduce instrumental
“leakage” between Stokes parameters, allowing some of the
flux from Stokes I to bleed into the linear Stokes parameters.
The instrumental leakage correction is quite small (!3%) and
can, to a large extent, be calibrated by observing a bright
point source as it rotates through 90◦ of parallactic angle.
Nevertheless, the uncertainty of this correction under typical
observing conditions is ∼0.2%, although this can be reduced
to !0.1% with parallactic angle rotation, provided the source
polarization does not vary with time (Marrone 2006). Given the
2 mJy beam−1 rms noise from our observations compared with
the peak Stokes I fluxes of 740 and 470 mJy beam−1 (∼0.3%),
our constraints on the polarized flux are approaching the limit
of what is achievable with the SMA polarimeter.

It is difficult to directly compare the observations presented
here with the Cho & Lazarian (2007) model predictions and
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Figure 2. Comparison between the Cho & Lazarian (2007) model and the SMA 340 GHz observations of HD 163296. The top row shows the prediction for the model
at full resolution (left), a simulated observation of the model with the SMA (center), and the 2008 SMA observations (right). The gray scale shows either the total flux
(left) or the polarized flux (center, right), and the blue vectors indicate the percentage and direction of polarized flux at half-beam intervals. The center and bottom
rows compare the model prediction (center) with the observed SMA data (bottom) in each of the four Stokes parameters (I, Q, U, V, from left to right). Contour levels
are the same in both rows, either multiples of 10% of the peak flux (0.9 Jy beam−1) in Stokes I or in increments of 2σ for Q, U, and V, where σ is the rms noise of
2.4 mJy beam−1. The size and orientation of the synthesized beam are indicated in the lower left of each panel.
(A color version of this figure is available in the online journal.)

we should be able to detect it given that we recover most of
the Stokes I flux. Figures 2 and 3 compare the data with the
fiducial model predictions (described in Section 4.1 below).
The upper right panel of each figure displays the amount and
direction of observed polarized flux for each source, while the
bottom row presents contour maps for each of the individual
Stokes parameters. The emission in Stokes Q and U (linear
polarization), as well as in Stokes V (circular polarization), is
consistent with noise. As noted in Section 2, since Stokes V is
calculated as the difference between the measured right and left
(RR and LL) circular polarization, the difficulty of calibrating
the gains precisely enough to remove the influence of the bright
Stokes I emission raises the rms value in this Stokes parameter
relative to Stokes Q and U, which are calculated instead from
the crossed (RL and LR) polarization states.

We can rule out calibration errors as the reason for the lack
of polarized emission for the following three reasons. (1) The
point-like test quasars and the similarity of the visibility profiles
in Figure 1 with previous observations of these sources (see e.g.,
Isella et al. 2007; Hughes et al. 2008) illustrate both the success
of the atmospheric and instrumental gain calibration and the high
sensitivity of the data set. (2) The detection of polarized emission
from the test quasars in each of the data sets, with direction
consistent between sidebands, demonstrates the success of the

instrumental leakage calibration. Furthermore, (3) several of
the nights were shared with other SMA polarization projects,
and our solutions for the instrumental leakage between Stokes
parameters for the eight quarter-wave plates were effectively
identical to those derived by other observers, who successfully
detect polarization in their targets.

It is worth comparing the rms noise achieved here with the
limiting precision of the current SMA polarimeter. Errors in
alignment of the quarter-wave plates introduce instrumental
“leakage” between Stokes parameters, allowing some of the
flux from Stokes I to bleed into the linear Stokes parameters.
The instrumental leakage correction is quite small (!3%) and
can, to a large extent, be calibrated by observing a bright
point source as it rotates through 90◦ of parallactic angle.
Nevertheless, the uncertainty of this correction under typical
observing conditions is ∼0.2%, although this can be reduced
to !0.1% with parallactic angle rotation, provided the source
polarization does not vary with time (Marrone 2006). Given the
2 mJy beam−1 rms noise from our observations compared with
the peak Stokes I fluxes of 740 and 470 mJy beam−1 (∼0.3%),
our constraints on the polarized flux are approaching the limit
of what is achievable with the SMA polarimeter.

It is difficult to directly compare the observations presented
here with the Cho & Lazarian (2007) model predictions and
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Figure 1. Near-infrared (H band) PI and I images of AB Aur. Left: the HiCIAO PI image with a coronagraphic occulting mask of 0.′′3 diameter. The multiple spiral
structures we refer to as S1 to S8 are identified in the top right inset, of which S7 and S8 are newly found. Right: the CIAO reference PSF-subtracted I image with
a software mask of 1.′′7 diameter (Fukagawa et al. 2004). In contrast to the original image, this image shown here is not divided by the square of the radial distance
from the star. The field of view in both images is 7.′′5 × 7.′′5. The solid circles in the left bottom inset in both images represent the spatial resolution of 0.′′06 and 0.′′1,
respectively.
(A color version of this figure is available in the online journal.)

Table 1
Results of an Ellipse Fita of the Disk Around AB Aurigae

Parameter Outer Ring Ring Gap Inner Ring

Diameter of the major axis (AU) 210.8 ± 2.5 170.2 ± 2.0 92.0 ± 6.8
Diameter of the minor axis (AU) 188.1 ± 2.2 149.1 ± 1.7 67.2 ± 4.2
Position angle of the major axis (◦) 36.6 ± 6.6 36.2 ± 5.2 64.6 ± 8.9
Inclinationb (◦) 26.8 ± 1.9 28.8 ± 1.7 43.1 ± 6.8
Geometric centerc (mas:mas) (121 ± 7:127 ± 8) (92 ± 4:40 ± 7) (54 ± 17:4 ± 13)
Widthd (AU) 29.8 ± 1.3 16.1 ± 1.6 32.1 ± 2.5

Notes.
a In the ellipse fitting for the two rings and ring gap, the peak and bottom positions were first directly determined
by the averaged radial profile at position angles every 5◦ and 15◦ (corresponding to our spatial resolution) for the
two rings and the ring gap, respectively. We then conducted an ellipse fit using an implementation of the nonlinear
least-squares Marquardt–Levenberg algorithm with five free parameters of lengths for the major and minor axes,
position angle, and central positions.
b Derived from the ratio of the major and minor axes.
c Central position (0, 0) is corresponding to the stellar position.
d Assuming circular structures with given inclinations. The values of the full width at half-maximum are derived
from Gaussian fitting of the radial profile at the given position angle of the major axis in the northeast part.

ellipse fitting results are also shown in Table 1. This ring
gap is barely seen in previous PI images (Oppenheimer
et al. 2008; Perrin et al. 2009). The far-side wall of the
ring gap probably corresponds to the wall-like structure at
88 AU inferred by mid-infrared observations (Honda et al.
2010). Another example of a gap is HD 100546 (Bouwman
et al. 2003), in which they inferred that this Herbig Be star
has a disk gap around 10 AU based on the infrared SED.
Interestingly, they also argued that AB Aur has a prototype
disk without a gap in the inner region.

3. We found in total seven small dips in the PI within the
two rings, which we refer to as Dip A to G as shown in
Figure 2. The typical size of the dips is ∼45 AU or less. The
most prominent, Dip A at ∼100 AU, is consistent with those
reported in the PI images of previous studies (Oppenheimer
et al. 2008; Perrin et al. 2009). Dip A is confirmed at the 3σ

confidence level in our I image whose averaged azimuthal
profile is shown in Figure 2. The detection of Dip A in our
I image shows that the PI traces the I pattern, and therefore,
it is not solely a geometrical polarization effect as claimed
(Perrin et al. 2009). This detection also suggests that the
PI image can be used to discuss even in the inner regions
where the I image is affected by speckle noise. This is
especially true when discussing the “local” structures rather
than the “global” structures that can be affected by the
inclination of the disk. In addition, we found three PI peaks
in close vicinity to the occulting mask, which we refer to
as P1 to P3 in Figure 2. The peaks in the outer rings seen
in our PI image are not labeled here for simplicity. All the
peak structures are extended and thus not point sources.

4. No point-like sources are detected in Dip A in either the
PI or I images, as opposed to Oppenheimer et al. (2008).
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In Figure 3, we present surface brightness profiles obtained
by averaging the J and K1 polarized intensity images over
concentric elliptical annuli with minor:major axis ratios of 0.99
(approximating a circular disk with an inclination of 7°) at
single-pixel (0 014) intervals, with the ellipses oriented at a
position angle of 151°. These profiles, which are discussed in
detail in Section 4, decline rapidly from R∼12 AU to the gap
feature at R∼20–25 AU, appear nearly flat out to ∼40 AU,
and then drop precipitously beyond this radius. There is also an
inflection in surface brightness at R∼80–90 AU that is more
apparent in the (higher S/N) J-band radial profile.

The profiles in Figures 2 and 3 furthermore suggest that the
bright inner disk has a ring-like structure, i.e., the surface

brightness of polarized intensity peaks at ∼10–15 AU, with a
potential decline interior to this radius. We note, however, that
the peak in polarized intensity appears to lie closer to the star at
J than at K1 (peaks near ∼10 AU and ∼12 AU, respectively).
This suggests that the decrease in polarized intensity near the
inner working angle of the coronagraph may be instrumental in
origin, although there remains the possibility that there is
in fact a deficit of small dust grains in the TW Hya disk
within ∼10 AU of the star. If real, this inner cavity dimension
would be somewhat larger than previously deduced
from spectral energy distribution fitting (which yielded an
inner cavity size scale of ∼3–4 AU; Calvet et al. 2002;
Menu et al. 2014).

Figure 1. Left: GPI J-band (top) and K1-band (bottom) polarized intensity (Qr) images of the TW Hya disk. Right: Qr(i, j) scaled by r2(i, j), where r(i, j) is the distance
(in pixels) of pixel position (i, j) from the central star, corrected for projection effects. All images are shown on a linear scale. The coronagraph is represented by the
black filled circles and images are oriented with north up and east to the left.
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Figure 2. Top: PI image of SAO 206462 in the north-up configuration with log-stretch color scales. The filled orange circles at the center indicate the mask size
(r = 0.′′15). The circles have r = 0.′′2, exterior to which the features are considered to be real. The right panel is central region’s close-up. Different color scales are
used to enhance the spirals labeled as “S1” and “S2.” The “Dip” may be due to depolarization. Bottom: PI profile along the red line in the top right panel. The arrow
indicates the location of S2. The position errors are not shown for visibility.

are found to have constant radii. After removing these points,
we have 27 (S1) and 56 (S2) points as representing samples of
non-axisymmetric spirals, with the opening angle of ∼15◦ for
both S1 and S2. We estimate that the uncertainty of the location
of the maxima is given by the FWHM of the PSF.

In order to fit the non-axisymmetric structures by
Equation (1), we fix α and β at 1.5 (Kepler rotation) and 0.4,
respectively, as in Lyo et al. (2011), while other parameters are
varied as (0.′′1 < rc < 0.′′9, 0 < θ0 < 2π, 0.05 < hc < 0.25).
Note that different values of β yield similar results. Since
it is difficult to fit S1 and S2 simultaneously, they are fitted
independently.

The “best-fit” parameters are (rc, θ0, hc) = (0.′′39, 204◦, 0.08)
for S1 (reduced χ2 = 0.52) and (rc, θ0, hc) = (0.′′9, 353◦, 0.24)
for S2 (reduced χ2 = 0.31). The spiral shapes with these
parameters are shown in Figure 4. However, the parameter
degeneracy is significant. Figure 5 shows the parameter space of
(rc, θ0) with 63.8% confidence level for hc = 0.1 and hc = 0.2.
Note that in Figure 5, the “best-fit” of (rc, θ0) is outside the
domain of confidence in some cases because hc is not the same
as the best-fit. Despite the parameter degeneracy, the values of
the aspect ratio which fit the shape of the spiral (hc ∼ 0.1) are

consistent with those obtained from the sub-mm map of the disk
(e.g., h = 0.096(r/100 AU)0.15; Andrews et al. 2011).

The spiral density wave theory predicts that the pattern speed
deviates from the local Kepler speed;

Ωpattern = 0.8
( rc

70 AU

)−3/2
(

M∗

1.7 M&

)1/2

(deg yr−1) (2)

is not necessarily equal to Ω(r). When rc = 0.′′5(∼ 70 AU), the
spiral will move ∼10◦ in a decade, corresponding to a movement
of 0.′′1. Considering the PSF scale of our observations and the
locations of the spirals, such deviations can be detectable over
a couple of decades. Moreover, if the two spirals have distinct
corotation radii, their relative locations change in time due to
the pattern speed difference. Such measurements will confirm
that the observed feature is really the density wave, providing
indisputable evidence of dynamical activity.

Note that it would be difficult to detect spirals in colder disks
(smaller hc), where spirals are more tightly wound, due to the
blurring by the PSF. The lower detectable limit of hc is typically
hc ∼ 0.01–0.03 for our set of parameters. The combination of
high angular resolution and warm temperatures allows the spiral
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Fig. 3.— The polarization P at the scattering angle of 90� and the albedo ! = sca/(abs + sca) as a function of maximum grain size.
The size distribution is assumed to have power law of n(a) / a�3.5. The wavelengths are assumed to be 1.3 mm for the left panel and
870 µm for the right panel. The arrows indicate the maximum grain size which has the most e�cient polarization by 90� scattering.

TABLE 1
The sensitive grain size for observed

wavelengths

wavelengths � the sensitive grain size amax

7 mm 1 mm
3.1 mm 500 µm
870 µm 150 µm
340 µm 70 µm

tion due to 90� scattering.

2.4. Detectable grain size for each wavelength

We have demonstrated that the polarization due to 90�

scattering by dust grains can be significant only when the
grains are su�ciently large to have a large albedo (§2.2)
but small enough to show isotropic scattering (§2.3).
Thus, there is a sensitive grain size to be detected.
We investigate the dependence of polarization e�-

ciency on grain size especially in the case of wavelengths
are 870 µm and 3.1 mm, which correspond to ALMA
Band 7 and 3, respectively. Figure 3 shows both albedo
! = sca/(abs + sca) and polarization P at 90�.
The polarization at 90� scattering shows perfect po-

larization at small wavelengths. At specific wavelengths,
which is almost � ⇠ a/2⇡, the polarization drops to 0.
By contrast, the albedo ! increases with increasing grain
size. If ! is nearly unity, polarization is likely to be de-
tected.
Thus, the product of polarization and albedo, P!,

gives the grain size that contributes most to the polarized
emission at any observed wavelength. In other words,
P! represents a window function for the grain size de-
tactable in polarization observations. Figure 4 shows P!
at the wavelengths of � = 340 µm, 870 µm, 3.1 mm, and
7 mm. The most sensitive grain sizes are summarized in
table 1. This suggests that detection and non-detection
of polarization for a wide range of sub-mm, mm, and cm
wavelengths can put a strong constraint on the grain size.

2.5. A toy model to understand the self-scattering

The second condition of the polarization due to scatter-
ing is light sources to be scattered. This is also satisfied
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Fig. 4.— The polarization times the albedo P! against the max-
imum grain size. This figure represents the sensitive grain size
for detection of polarization. Each line corresponds to the wave-
lengths of 0.34 mm, 0.87 mm, 3.1, and 7 mm. The band numbers
correspond to the ALMA band numbers for each wavelength.

in some protoplanetary disks if thermal dust emission it-
self can play a role of light sources. In other words, we
consider the self-scattering of dust emission. If radiation
field has an anisotropic distribution, especially in the case
that the emission is strong from two opposite directions
and weak from 90� di↵erent directions, the final scatter-
ing is partially polarized. This polarization may occur
in protoplanetary disks in the case of recently discovered
protoplanetary disks which have lopsided surface bright-
ness (Casassus et al. 2013; van der Marel et al. 2013; Fuk-
agawa et al. 2013; Isella et al. 2013; Pérez et al. 2014). In
these disks, the sub-mm emission itself may play a role
of the light source of the polarization because of their
anisotropy. In this section, we demonstrate the polariza-
tion due to self-scattering with a simple toy model.
Hereafter, we will fix the maximum grain size and

wavelengths to be amax = 100 µm and � = 870 µm,
which is one of the best combination of the e�cient po-
larization, in order to investigate possibilities to detect
mm-wave polarization from protoplanetary disks. Note
that the calculated absorption and scattering opacities

Prediction of polarization fraction

(grain size) ~ λ/2π

• ダストサイズが波長とコンパラな
時しか偏光は受からない


• →偏光が受かったらダストサイズ
が測定できる。

grain density distribution is assumed to be
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where r is the orbital radius. The mass of the central star is
taken to be M1.9 :. The adopted values are 0.6 g cm0

24 � � ,
r 173d � AU, w 27d � AU, and h r19.8 AU 173 AUg

1.5( )� ,
which corresponds to the isothermal disk of 36 K. The dust
mass of the disk is M5.0 10 3q �

:. We confirm that the results
in the case of a power-law temperature distribution do not show
any significant difference from the constant temperature
adopted here (see Appendix B for more details).

These choices of parameters are motivated by recent results
of the modeling of HD 142527 (Muto et al.), although we use
different dust models. In addition, the dust density is assumed
to be zero if R 70� AU or if R 300� AU. We assume that
the target is at 140 pc and thus 1 arcsec = 140 AU. Note
that the optical depth at the peak is 0 absU L� 4 q �
0.6 g cm 0.51 cm g 0.312 2 1q �� � . Thus, this object is opti-
cally thin.

Figure 7 shows the intensity, the polarized intensity, and the
polarization degree overlaid with polarization vectors. The
polarization degree has a double-ring structure. The polariza-
tion vectors are orientated to totally opposite directions in the
two rings. The vectors in the outer polarization ring are in the
azimuthal direction. This is because the background thermal
emission has a strong radial gradient at the location of the outer

polarized ring. This corresponds to point B in Figure 6. By
contrast, the vectors are in the radial direction in the inner
polarization ring. This is due to the net flux from the azimuthal
direction being larger than the net flux in the radial direction.
This corresponds to point A in Figure 6. This double-ring
pattern is a unique feature of the polarization due to dust
scattering, and thus this will be a clue to distinguish the
polarization mechanism.

3.2. Polarization from Lopsided Protoplanetary Disks

We now calculate the expected polarization from a lopsided
disk. To mimic the lopsided disk structure observed with
ALMA (e.g., Fukagawa et al. 2013), we further add an
azimuthally Gaussian distribution (e.g., Pérez et al. 2014) as
follows:
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Since the broad range of azimuthal contrast of dust
continuum emission has been reported so far (1.5 for
SAO206462, Pérez et al. 2014; 24 for HD 142527, Fukagawa
et al. 2013; 130 for IRS 48, van der Marel et al. 2013), we
consider two cases: model A for low azimuthal contrast and
model B for high azimuthal contrast. In model A, we use the

Figure 7. Same as Figure 5, but for the case of the ring-shaped protoplanetary disk.

Figure 8. Same as Figure 5, but for model A in the case of the lopsided protoplanetary disk. The object is optically thin everywhere.
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Figure 3. The 14 continuum sources with polarization detections. Background images show the Stokes I maps on a logarithmic color scale (see Appendix A for the
flux scale), and the black line segments show the normalized e-vectors. Sources with ‡are outside of the inner third of the primary beam FWHM. The blue and red
arrows indicate the outflow position angle, if known (see Section 4.1 for details). The gray bars show the major-axis position angle of the continuum sources detected
in polarization, except IRAS 16293B, as this source is near face-on and does not have a well-constrained continuum position angle. For VLA 1623 A, we show two
gray bars: the filled one shows the position angle of the compact disk from Harris et al. (2018), and the open one shows the position angle of the extended disk.
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The transition of polarization morphologies from one
wavelength to another is also apparent in the StokesQ and U
images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ image shows negative regions from north to south
and positive regions from east to west. At 1.3 mm, the negative
regions are much brighter than the positive regions, and at
870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

purely noise. For both 1.3 mm and 870 μm, StokesV has a
negative flux blob offset to the top-right of the Stokes I
intensity, and this blob is significantly brighter in 870 μm.
Although circular polarization can in principle be produced by
scattering of linearly polarized light off non-spherical grains
(e.g., Tazaki et al. 2017), StokesV has not been well
characterized for ALMA, so its detection could be spurious
and will not be discussed in detail in this paper.
The central polarization vectors for 1.3 mm and 870 μm are

55°.4 ±0°.96 and 55°.3 ±0°.41, respectively. The major axis
of HL Tau’s disk is 138°.02 ± 0°.07 (ALMA Partnership et al.
2015), indicating the polarization vectors are ∼7° from being
perpendicular to the major axis. We would expect the
polarization to be perfectly perpendicular to the major axis.
The reason for this small 7° discrepancy is uncertain, but could
indicate asymmetry in the disk.
The right panels of Figure 2 show P for each wavelength.

For 1.3 mm and 870 μm, there is a slight asymmetry for P
along the major axis of the disk, with the southeast more
polarized than the northwest. For 1.3 mm, the absolute
difference between the two P peaks along the major axis is
0.0013 ± 0.0014, which is not statistically significant. The
asymmetry for 870 μm is more apparent, although the southeast
part of the disk does not peak (i.e., it is still increasing at the
edge of the detected polarized emission). The P peak toward
the northwest is 0.0077 ± 0.0010. Drawing a line from the
northwest peak through the center of the disk, at the same
radius on the southeast side, P=0.0094 ± 0.0010. P rises
to ∼0.0115 at the edge of the disk. Therefore, the P asymmetry
along the major axis for 870 μm is ∼0.002–0.004. These
asymmetries are relatively moderate, but the fact that they
appear both at 1.3 mm and 870 μm suggests they could
be a real feature. If we consider total polarization PT =

Q U V I2 2 2+ + , the asymmetry is similar; for 1.3 mm, it is
0.0012 ± 0.0014, while for 870 μm it is ∼0.001–0.004.
Yang et al. (2017) showed that asymmetry along the major

axis is not expected for scattering-induced polarization in an
axisymmetric disk, so axisymmetry must be broken if the
polarization is really due to scattering even though the total
intensity (Stokes I ) is highly axisymmetric. On the other hand,
the polarization along the minor axis is expected to be
asymmetric if the dust disk is optically thick and has a
significant angular width (for a cartoon illustration, see Figure 6
in Yang et al. 2017). HL Tau disk is known to be optically
thick at 870 μm (Carrasco-González et al. 2016), but no
asymmetry is detected along the minor axis. The lack of
asymmetry for P along the optically thick minor axis implies

Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
intensity, which is masked to only show 3σ detections. Stokes I contours in
each panel are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000] × Is ,
where Is is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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Figure 1. 870µm ALMA maps of the Class II protoplanetary disk IM Lup. The peak values of the total intensity (Stokes I), polarized
intensity (P ), and polarization fraction images are 120.74 mJy beam�1, 1.37 mJy beam�1, and 0.011, respectively. The rms noise values in
the total intensity and polarized intensity thermal dust emission images are �I = 100µJy beam�1 and �P = 22µJy beam�1, respectively.
The black ellipses in the lower-left corners of all panels represent the ALMA synthesized beam (resolution element), which measures 0.0050 ⇥
0.0040 at a position angle of 76.9�, corresponding to a linear resolution of ⇠ 72 au at a distance of 161 ± 10 pc (Gaia Collaboration et al. 2016).
Top: Polarization map of IM Lup. Contours are the total intensity thermal dust emission, plotted at 3, 8, 16, 32, 64, 128, 256, 512, 1024 ⇥�I .
Grayscale is the polarized thermal dust emission, plotted starting at 3�P . Line segments are the polarization orientation � of the
dust emission, with lengths proportional to the polarization fraction Pfrac. Bottom left: Grayscale is the total intensity thermal dust
emission; contours are the polarized intensity P , plotted at 0.06, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 ⇥ the peak of 1.37 mJy beam�1. Bottom
right: Grayscale is the total intensity thermal dust emission; contours are the polarization fraction Pfrac = P/I, plotted at levels of
0.005, 0.006, 0.007, 0.008, 0.009, 0.01. The coordinates and the grayscale are identical in the two bottom panels. The ALMA data used to
make this figure are available in the online version of this publication.

HL Tau

HD 142527 IM Lup
L30 W. R. F. Dent et al.

Figure 1. Sub-mm continuum polarization in HD163296. The top panels show (a) the total intensity and (b) the percentage polarization at band 7 in the central
region. Superimposed as ellipses are representations of the three rings in the total intensity image, marked 1–3 in (b). The lower panels are (c) the polarized
flux intensity and (d) the polarization angle, both with the polarization vectors superimposed. In (c), the vectors are shown at their actual angle, whereas in
(d) the vector rotation relative to the mean of 44.1◦ is multiplied by a factor of 3, to emphasize the relative twist. Polarization fraction and angle are truncated
at polarized flux levels of 5σ per beam (250µJy). Images are 3 arcsec (315 au) across. Resolution is ∼0.2 arcsec (beams are shown lower left). Polarization
vectors have 1/2 beam spacing, with lengths proportional to the polarization fraction.

sub-mm observations found an upper limit of 1 per cent to the
polarization fraction in a 1 arcsec beam (Hughes et al. 2009). Pinte
et al. (2018) and Teague et al. (2018) have also recently found
dynamical evidence of massive planets in the system.

In this paper, we present ALMA observations of polarized dust
emission of HD163296 at 870 µm with a resolution of ∼0.2arcsec –
sufficient to resolve the rings. We also combine the intensity images
with archival band 6 data to obtain spectral index maps. The results
are compared with a self-scattering model including the gaps and
rings.

2 O B S E RVAT I O N S

The observations were conducted in sessions on two nights: 2016
July 23 and August 13, with two consecutive executions of the
scheduling block on each night and 35–37 antennas in the array. The
polarization calibrator (J1751+0939) was observed every 30 min;
J1742-2527 was used as a complex gain calibrator and observed
every 7 min. J1733-1304 was used as a flux calibrator with assumed
fluxes of 1.52 and 1.67 Jy at 343.5 GHz on the two observing
nights; J1924-2914 was the bandpass calibrator. Checks showed
that the independently calibrated fluxes of both the bandpass and
polarization calibrators agreed with the measured values at that time
from the ALMA online calibrator data base to better than 5 per cent.

The total time on-source was 2 h, although some 15 min of data
were flagged in the second session while the target transited close
to the zenith.

The system was set up to observe continuum in band 7 at a
mean frequency of 343.5 GHz, with spectral windows at 336.494,
338.432, 348.494, and 350.494 GHz, each having 31.25 MHz chan-
nel spacing and 2 GHz nominal bandwidth, with a total usable
bandwidth of 7.5 GHz.

The calibrated data from the ALMA pipeline were examined,
further flagging applied, and the individual executions were used
to create self-calibrated solutions for the antenna phase and am-
plitude. The polarization was then calibrated for each day sepa-
rately, and the self-calibrated solutions applied. The two sessions
were combined and imaged using CLEAN in CASA (McMullin
et al. 2007), producing separate images of Stokes I, Q, U, and V.
These were combined and debiased to give the polarized percentage
P per cent = 100

√
Q2 + U 2 − rms2/I , where rms is the noise in

the Stokes Q and U images and I the total intensity. To maximize
the signal/noise, natural uv weighting was applied, giving a beam
of 0.21×0.19 arcsec at 81◦, and resulting in a final rms of ∼50 µJy
in the individual Stokes images.

To obtain the spectral index, we used the total intensity band
7 visibilities together with ALMA archive data taken in 2015 Au-
gust in band 6 (originally published by Isella et al. 2016). Data were
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Figure 2. Linearly polarized intensity P and polarization fraction p at 870 µm in the disks around CW Tau (panels (a),(b)),
and DG Tau (panels (c),(d)). Contours as in Fig. 1. Polarization angle, χ, is indicated with fixed-length vector bars. Arrows
indicate the jet orientation. Disk near-side lies towards the receding jet lobe (red arrow). Polarization fraction p is shown where
total intensity is I > 10 mJy beam−1 for CW Tau and I > 30 mJy beam−1 for DG Tau.

Piétu et al. (2014) and the one of jet, ijet = 49◦ reported
in Hartigan et al. (2004). The same fit gives a disk posi-
tion angle, PAdisk = 60.7◦±1.9◦, in good agreement with
PAdisk = 62◦ ± 3◦ (Piétu et al. 2014), and almost per-
pendicular to the jet PAjet =-29◦ (Hartigan et al. 2004).
For DG Tau, the integrated flux is 880.2 ± 9.4 mJy,

with peak intensity of 182.4 ± 1.4 mJy beam−1, located
at RA 4h 27m 4.7s, δ 26◦ 6′ 15.′′71. The integrated flux is
slightly lower (by 12%) than that extrapolated from 1.3
mm flux of Isella et al. (2010), adopting their spectral
index of 2.5. A 2D Gaussian fit deconvolved from the
beam provided a FWHM along the major and minor
axis of 0.′′45 and 0.′′36, respectively. The combination

of these values implies idisk ∼ 37◦, almost identical to
ijet = 38◦ (Eislöffel & Mundt 1998), and only slightly
higher than disk models of idisk = 24◦–32◦ (Isella et al.
2010). The 2D Gaussian fit gives PAdisk = 135.4◦±2.5◦,
almost perpendicular to PAjet = 46◦ (Eislöffel & Mundt
1998).

3.2. Polarized Emission

Figure 2 illustrates the polarization properties in our
targets.
For CW Tau, the map of linearly polarized intensity

P is centrally peaked and does not show any signifi-
cant asymmetry. The maximum value is 0.53 ± 0.14

CW Tau

4 F. Bacciotti et al.

(a) (b)

(c) (d)

Figure 2. Linearly polarized intensity P and polarization fraction p at 870 µm in the disks around CW Tau (panels (a),(b)),
and DG Tau (panels (c),(d)). Contours as in Fig. 1. Polarization angle, χ, is indicated with fixed-length vector bars. Arrows
indicate the jet orientation. Disk near-side lies towards the receding jet lobe (red arrow). Polarization fraction p is shown where
total intensity is I > 10 mJy beam−1 for CW Tau and I > 30 mJy beam−1 for DG Tau.

Piétu et al. (2014) and the one of jet, ijet = 49◦ reported
in Hartigan et al. (2004). The same fit gives a disk posi-
tion angle, PAdisk = 60.7◦±1.9◦, in good agreement with
PAdisk = 62◦ ± 3◦ (Piétu et al. 2014), and almost per-
pendicular to the jet PAjet =-29◦ (Hartigan et al. 2004).
For DG Tau, the integrated flux is 880.2 ± 9.4 mJy,

with peak intensity of 182.4 ± 1.4 mJy beam−1, located
at RA 4h 27m 4.7s, δ 26◦ 6′ 15.′′71. The integrated flux is
slightly lower (by 12%) than that extrapolated from 1.3
mm flux of Isella et al. (2010), adopting their spectral
index of 2.5. A 2D Gaussian fit deconvolved from the
beam provided a FWHM along the major and minor
axis of 0.′′45 and 0.′′36, respectively. The combination

of these values implies idisk ∼ 37◦, almost identical to
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higher than disk models of idisk = 24◦–32◦ (Isella et al.
2010). The 2D Gaussian fit gives PAdisk = 135.4◦±2.5◦,
almost perpendicular to PAjet = 46◦ (Eislöffel & Mundt
1998).

3.2. Polarized Emission

Figure 2 illustrates the polarization properties in our
targets.
For CW Tau, the map of linearly polarized intensity

P is centrally peaked and does not show any signifi-
cant asymmetry. The maximum value is 0.53 ± 0.14
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possibility is the difference in the grain size and its effects on
the alignment efficiency; the radiative torque efficiency
decreases with decreasing grain size if the grain size is smaller
than the wavelength. Therefore, if the peak emission of Stokes I
is mainly coming from grains smaller than the wavelengths, it
would decrease the alignment efficiency and thus the polariza-
tion fraction (e.g., Cho & Lazarian 2007; Lazarian &
Hoang 2007).

The azimuthal direction of the polarization vectors as shown
in the outer regions indicates the poloidal magnetic field
configuration, while the radial direction on the inner ring
indicates the toroidal magnetic field. There has been no
mechanism locally to rotate the direction of the magnetic field
by 90°. Therefore, at least at that position, the mechanism
should be different from the grain alignment.

The polarization fraction in the south region is as high as
13.9±0.7%, which is higher than the predicted value (e.g.,
Cho & Lazarian 2007). The high fraction of polarization means
that the alignment efficiency maybe higher than expected or the
long-to-short axis ratio of elongated dust grains is larger than
the assumed value (Cho & Lazarian 2007). Alternatively, the
high polarization fraction observed in the southwest region
could be due to interferometric filtering effects, where the
Stokes I and the Stokes Q, Umaps are resolved out differently.

Here, we also note that the high polarization fraction
observed in the southwest region could be due to interfero-
metric effects where the Stokes I and the Stokes Q, Umaps are
resolved out.

4.2. Self-scattering

4.2.1. Model Prediction

Another possible explanation for the millimeter-wave
polarization is the self-scattering of the thermal dust emission
at the observed wavelengths (Kataoka et al. 2015). We model
the intensity with a simple model and perform radiative transfer
calculations with RADMC-3D10 to see the model prediction of
the self-scattering. We assume that the dust grains have a

power-law size distribution with a power of −3.5 and the
maximum grain size 150 μm, which is the most efficient grain
size to scatter the thermal emission and make it polarized at the
observed wavelength of λ = 0.87 mm. The density distribution
is based on a previous modeling of the continuum at the same
wavelength (Muto et al. 2015). The density distribution of dust
grains Σd is taken to be a Gaussian distribution in radial and
azimuthal direction as

( ) ( )
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where r and θ are the radial and azimuthal coordinates, S0,max

and S0,min are the maximum and minimum surface density at
the center of the ring, θd and fd represent the center and width
of the vortex in the azimuthal direction, and rc and rw represent
the center and width of the vortex in the radial direction. The
values are taken to be Σ0,max=0.6 g cm−2, Σ0,

min=0.008 g cm−2, θd=30°, fd=60°, rc=170 au, and
rw=27 au. The dust temperature is set to 36 K. In the
calculations of RADMC-3D, we set the inclination of the disk
to be 27° (Fukagawa et al. 2013) and the position angle to be
71°. Here, we do not aim to model the intensity and the
polarization perfectly, but to investigate the morphology and
the strength of the polarization with a simple model of an
inclined lopsided-disk to understand that feature can be
explained with the simple model.
Here, we summarize the model prediction by the self-

scattering model. Figure 3 shows the intensity, the polarized
intensity, and the polarization fraction of the model. The
polarized intensity shows the main ring inside with radial
polarization vectors and the ring outside with azimuthal
polarization vectors. The polarization fraction is up to ∼2%
in the inner ring while ∼5% in the outer ring. Also, the
polarized intensity is weaker at the peak of the continuum than
in other regions because the dust thermal emission is optically
thick at the peak of the continuum. The reason is as follows.

Figure 1. In the left panel, the colorscale represents the polarized intensity in units of mJy beam−1 with a log scale, the gray contours show the continuum emission,
and the white vectors show the polarization vectors. Note that the lengths of the polarization vectors are set to be the same. The levels of the contours are (3, 10, 30,
100, 300, 600, 900, 1200, 1500, 1800)×σI(=185 μJy beam−1) for Stokes I. Polarization vectors are plotted where the polarized intensity is larger than
3σPI=0.128 mJy beam−1. In the right panel, the colorscale displays the polarization fraction overlaid with the polarization vectors. The gray contours display the
continuum emission with the same levels of the left panel. The colorscale is only shown with the same threshold of the polarization vectors in the left panel.

10 RADMC-3D is an open code of radiative transfer calculations. The code is
available online: http://www.ita.uni-heidelberg.de/~dullemond/software/
radmc-3d/.
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多くの円盤が、波長0.9 mmで自己散乱偏光を示す


→ 多くの円盤のダストサイズは100µm?

え？~100 µm?
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A. Kataoka et al.: Static compression of porous dust aggregates

Fig. 3. Snapshots of the evolution of an aggregate under compression in the case of N = 16 384. The top three figures are 3D visualizations. They
have the same scale with different time epochs. The white particles are inside a box enclosed by the periodic boundaries. The yellow particles are
in neighboring boxes to the box of white particles. For visualization, we do not draw the copies on the back and front sides of the boundaries but
only 8 copies of the white particles across the boundaries. Each bottom figure represents projected positions onto 2D plane of all particles in each
corresponding top figure. The gray points in the bottom figures correspond to the positions of the white particles in the top figures, and the yellow
points correspond to those of the yellow particles in the top figures. Scales are in µm.

Using K and P, Eq. (15) gives an expression of P as

P =
2
3

K/V +
1
3

〈∑

i

ri · Fi

〉

t

/V. (19)

We define the force from particle j on particle i as fi, j. Force Fi
can be written as a summation of the force from another
particle as

Fi =
∑

j!i

fi, j. (20)

Using fi, j = − f j,i, we finally obtain the pressure measuring
formula as

P =
2
3

K/V +
1
3

〈∑

i< j

(ri − r j) · fi, j

〉

t

/V. (21)

The first term on the righthand side of the equation represents
the translational kinetic energy per unit volume, and the second
term represents the summation of the force acting at all connec-
tions per unit volume. This expression is useful for measuring
the pressure of a dust aggregate under compression. We do not
need to put any artificial object, such as walls, in simulations
because Eq. (21) is totally expressed in terms of the summa-
tion of the physical quantities of each particle, which are the
mass, the position, the velocity, and the force acting on the parti-
cle. In our calculations, we take an average of pressure for every
10 000 time steps, corresponding to 1000 t0 because we set 0.1 t0
as one time step in our simulation.

As mentioned in Sect. 2.2, the adopted damping force corre-
sponds to rapid damping of normal oscillations. Thus, the kinetic
energy of random motion rapidly dissipates. This corresponds
to the static compression, and thus the compressive strength is
determined by the second term of Eq. (21).

3. Results

The top three panels of Fig. 3 show snapshots of the evolution of
an aggregate under compression in the case where N = 16 384,
Cv = 3 × 10−7, kn = 0, and ξcrit = 8 Å. The top three panels
have the same scale but different time epochs, which are t = 0,
1 × 106t0, and 2 × 106t0. The white particles are inside the com-
putational region enclosed by the periodic boundaries, while the
yellow particles are in the neighboring copy regions (for visual-
ization, we do not draw particles on the front and backsides copy
regions). The bottom three panels represent the projected posi-
tions onto the two-dimensional plane for the correspondent top
three figures. We confirm that the dust aggregate is compressed
by their copies from all directions. As the compression proceeds,
the aggregate of white particles is compressed by the neighbor-
ing aggregate of yellow particles. We focus on how high pres-
sure is generated by quasi-static compression in numerical sim-
ulations. Our numerical simulations have several parameters: the
size of the initial BCCA cluster, the compression rate, the normal
damping force, and the critical displacement (corresponds to the
rolling energy). We investigate the dependence of the pressure on
these parameters, by performing several runs with different pa-
rameter sets. Although we assume ice aggregates in most runs,
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Akimasa Kataoka (NAOJ)

• 天文との出会い。学部２年生で参加。


• 星形成領域の単一鏡電波観測→面白かった
ので天文学に来た


• ちなみに守屋さんも同じ年に参加


• 当時院生の方（樋口さんと島尻さん）に
電波天文について教えてもらう


• 輝線で見ると物理状態がよくわかること・
単一鏡で見ると結構大まかな構造しかわか
らないことは理解した。


• 別件ですが直後のすばる実習では今西さ
ん・小宮山さんにお世話になりました。
中島さんも参加者の１人

野辺山観測実習

https://www.nro.nao.ac.jp/~nro45mrt/html/misc/45school.html

多分僕です



Akimasa Kataoka (NAOJ)

• 学部４年生のときに参加した広
島の天文学会にて、町田正博さ
んに「やってみない？」と言わ
れて始まる。


• 課題：町田さんの３次元磁気
流体シミュレーションを、富
阪さんの輻射輸送計算コード
で擬似観測し、どんな偏光が
見えるはずかを計算した

星形成と磁場と偏光

4A2, which we find to be separated by 400 AU
(1.8¶¶) at a PA of 130- (Fig. 1), as previously
observed at lower frequencies at an angular

resolution of È0.6¶¶ (15). Using the SMA polar-
imetry system (16), we are able to examine the
magnetic field at 360 AU resolution and we
find a clear Bpinched[ morphology (Fig. 1C)
around this protostellar system. This provides a
direct confirmation of the magnetic field con-
figuration at the few-hundred–AU scale pre-
dicted by the standard theory of low-mass-star
formation (3, 4). Moreover, the detection of
hourglass morphology even in this complex
region suggests that the models of isolated star
formation may apply even when the initial con-
ditions are much less idealized than is normally
assumed. Hints of magnetic field hourglass
shape have also been reported in high-mass-
star–forming regions such as NGC 2024 (17)
and more clearly but at much larger scales
(È0.5 pc) toward OMC-1 (18).

The total flux measured in our 877-mm
observations is 6.2 T 0.5 janskys (Jy) over an
area of 33 square arc sec, where there is adequate
sensitivity to measure the polarization. Assum-
ing optically thin emission, a dust temperature of
50 K (19), a gas-to-dust ratio of 100, and a dust
opacity of 1.5 cmj2 gj1 (20), we estimate the
total mass traced by the dust to be 1.2 d300

2

solar masses Ed300 K (d/300 pc), where d is the
adopted distance to the NGC 1333 cloud^. We
can make an estimate of the averaged column
density EN(H2)^ and volume density En(H2)^ of
the region traced by the dust as follows: N(H2) 0
M/(Amm) and n(H2) 0 M/(Vmm), where M is the
dust mass, mm is the average mass per par-
ticle, A is the area of the dust emission, and V 0
(4/3)p–

1/2 A
3/2 is the volume. Adopting a helium-

to-hydrogen mass ratio of 30%, we find that the
mean column density is N(H2) 0 8.2 ! 1023

cmj2 and the mean volume density is n(H2) 0
4.3 ! 107 d300

j1 cmj3; both are similar to the
expected values for the observed scales (19).

With the array configuration and frequency
used, these SMA observations are not sensitive
to dust emission on scales larger than 10¶¶ or
3000 AU, where models of magnetized collaps-
ing clouds expect the magnetic field to be
uniform. Therefore, the magnetic field has been
modeled by a family of parabolic functions

using a c2 analysis. We find that the center of
symmetry of the magnetic field coincides
within the measured uncertainty, È0.6¶¶, with
the center of the two cores. The position angle
of the magnetic field axis, ,61-, is roughly
similar to the orientation of the magnetic field
on larger scales around NGC 1333 (21). From
Fig. 1C, we can see that across most of this
region there is a remarkably accurate corre-
spondence between the measured magnetic
field vectors and the modeled parabolic mag-
netic field lines. However, there are some
discrepancies southeast of the center, where
the measured field seems to systematically
deviate from the fitted model. The observed
dispersion (Fig. 2), dqobs, is made up of con-
tributions from the measurement uncertainty of
the polarization angle sq and the intrinsic
dispersion dqint, according to the equation (22)
dqobs 0 (dqint

2 þ sq
2)

1/2. The observed disper-
sion (dqobs) in the residuals is 8.0 T 0.9-,
whereas the measurement uncertainty of the po-
larization angle (sq) is 6.2 T 0.3-. Therefore, the
intrinsic dispersion is dqint 0 5.1 T 1.4-. This
estimate of the intrinsic dispersion should be
regarded as an upper limit because the parabolic
function is just a first approximation of the true
magnetic field morphology.

If we assume that the dispersion in polariza-
tion angles is a consequence of the perturbation
by Alfv2n waves or turbulence in the field lines,
then the strength of the magnetic field projected
in the plane of the sky (Bpos) can be determined
from the equation Bpos 0 Q (dvlos/df)(4pr)1/2,
where r is the average mass density; dvlos is the
line-of-sight velocity dispersion; and df is the
dispersion in angular deviations of the field lines,
which is the same as dqint calculated above (23).
Q is a dimensionless parameter that depends on
the cloud structure EQ 0 1 corresponds to the orig-
inal equation of Chandrasekhar and Fermi (24)^.
Simulations of turbulent clouds suggest that Q ,
0.50 (25), which is the value adopted. Using the
value of the volume density derived from our
data, n(H2) 0 4.3! 107 cmj3, and the line width
(corrected for the kinematical contribution) given
by (26), dvlos , 0.2 km sj1, we calculate the

Fig. 1. (A) Sketch of the axis directions: red/blue
arrows show the direction of the redshifted/
blueshifted lobes of the molecular outflow,
probably driven by IRAS 4B (8); solid lines show
the main axis of the magnetic field; and dashed
lines show the envelope axes. The solid triangles
show the positions of IRAS 4A1 and 4A2. The cross
shows the center of the magnetic field symmetry.
(B) Contour map of the 877-mm dust emission
(Stokes I) superposed with the color image of the
polarized flux intensity. Red vectors indicate that
length is proportional to fractional polarization,
and the direction is the position angle of linear
polarization. Contour levels are 1, 3, 6, 9,I30 !
65 mJy per beam. The synthesized beam is shown
in the bottom left corner. (C) Contour and image
map of the dust emission. Red bars show the
measured magnetic field vectors. Gray bars
correspond to the best-fit parabolic magnetic field
model. The fit parameters are the position angle of
the magnetic field axis qPA 0 61- T 6-; the center
of symmetry of the magnetic field a0(J2000) 0 3 h
29 m 10.55 s T 0.06 s and d0( J2000) 0
31-13¶31.8¶¶ T 0.4¶¶; and C 0 0.12 T 0.06 for
the parabolic form y 0 g þ gCx2, where the x is
the distance along the magnetic field axis of
symmetry from the center of symmetry.

Fig. 2. Histogram of the
polarization angle residuals
for the best parabolic magnet-
ic fieldmodel, shown in Fig. 1.
The mean and the standard
deviation of the polarization
angle residuals are –1.1- and
8.0-, respectively.
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Theory

Kataoka, Tomisaka, Machida, 2012

町田正博さん（当時国立天文台） 富阪幸治さん（当時国立天文台）



Akimasa Kataoka (NAOJ)

• 2013年(D1)頃、深川さん・武藤さんから「CS(7-6)のモ
デリングをしてくれ」と依頼があった。


• 「観測屋」と「理論屋」が別れている中で、その間を
つなぐモデリングができるようになれば強いだろうと
思って二つ返事で参加。


• その後議論の中で「ダスト散乱で偏光が見えない
か？」となった。芝井・武藤両氏からのアイディア。


• 結局CSのモデリングは全然やらずに偏光の話をすす
めることに…(すいません)

ALMA観測研究への参加
L14-2 M. Fukagawa et al. [Vol. 65,

Fig. 1. Dust continuum map at 336 GHz (890 !m) for the disk of
HD 142527. The color scale shows the brightness temperature on
a logarithmic scale. The black contours denote Tb = 5, 10, 15, and
20 K, while the white one denotes the 5 " level. The size of the synthe-
sized beam is shown at the left corner of the image with a white ellipse
of 0:0039 ! 0:0034 (= 55 au ! 48 au) with a major-axis PA of 57ı.

Cycle 0. The maximum and minimum baselines were 380 m
and 20 m, respectively, and the latter corresponded to the
largest angular scale of the detectable component of 1000. The
observations reported in this letter consisted of four scheduling
blocks over the period from 2012 June to August. The corre-
lator was configured to store dual polarizations in four separate
spectral windows with a bandwidth of 469 MHz and with
3840 channels, providing a channel spacing of 0.122 MHz
(0.11 km s"1). Note that the effective spectral resolution is
lower by a factor of # 2 (#0.2 km s"1) because of Hanning
smoothing. The central frequencies for these four windows are
330.588, 329.331, 342.883, and 342.400 GHz, respectively,
allowing us to observe molecular lines of 13CO J = 3–2,
C18O J = 3–2, and CS J = 7–6. The results of the CS obser-
vations will be reported elsewhere. The quasars 3C 279 and
QSO J1924"2914 were targeted as bandpass calibrators, whereas
the amplitude and phase were monitored through observations
of the quasar QSO B1424"41. The absolute flux density was
determined from observations of Titan and Neptune.

The data were calibrated and analyzed by using the Common
Astronomy Software Applications package, version 3.4. After
flagging the aberrant data and calibrating the bandpass, gain,
and flux scaling, the corrected visibilities were imaged and
deconvolved by using the CLEAN algorithm with Briggs
weighting with a robust parameter of 0.5. In addition, to
improve the sensitivity and image fidelity, the self-calibration
was performed for the continuum the distinct structure of
which was detected with a very high signal-to-noise ratio
(S=N ). We started with the CLEAN-ed image as an initial
model of the source brightness distribution. The phase alone
was first corrected via six iterative model refinements; then, the
calibration was obtained for the phase-plus-amplitude without
iteration. The solution for the continuum was applied to 13CO
and C18O data. The final CLEANing was performed with
Uniform weighting for both the continuum and emission lines.
The self-calibration reduced the fluctuation in the continuum to
a level that 2–3 times the brightness of the theoretical thermal
origin can account for, resulting in clear detection of compact
emission at the stellar position.

Uncertainty associated with the absolute flux density is 10%.

Fig. 2. Moment 0 (left) and 1 (right) maps in 13CO (upper) and C18O
J = 3–2 (lower). The contours in the left panels show the 5 " levels.
In the right panels, the first moment maps are presented for the emis-
sion detected above 5 " . The contours for the integrated intensity are
overplotted, starting from 5 " and increasing by 5 " steps. The cross
in each panel denotes the position of the central star. The synthesized
beam size is displayed with a white ellipse in each panel, and is 0:0043
! 0:0037 with a PA of 50ı for both 13CO and C18O.

Fig. 3. Peak-intensity maps of 13CO (left) and C18O J = 3–2 (right).
The peak intensity denoted by color includes the underlying continuum.
The white contour shows the 5 " level. Tb for the continuum is also
plotted with black contours, indicating 5, 10, 15, and 20 K. The cross
denotes the stellar position. The faint armlike feature is seen in the
13CO map in the northwest at the disk outer edge, which corresponds
to the arm detected in scattered light (Fukagawa et al. 2006).

The synthesized beam size for the continuum is 0:0039 ! 0:0034 at
a position angle (PA) of 57ı for the major axis; those for 13CO
and C18O are 0:0043 ! 0:0037 at PA = 50ı. The rms noise is
0.19 mJy beam"1 for the continuum, whereas they are 12 and
15 mJy beam"1 in the 0.11 km s"1 wide channels for the line
emission of 13CO and C18O, respectively. Since the positional
information was lost in the self-calibration, we determined that
the stellar position is the brightness centroid of the compact
continuum detected at around the stellar coordinates.

3. Results

3.1. Continuum at 336 GHz

3.1.1. Outer disk
Figure 1 shows the continuum emission at 336 GHz

(890 !m). The outer disk was readily detected, and the total

Fukagawa et al. 2013

深川さん(当時阪大) 武藤さん(工学院) 芝井さん(当時阪大)



Akimasa Kataoka (NAOJ)

• 2012-2014年博士課程、国立天文台理論研究部


• 同じ部屋に田中雅臣さん（当時天文台助教）


• 輻射場の異方性と偏光について田中さんに大変よく議
論してもらった。


• 当時、キロノバのオパシティを計算していて忙し
かったはず…


• CMBのE-mode偏光も似たような物理
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Figure 1. Schematic illustration of polarization in the SN ejecta (see also
Kasen et al. 2003; Leonard & Filippenko 2005; Wang & Wheeler 2008).
(a) When the photosphere is spherical, polarization is canceled out, and no
polarization is expected. At the wavelength of a line, polarization produced
by the electron scattering is depolarized by the line transition. (b) When the
ion distribution is spherical, the remaining polarization is canceled, and no
polarization is expected. (c) When the ion distribution is not spherical, the
cancellation becomes incomplete, and line polarization could be detected (e.g.,
Jeffery 1989; Kasen et al. 2003; Wang & Wheeler 2008).
(A color version of this figure is available in the online journal.)

spectropolarimetry can probe 3D geometry, as explained in the
following section. In this paper, we study the multi-dimensional
explosion geometry of SNe using spectropolarimetric observa-
tions.

1.2. Power of Spectropolarimetry

Polarization in SNe is generated by electron scattering.
Since the polarization degree of the scattered light reaches
its maximum when the scattering angle is 90◦, the expected
polarization map for a spherical photosphere looks like (a) in
Figure 1. However, SNe are observed as point sources, and
thus all the polarization vectors cancel out, resulting in no
polarization.9

Absorption and re-emission by a bound–bound transition,
which create a P-Cygni profile in the expanding ejecta, tend
to cause depolarization (Jeffery 1989; Kasen et al. 2003).
Thus, the polarization produced by the electron scattering is
effectively concealed by the interaction with lines. If an ion
is distributed spherically (b), polarization vectors still cancel
out, and no polarization is expected at the wavelength of the
line. Polarization would be detected at the wavelength of the
absorption line only if the ion is distributed asymmetrically (c),
because of the incomplete cancellation. Thus, we can identify
an asymmetric ion distribution by detecting line polarization.

Note that an asymmetric ion distribution is expected ei-
ther from an asymmetric element distribution, which could
be produced by a multi-dimensional explosion (e.g., Nagataki
et al. 1997; Kifonidis et al. 2000, 2003; Maeda et al. 2003;
Tominaga 2009; Fujimoto et al. 2011), or by an asymmetric
ionization/temperature structure, which is caused by an asym-
metric distribution of 56Ni (Tanaka et al. 2007).

9 When the photosphere is deformed, the cancellation of polarization
becomes incomplete. As a result, continuum polarization will be detected
(Shapiro & Sutherland 1982; Höflich 1991). Although continuum polarization
is difficult to distinguish from interstellar polarization, multi-epoch
observations have revealed that there is non-zero continuum polarization in
Type IIP SNe after the plateau phase (Leonard et al. 2006; Chornock et al.
2010).

The properties of linear polarization are fully described by
the Stokes parameters. Throughout this paper, we define the
Stokes parameters as a fraction of the total flux: Q ≡ Q̂/I and
U ≡ Û/I , where Q̂ and Û can be expressed as Q̂ = I0−I90 and
Û = I45 − I135, respectively. Here Iθ is the intensity measured
through the ideal polarization filter with an angle θ . From the
Stokes parameters Q and U, the polarization position angle θ is
obtained by

2θ = atan(U/Q). (1)

The position angle is measured from north to east in the sky.
Figure 2 shows the expected line polarization in a 2D bipolar

model (top) and a 3D clumpy model (bottom). The polarization
spectra are calculated by the Monte Carlo method for arbitrary
line optical depth distributions, under assumptions similar to
those in Kasen et al. (2003) and Hole et al. (2010). The details
of the simulations will be given in a forthcoming paper. The
left panels show the distribution of line optical depth. In the 2D
model, the opacity is enhanced by a factor of 10 in the polar
region, while in the 3D model, the opacity is similarly enhanced
in the randomly distributed clumps.

In both cases, the polarization changes at the wavelength of
the line (middle panels), which is caused by the asymmetric
distribution of the line optical depth. However, the behavior
of the polarization angle is different. In the 2D case, the
polarization angle is constant (some fluctuation is caused by
the Monte Carlo noise), while in the 3D case, it largely changes
across the line. Since the SN ejecta expand homologously and
the velocity can be used as a radial coordinate, a change in the
polarization angle means a radially dependent ion distribution.

This effect is more clearly seen in the Q – U plane. The
right panels in Figure 2 show the same simulated polarization
spectrum in the Q – U plane. Different colors represent different
Doppler velocities, according to the color bar above the plots.
The polarization for the 2D model shows a straight line in the
Q – U plane, while that for the 3D model shows a “loop,” which
corresponds to a change in the polarization angle.

Therefore, a change in the polarization angle or the loop in
the Q – U plane is indicative of a 3D ion distribution. In order to
fully utilize the power of spectropolarimetry, we should obtain
high-quality data to discriminate such a feature from noise.
Loops in the Q – U plane have been commonly observed in
Type Ia SNe (Wang et al. 2003a; Kasen et al. 2003; Chornock
& Filippenko 2008; Patat et al. 2009) and in some core-collapse
SNe (e.g., Maund et al. 2007b, 2007c, 2009).

1.3. This Paper

In this paper, we show our spectropolarimetric observations
of two Type Ib/c SNe with the Subaru Telescope (Sections 2
and 3). The first target is the Type Ib SN 2009jf (discovered
in NGC 7479 by Li et al. 2009 on UT 2009 September 27.33
and classified by Kasliwal et al. 2009; Sahu et al. 2009). See
Sahu et al. (2011) and Valenti et al. (2011) for more details. The
other target is the Type Ic SN 2009mi (discovered in IC 2151 by
Monard et al. 2009 on UT 2009 December 12.91 and classified
by Kinugasa et al. 2009).

We then summarize the spectropolarimetric data of stripped-
envelope SNe published so far (Section 4). We argue that
a non-axisymmetric, 3D geometry is common in stripped-
envelope SNe. We find a relation between line polarization
and the depth of absorptions: i.e., a stronger line tends to
show a higher line polarization. Even after correcting for the
effect of the absorption depth, there remains a dispersion in the
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Fig. 3.— The polarization P at the scattering angle of 90� and the albedo ! = sca/(abs + sca) as a function of maximum grain size.
The size distribution is assumed to have power law of n(a) / a�3.5. The wavelengths are assumed to be 1.3 mm for the left panel and
870 µm for the right panel. The arrows indicate the maximum grain size which has the most e�cient polarization by 90� scattering.

TABLE 1
The sensitive grain size for observed

wavelengths

wavelengths � the sensitive grain size amax

7 mm 1 mm
3.1 mm 500 µm
870 µm 150 µm
340 µm 70 µm

tion due to 90� scattering.

2.4. Detectable grain size for each wavelength

We have demonstrated that the polarization due to 90�

scattering by dust grains can be significant only when the
grains are su�ciently large to have a large albedo (§2.2)
but small enough to show isotropic scattering (§2.3).
Thus, there is a sensitive grain size to be detected.
We investigate the dependence of polarization e�-

ciency on grain size especially in the case of wavelengths
are 870 µm and 3.1 mm, which correspond to ALMA
Band 7 and 3, respectively. Figure 3 shows both albedo
! = sca/(abs + sca) and polarization P at 90�.
The polarization at 90� scattering shows perfect po-

larization at small wavelengths. At specific wavelengths,
which is almost � ⇠ a/2⇡, the polarization drops to 0.
By contrast, the albedo ! increases with increasing grain
size. If ! is nearly unity, polarization is likely to be de-
tected.
Thus, the product of polarization and albedo, P!,

gives the grain size that contributes most to the polarized
emission at any observed wavelength. In other words,
P! represents a window function for the grain size de-
tactable in polarization observations. Figure 4 shows P!
at the wavelengths of � = 340 µm, 870 µm, 3.1 mm, and
7 mm. The most sensitive grain sizes are summarized in
table 1. This suggests that detection and non-detection
of polarization for a wide range of sub-mm, mm, and cm
wavelengths can put a strong constraint on the grain size.

2.5. A toy model to understand the self-scattering

The second condition of the polarization due to scatter-
ing is light sources to be scattered. This is also satisfied
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Fig. 4.— The polarization times the albedo P! against the max-
imum grain size. This figure represents the sensitive grain size
for detection of polarization. Each line corresponds to the wave-
lengths of 0.34 mm, 0.87 mm, 3.1, and 7 mm. The band numbers
correspond to the ALMA band numbers for each wavelength.

in some protoplanetary disks if thermal dust emission it-
self can play a role of light sources. In other words, we
consider the self-scattering of dust emission. If radiation
field has an anisotropic distribution, especially in the case
that the emission is strong from two opposite directions
and weak from 90� di↵erent directions, the final scatter-
ing is partially polarized. This polarization may occur
in protoplanetary disks in the case of recently discovered
protoplanetary disks which have lopsided surface bright-
ness (Casassus et al. 2013; van der Marel et al. 2013; Fuk-
agawa et al. 2013; Isella et al. 2013; Pérez et al. 2014). In
these disks, the sub-mm emission itself may play a role
of the light source of the polarization because of their
anisotropy. In this section, we demonstrate the polariza-
tion due to self-scattering with a simple toy model.
Hereafter, we will fix the maximum grain size and

wavelengths to be amax = 100 µm and � = 870 µm,
which is one of the best combination of the e�cient po-
larization, in order to investigate possibilities to detect
mm-wave polarization from protoplanetary disks. Note
that the calculated absorption and scattering opacities

Prediction of polarization fraction

(grain size) ~ λ/2π

• 理論研究中心だったが、たまたま観測研
究のモデリングに誘ってもらった


• たまたま観測の（ごく初歩の）知識と興
味はあった


• 偶然偏光モデリングの知識があった


• 研究のアイディアはもとは他の人から


• メカニズム自体も他の天文分野で枯れた
物理
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where r is the orbital radius. The mass of the central star is
taken to be M1.9 :. The adopted values are 0.6 g cm0

24 � � ,
r 173d � AU, w 27d � AU, and h r19.8 AU 173 AUg

1.5( )� ,
which corresponds to the isothermal disk of 36 K. The dust
mass of the disk is M5.0 10 3q �

:. We confirm that the results
in the case of a power-law temperature distribution do not show
any significant difference from the constant temperature
adopted here (see Appendix B for more details).

These choices of parameters are motivated by recent results
of the modeling of HD 142527 (Muto et al.), although we use
different dust models. In addition, the dust density is assumed
to be zero if R 70� AU or if R 300� AU. We assume that
the target is at 140 pc and thus 1 arcsec = 140 AU. Note
that the optical depth at the peak is 0 absU L� 4 q �
0.6 g cm 0.51 cm g 0.312 2 1q �� � . Thus, this object is opti-
cally thin.

Figure 7 shows the intensity, the polarized intensity, and the
polarization degree overlaid with polarization vectors. The
polarization degree has a double-ring structure. The polariza-
tion vectors are orientated to totally opposite directions in the
two rings. The vectors in the outer polarization ring are in the
azimuthal direction. This is because the background thermal
emission has a strong radial gradient at the location of the outer

polarized ring. This corresponds to point B in Figure 6. By
contrast, the vectors are in the radial direction in the inner
polarization ring. This is due to the net flux from the azimuthal
direction being larger than the net flux in the radial direction.
This corresponds to point A in Figure 6. This double-ring
pattern is a unique feature of the polarization due to dust
scattering, and thus this will be a clue to distinguish the
polarization mechanism.

3.2. Polarization from Lopsided Protoplanetary Disks

We now calculate the expected polarization from a lopsided
disk. To mimic the lopsided disk structure observed with
ALMA (e.g., Fukagawa et al. 2013), we further add an
azimuthally Gaussian distribution (e.g., Pérez et al. 2014) as
follows:
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Since the broad range of azimuthal contrast of dust
continuum emission has been reported so far (1.5 for
SAO206462, Pérez et al. 2014; 24 for HD 142527, Fukagawa
et al. 2013; 130 for IRS 48, van der Marel et al. 2013), we
consider two cases: model A for low azimuthal contrast and
model B for high azimuthal contrast. In model A, we use the

Figure 7. Same as Figure 5, but for the case of the ring-shaped protoplanetary disk.

Figure 8. Same as Figure 5, but for model A in the case of the lopsided protoplanetary disk. The object is optically thin everywhere.
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Fig. 3. Snapshots of the evolution of an aggregate under compression in the case of N =
16384. The top three figures are 3D visualizations. They

have the same scale with di↵erent time epochs. The white particles are inside a box enclosed by the periodic boundaries. The yellow particles are

in neighboring boxes to the box of white particles. For visualization, we do not draw the copies on the back and front sides of the boundaries but

only 8 copies of the white particles across the boundaries. Each bottom figure represents projected positio
ns onto 2D plane of all particles in each

corresponding top figure. The gray points in the bottom figures correspond to the positio
ns of the white particles in the top figures, and the yellow

points correspond to those of the yellow particles in the top figures. Scales are in µm
.

3.2. Dependence on the boundary speed

To statically compress the aggregate, we should move the bound-

ary at a low enough velocity not to create inhomogeneous struc-

ture. Figure 5 shows the dependency on the strain rate parameter.

Each line shows the average of ten runs. The fixed parameters

are N =
16384, kn

= 0.01, and ⇠crit
= 8 Å. The strain rate pa-

rameter Cv is equal to 1⇥ 10�
7 , 3⇥ 10�

7 , 1⇥ 10�
6 , 3⇥ 10�

6 , and

1 ⇥ 10�
5 . The higher Cv, the higher pressure in the low density

region is required for compression. This is mainly caused by the

ram pressure from the boundaries with high speed.

When the compression proceeds and the density
becomes

higher to reach the line of Equation (25), the pressure follows

the equation. From Figure 5, Cv =
3⇥ 10�

7 creates a su�
ciently

low boundary speed. The boundary speed can be calculated as

a function of �.
Using Equation (6) and �

= (4/3
)⇡r

3
0
N/L

3 , the

velocity di↵erence between a boundary and the next boundary,

vd, can be writte
n as
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In the case of Cv =
3 ⇥ 10�

7 , vd =
12.7, 5.9, and 2.7 cm/s

for �

= 10�
3 , 10�

2 , and 10�
1 , respectively.

Here, we discuss the velocity di↵erence of boundaries, com-

paring with the e↵ective sound speed of the aggregates. The

e↵ective sound speed can be estim
ated as
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where we use Equation (25). Using the rolling energy of ice

particles, cs,e↵
is given by

cs,e↵
⇠ 1.1 ⇥

103 � cm/s
.

(28)

Therefore, in the case of Cv =
3 ⇥ 10�

7 , vd is not low enough in

the beginning of the simulation, where the aggregate has a low

filling factor. However, the boundary velocity di↵erence reaches

lower than the e↵ective sound speed when � &
10�

2 .

3.3. Dependence on the size of the initial BCCA cluster

To confirm that Equation (25) is valid in the lower density
re-

gion, we perform the simulations with the di↵erent number of

particles, which is equivalent to the di↵erent sizes of the ini-

tial dust aggregates. Figure 6 shows dependence on the number

of particles of the initial BCCA cluster. The initial numbers of

particles are 1024, 4096, and 16384. The other parameters are

Cv =
3⇥10�

7 , kn =
0.01, and ⇠crit

= 8 Å in the case of N =
1024

and N =
4096, and Cv

= 1 ⇥ 10�
7 , kn

= 0.01, and ⇠crit
= 8 Å
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Fig. 2. Initial and final snapshots of a head-on collision (b = 0) between a projectile of Nproj = 2000 and a target of Ntarget = 128000 at
ucol = 52m s−1. Right panels show cross sectional views with particles that are painted dependent on the amount of energy dissipation as indicated
in the scale bar.

4.2. Dust growth in protoplanetary disks

We found that aggregate collisions with high mass ratios
Ntarget/Nproj lead to high growth efficiency f̄ averaged over b.
The reason of this increase in f̄ would be explained by the effect
of head-on collisions. Head-on collisions allow for aggregates to
stick with each other more effectively than offset collisions (see
Fig. 4). Experimental studies also report that head-on collisions
of porous aggregates onto large (flat) targets result in high ucol,crit
(Wurm et al. 2005; Teiser & Wurm 2009; Paraskov et al. 2007).
For high Ntarget/Nproj, offset collisions even at relatively high im-
pact parameter b closely resemble head-on collisions, therefore
producing high f . This effect promotes dust growth and plan-
etesimal formation.

In contrast, averaging over the impact parameter, the criti-
cal collision velocity for dust growth is unchanged even for col-
lisions with a high Ntarget/Nproj = 64 (the critical velocity for
ice aggregates is less than 100 m s−1). One reason for this sup-
pression is that offset collisions, at which ejected mass becomes
high, partly contribute to suppress the increase in ucol,crit. An-
other and probably main reason is that only the kinetic energy
or the velocity of the projectile is important for the growth effi-
ciency when the target size is sufficiently large. This is suggested

by the fact that the impact energy is not distributed over a whole
region of a target, limited to a region comparable to the projectile
size (Figs. 2 and 3). The collision outcomes would be similar to
cratering when the target size is sufficiently large.

As shown above, icy aggregates have sufficiently high ucol,crit
and the growth efficiency is significantly enhanced at v ∼
50m s−1 for collisions with high mass ratios. These strongly sup-
port the formation model of icy planetesimals via direct dust
growth (e.g., Okuzumi et al. 2012; Kataoka et al. 2013b). For
silicate dust aggregates, on the other hand, the critical velocity
for growth is estimated to be 8 (r/0.1µm)−5/6m s−1 from the scal-
ing relation (Eq. 7). Since the collision velocity in protoplanetary
disks could reach at least 25 m s−1, ucol,crit # 8 m s−1 means that
silicate aggregates cannot grow through collisions. In contrast,
the optimistic growth possibility with ucol,crit > 20 m s−1 is in-
ferred from experimental studies (Wurm et al. 2005; Teiser &
Wurm 2009; Teiser et al. 2011; Paraskov et al. 2007). In these
experiments, however, aggregate accretion is argued based on
(nearly) head-on collisions. Head-on collisions tend to increase
the growth efficiency and we can see the trend in Figure 4, fo-
cusing on f values at b = 0. For example, in panel (f), f around
b = 0 is still positive at ucol = 174m s−1 and ucol,crit reaches
more than twice compared to that in equation (8). In addition,
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今後
• 偏光天体のモデリング


• 偏光強度はリング・ギャップで違いがある (Ohashi and Kataoka 2019)


• ダスト沈殿の影響 (Ueda, Kataoka, et al. 2021)


• ダスト空隙率の影響 (Zhang, Ueda, Kataoka, Zhu, in prep.)


• 別手法によるダストサイズ測定


• 散乱による連続波減光 (Ueda, Kataoka, Tsukagoshi 2020)


• リング天体のダスト高さ測定 (Doi and Kataoka 2021)


• 偏光の整列成分の解析


• ダスト針状の形をしている？(Mori and Kataoka 2021)


• 磁場形状はトロイダルだろう (Ohashi, Kataoka et al. 2018)
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recognized in the Stokes Q image because the Stokes Q
emission represents polarization pointing along the disk major
axis in this disk geometry.

In this paper, we perform radiative transfer calculations by
taking into account the polarization due to only self-scattering. This
assumption is consistent with the results reported by Dent et al.
(2019), who indicated that the polarization is produced by the self-
scattering without any additional dust alignment mechanism.

3. Disk Model

To perform radiative transfer calculations, we constructed an
axisymmetric dust disk model with several additional rings that
reproduce the continuum image. We discuss the physical
parameters of the disk in the following section.

We adopted the following temperature profile with a smooth
power-law distribution derived by Isella et al. (2016):
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We adopted a power-law surface density profile with an
exponential tail and added exponential bright regions to mimic
the observed profile. We took the intensity profile to be on the
major axis in the northwest direction to avoid the additional
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� �O
U

O
�I R e B T R1 . 2R

d( ) ( ) ( ( )) ( )( )

Using this equation, we assume the radial optical depth profile to
be

U � �

� �
�

� �
�

� �
�

R R

R

R

R

0.14
1 au

exp
35 au

1.1 exp
1
2

70 au
3.8 au

0.2 exp
1
2

104 au
5.6 au

0.03 exp
1
2

160 au
16 au

. 3

0.5 5

2

2

2

( )

⎜ ⎟ ⎜ ⎟

⎜ ⎟

⎜ ⎟

⎜ ⎟

⎛
⎝

⎞
⎠

⎛
⎝⎜

⎛
⎝

⎞
⎠

⎞
⎠⎟

⎛
⎝⎜

⎛
⎝

⎞
⎠

⎞
⎠⎟

⎛
⎝⎜

⎛
⎝

⎞
⎠

⎞
⎠⎟

⎛
⎝⎜

⎛
⎝

⎞
⎠

⎞
⎠⎟

The surface density is derived with the assumption that
τ=κabs×Σdust, where κabs is the absorption opacity and

Σdust is the dust surface density. The radial profile of the
intensity is set using Equations (1)–(3). The unit of intensity is
set to be Jy beam−1 for comparison with the observations.
The calculation of opacity followed that by Kataoka et al.

(2016a). The dust grains were assumed to be spherical and to
have a power-law size distribution with an exponent of
q=−3.5 (Mathis et al. 1977) and maximum grain size amax.
This maximum grain size is considered to be the representative
grain size in the following discussion. The opacity was
calculated using Mie theory. The composition was assumed
to be a mixture of silicate (50%) and water ice (50%) (Pollack
et al. 1994; Kataoka et al. 2014). We used the refractive index
of astronomical silicate (Weingartner & Draine 2001) and
water ice (Warren 1984) and calculated their mixture based on
effective medium theory using the Maxwell–Garnett rule (e.g.,
Bohren & Huffman 1983; Miyake & Nakagawa 1993). Note
that a different abundance may lead to a different absolute
value of the degree of polarization, which should be
investigated in future studies.
The vertical density distribution is assumed to be Gaussian

with a dust scale height hd such that S Q� 4 h2d d d( )
�z hexp d

2 2( ). We set an additional dust settling parameter fset
such that �h h fd g set, where hg is the gas scale height
( � 8h cg s ), to mimic grain settling.
We performed radiative transfer calculations with RADMC-3D3

(Dullemond et al. 2012), taking into account multiple scattering,
as done by Kataoka et al. (2015). The inclination and position
angle were assumed to be 47° and 133°.3, respectively, as
derived by the DSHARP project (Isella et al. 2018).
The Stokes I, Q, and U images were convolved with a

Gaussian beam with a full width at half maximum of 0 2 to
produce the final model images. Figure 2 shows the intensity
profile (Stokes I) obtained from the continuum data on the
major axis overlaid with the model intensity profile. The figure
confirms that the model reproduces the continuum image.
The three rings are located at 70, 104, and 160 au, and their

widths are 3.8, 5.6, and 16 au, respectively. Isella et al. (2018)
derived the locations of the two inner rings as 67 au (width: 6.6
au) and 101 au (width: 5.8 au), respectively. These values are

Figure 1. 0.87 mm dust continuum polarization in HD 163296. The panels show the total intensity (Stokes I), Stokes Q component, Stokes U component, and polarization
fraction, from left to right. The black and white ellipses indicate the position of the 70 au ring. The polarization vectors are overlaid on the polarization fraction. The polarization
vectors and the polarization fraction are shown where the polarized intensity is higher than 3σPI. Note that the lengths of the polarization vectors are set to be the same.

3 RADMC-3D is an open code of radiative transfer calculations developed
by Cornelis Dullemond. The code is available online at: http://www.ita.uni-
heidelberg.de/~dullemond/software/radmc-3d/.
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Figure 9. Proportion of vertical optical depths at � = 870 µm (top), 1.3 mm (middle) and 3.0 mm (bottom) from each dust
size of Fixed model with amax = 1000 µm (top) and amax = 2900 µm (bottom). The optical depths are calculated only with
grains above the ⌧ = 1 surface. The radial position is 20 au.

hd for small grains

hd for large grains τ =1 surface

Strong turbulence Weak turbulence

Only large grains (St > αt) 
settle to the mid-plane 

Even small grains
settle to the mid-plane No-settling limit

Figure 10. Schematic of the location of ⌧ = 1 surface relative to dust scale heights. In the strong turbulence regime, only the
dust scale heights of large grains whose St is larger than ↵t decrease with decreasing the turbulence strength. At some point,
most of grains settle to the mid-plane since even small grains satisfy St < ↵t.

the scattered light is di�cult for the HL Tau disk be-
cause it is still embedded in a massive envelope which
prevent us from investigating the disk surface structure
(Beckwith et al. 1986, 1990).
The very weak turbulence is consistent with the recent

non-ideal MHD models where the Magneto-Rotational
Instability (MRI) is suppressed at the disk mid-plane
(e.g., Gammie 1996; Bai 2017). However, even if MRI
is suppressed, pure hydrodynamic instabilities would in-

duce turbulence and lift up dust grains (e.g., Flock et al.
2017, 2020).
The gas surface density is also important param-

eter for the dust settling, although we fixed it as
1000 (r/au)�0.5g cm�2. As shown in Equation (4), the
settling behavior is determined by the ratio of St to ↵t

and hence by ↵t⌃g. Therefore, if the gas surface density
is 10 times lower than our model, 10 times higher ↵t is
acceptable. If the gas surface density is 10 time lower
than our model, the dust-to-gas mass ratio is an order

8 Doi and Kataoka

Figure 5. Comparison of images of HD 163296. The three images in the left column represent observation, and the three
images in the middle and right columns represent simulations with fset = 1 (no settling) and fset = 8, respectively. Each line
shows the images with di↵erent color ranges. The middle line shows the images that emphasize the azimuthal intensity variation
of the inner ring, and the bottom line shows that of the outer ring.

major axis does not depend on the dust scale height,
while that along the minor axis depends on the dust
scale height. Along the minor axis, the higher the dust
scale height is, the wider the observed dust ring width
is, and the lower the observed intensity at the peak is.
We plot the intensity of both simulations and the ob-
servation along the major and minor axes to check the
consistency of fset, which we estimate in section 3.3.
Figure 8 shows the radial intensity profiles of the ob-

servation along the major and minor axes. Around the
inner ring at 68 au, the intensity along the major axis

is larger than that along the minor axis. On the other
hand, around the outer ring at 100 au, the intensity
along the major and minor axes is almost the same.
Figure 9 shows the radial intensity profiles along the

major (top) and minor (bottom) axes of the observa-
tion and simulations in case of fset = 1 and 8. We can
see that the simulations reproduces the observation well
along the major axis from the upper panel of Figure
9. The bottom panel of Figure 9 shows that the radial
profile along the minor axis around the inner ring is well
reproduced by fset = 1, while that around the outer ring
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