
ALMAによる原始惑星系円盤観測の進展と 
惑星形成過程への示唆

片岡章雅（国立天文台）



~ 1 μm ~ 1000 km ~ 1 km 

微惑星

惑星形成: 何を解き明かしたいか



Akimasa Kataoka (NAOJ)

1m0.1μm 1km 102-4km

ダスト 微惑星 惑星

ダストの合体成長

天文観測ダスト実験/数値計算

中心星
落下問題

衝突破壊/
跳ね返り問題

Kepler 宇宙望遠鏡
→ TESS 望遠鏡ALMA Partnership 2015

Initial 
(b=0) 

Initial 
(cross section) 

Outcome 
(b=0, ucol=52 m/s) 

Outcome 
(cross section) 

0 Ebreak<

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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本日のお話

• 第一部: ALMAを中心とした、原始惑星系円盤の描像のレビュー (~20分) 

• 高分解能で見えたリング・ギャップ等副構造 

• サーベイ観測で明らかとなった全体像 

• 第二部: 我々の進めてきたALMA偏光観測 (~25分) 

• ダスト散乱による偏光と、ダストミクロ物理への制限 

• (時間があれば、今進めているダスト組成への示唆の研究 ~ 10分)



Akimasa Kataoka (NAOJ)

2 Planck Collaboration: Comparison of polarized thermal emission from Galactic dust with simulations of MHD turbulence

Fig. 1. Locations of the selected nearby fields. The background map represents optical depth ⌧353 at 353 GHz on a logarithmic scale,
at 50 resolution (Planck Collaboration XI 2014). The map uses a Mollweide projection in Galactic coordinates, with (l, b) = (0�,0�)
at the centre.

vide clues on the physics of the early Universe, by measuring
the CMB polarization. However, dominant foreground emission
is also partially polarized, masking the primordial signal. In the
range of the High Frequency Instrument (HFI, Lamarre et al.
2010), from 100 GHz to 857 GHz, the main contribution to the
observed radiation, besides point sources, is thermal emission
from dust grains.

The angular momenta of aspherical and spinning grains tend
to align with the local magnetic field, although the details of how
this alignment proceeds are still the subject of study : see for
instance Andersson (2012) for a review on observational con-
straints regarding grain alignment with respect to current dust
models. Submillimetre thermal dust emission is therefore polar-
ized and represents a powerful tool to study interstellar mag-
netic fields and dust properties. Ideally, we would like to know
where in interstellar clouds, and with what e�ciency the dust
emission and extinction is polarized. This would allow us to use
polarization data to infer the spatial structure of the magnetic
field. There is an extensive literature on this topic based on ob-
servations of starlight polarization, which have been interpreted
from two di↵erent viewpoints, i.e., grain alignement and mag-
netic field structure, without achieving a clear understanding of
the respective roles of these processes in accounting for varia-
tions of polarization across the sky. A number of papers (e.g.,
Pereyra & Magalhães 2007, Alves et al. 2008, Marchwinski
et al. 2012) use the data to infer the magnetic field strength
using the Chandreskar-Fermi method (Chandrasekhar & Fermi
1953). Other papers focus on the observed decrease of polariza-
tion fraction p with NH to interpret the data as a decrease of the

dust alignment e�ciency in dense clouds (Lazarian et al. 1997,
Whittet et al. 2008, Chapman et al. 2011).

Magnetohydrodynamical (MHD) simulations provide a the-
oretical framework to consider both aspects in the interpretation
of polarization datasets. Ostriker et al. (2001) were among the
first to present simulated polarization maps from MHD simu-
lations, for comparison with data and to study the field struc-
ture beyond the simple Chandrasekhar-Fermi method. Falceta-
Gonçalves et al. (2008) used a similar technique to study the ef-
fect of the Alfvénic Mach number, while Pelkonen et al. (2009)
added to this approach the modelling of the alignment process
by radiative torques (Hoang & Lazarian 2008).

Planck has mapped the polarized dust emission with great
sensitivity and resolution (Planck Collaboration Int. XIX 2014),
allowing us to characterize spatial variations of dust polariza-
tion and compare data with MHD simulations with unprece-
dented statistics. This paper is the second in a series of four
dealing with a first presentation of the Planck polarized ther-
mal emission from Galactic dust. The other three are the follow-
ing: Planck Collaboration Int. XIX (2014) describes the polar-
ized dust emission at 353 GHz as seen by Planck over the whole
sky and shows in particular that the maximum polarization frac-
tion pmax at a given total gas column density NH decreases as
NH increases, and that there is an anti-correlation between po-
larization fractions p and angle dispersion functions S, an e↵ect
which has also been seen with starlight polarization data (Hatano
et al. 2013). Planck Collaboration Int. XXI (2014) compares po-
larized thermal emission from dust at 353 GHz to polarization
in extinction in the visible towards a sample of stars. Finally,

702 L. A. Cieza et al.

Figure 2. The spatial distribution of the ODISEA targets (both Samples A and B) shown on top of the Spitzer map of the Ophiuchus molecular cloud from
the ‘Cores to Discs’ Legacy Project.

source that can be unambiguously identified as the target.4 We first
used the imstat task to search for the peak flux value within an
aperture of 1 arcsec in radius and calculated an rms from an annulus
with inner and outer radii of 1.0 arcsec and 1.2 arcsec, respectively.
For single objects with peak signal-to-noise ratios (S/N) > 5, we
used the uvmodelfit task in CASA to derive basic parameters for
each source. The full spectral coverage was utilized. We fitted both
a point source and Gaussian with all free parameters: the integrated
flux density, the full width at half-maximum (FWHM) along the
major and minor axis, the position angle (PA), and small offsets (<
1.0 arcsec) in right ascension and declination from the phase centre.
We find that for objects with peak S/N ! 30, the point source and
the Gaussian fits give similar fluxes, but the Gaussian fits produce
FWHM and PA values with very large uncertainties ("50 per cent
and "90 deg, respectively). For objects with high S/N, the Gaussian
fit can measure FWHM values (deconvolved from the beam) down
to a factor of ∼2 of the beam size, but the ability to measure the
FWHM and the PA of the disc depends on both the size and the S/N
of the source. For sources with sizes (i.e. FWHM values of major
axes) comparable to the beam, the Gaussian and point source fit
give similar fluxes, although the Gaussian fit tends to give slightly
larger fluxes (by ∼10 per cent). For more extended sources, the
point source fit significantly underestimates the flux.

Ideally, one would use the ratio of the FWHM value to its uncer-
tainty to establish whether a source is spatially resolved. However,
the uvmodelfit documentation indicates that the size uncertainties

4The only exception object 62, where a 180 mJy detection is displaced 5
arcsec with respect to the Spitzer coordinates. The detection corresponds
to the object EM ∗ SR 24S, which is part of a triple system that also
contains the SR 24 Nb and SR 24Nc components. We note that the Spitzer
coordinates correspond to the northern pair, which is only 0.34 mJy at
1.3 mm (Fernández-López et al. 2017).

are likely to be underestimated by this task. Therefore, we use ad
hoc criteria to decide whether the source is spatially resolved (i.e.
sufficiently different from a point source to justify reporting disc
sizes and orientations). In particular, we provide size information
only if the source has a peak S/N > 30 and the Gaussian flux is
greater than the point source flux plus 3 times the rms of the sky
between 1 and 1.2 arcsec of the target. For resolved sources, we
report the 1σ uncertainties obtained for each parameter (except for
the position), but remind the reader that these uncertainties might be
underestimated. Otherwise, we consider the source to be unresolved
and only report the flux and its uncertainty. For the few objects with
significant substructures (e.g. transition disc objects with cavities,
spiral arms, and/or wide gaps, targets # 12, 22A, 51, 41, 62, 127,
141, and 143, see Section 3.4), the Gaussian model does not pro-
vide an accurate fit. In these cases, we fit an elliptical disc model
to measure their sizes (also within uvmodelfit), but we use the 2D
fitting tool within the CASA Viewer to measure the flux using a
sufficiently large aperture, typically ∼3 arcsec in radius.

For multiple sources (doubles and triples), we also measure fluxes
and discs sizes (also expressed in terms of the FWHM of the major
axes) in the image plane using the 2D fitting tool within CASA.
This tool provides size and PA information for spatially resolved
objects that have enough S/N. Otherwise, the task indicates that the
source is consistent with a point source. For these multiple sources,
we use the convergence of the fitting tool as the detection criteria
of the sources.

For non-detected targets, we still estimate and report the flux and
rms at the expected location of the source using uvmodelfit to fit a
point source. From all the detections, we find average offsets in RA
and Dec. of −0.08 arcsec and −0.56 arcsec, respectively, which we
attribute to the proper motions of the targets based on the results of
the Gaia Data Release 2 (Gaia Collaboration 2018). Canovas et al.
(in preparation) found Gaia proper motions of µα = −6.9 ± 1.6 and
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天体としての原始惑星系円盤
Ophiuchus

Taurus

Chamaeleon - 距離140pcのところに~10個くらい、星形成領域がある 

- cf. 1 秒角 = 140 au 

- 各星形成領域に、100-300くらい円盤がある
Planck XX, 2015, Cieza et al. 2019
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• 各星団の年齢はHR図で出す。 

• 赤外線超過から、「星が円盤を保持する割合」が
わかる 

• 例えば、年齢2-300万年の若いTaurusは6割くら
いの星が円盤を持っている。 

• 年齢500万年くらいの老いたUpperScoは、2割
くらいの星しか円盤を持っていない 

• ただし、円盤ダストの質量はわからなかった。

天体としての原始惑星系円盤
ANRV352-AA46-10 ARI 25 July 2008 4:42
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Figure 2
Evolution of protoplanetary disks—fraction of sun-like stars with detectable near-IR excess as a function of
time (Hernández et al. 2007b; J. Hernández, private communication). Protoplanetary disks have a range of
lifetimes, and most sun-like stars have lost their disks by 6 Myr.

with age (Carpenter et al. 2006, Hernández et al. 2007a), as is accretion of gas onto the star (Calvet
et al. 2005a).

The fraction of sun-like stars with near-IR disk emission decreases from ∼100% to 0% over
6 Myr (Haisch, Lada & Lada 2001; Hernández et al. 2007b; see Figure 2), implying that such
disks have a range of lifetimes from 1–6 Myr (Meyer et al. 2007). The protoplanetary disks of
more massive stars have shorter lifetimes than those of sun-like stars, because few A stars have
protoplanetary disks by 3–5 Myr (Carpenter et al. 2006, Hernández et al. 2007b); conversely, later
spectral types are more likely to host protoplanetary disks at later times (Young et al. 2004, Low
et al. 2005, Megeath et al. 2005, Scholz et al. 2007). Although near-IR observations probe the inner
"1 AU of the dust disk, this dust is thought to have been dragged in by gaseous accretion disk
processes, and its disappearance is usually considered to be synonymous with the disappearance
of the gas, although the correspondence of accreting gas and near-IR excess is not so strict (e.g.,
Lada et al. 2006).

The process of protoplanetary disk dispersal is rapid compared with the stellar lifetime, because
very few stars are observed having intermediate levels of near-IR excess. However, some stars
without near-IR excess (from dust at "1 AU) still possess mid-IR excess (from dust at a few
astronomical units) (e.g., McCabe et al. 2006), and a new paradigm is being forged that envisages
the disks cleared from the inside-out (Calvet et al. 2005b). Even so, just 10% of disk-bearing
stars are seen in a transitional phase (Sicilia-Aguilar et al. 2006, Cieza et al. 2007, Hernández
et al. 2007a), illustrating the pace of the clearing process. The rapid change in disk properties at
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ALMAで観測する時の戦略

ALMA Partnership 2015

HL Tau Lupus survey

- (total flux) =1.4 Jy at 1.0 mm 
- (rms) = 12 µJy/beam 
- (spatial resolution) =25ミリ秒角 (3.5 AU)  

-

- (detection rate) = 62/89 sources 
- (rms) ~ 0.3 mJy/beam 
- (spatial resolution) ~ 300 ミリ秒角 (40-50 AU)  

-

A&A 599, A113 (2017)

TD#
Edge(on#

Full#disk##

Fig. 6. Disk dust masses (upper panel), gas masses (middle panel), and gas-to-dust ratios (lower panels) for all the sources detected in the
continuum. Gas non-detections are shown with gray triangles, while all detections are presented as filled circles. Objects that are classified as
transitional disks (TD) are shown in orange, and edge-on disks are circled in blue. Red rectangles show the subsample of disks discussed in
Sect. 5.2.1.

5. Discussion

5.1. Gas-to-dust ratio

Dust masses were calculated for all Lupus disks detected in the
continuum as described in Sect. 4.1. For the 34 sources for which
at least one of the two CO istopologues was detected, disk gas
masses were derived as explained in Sect. 4.2. When we divide
the gas masses by the newly determined dust masses, it is possi-
ble to obtain global gas-to-dust mass ratios. Figure 6 shows that
these are often much lower than the expected ISM value of 100
and occasionally reach unity or lower.

Only full-disk models were employed for the mass determi-
nations, but three disks in the Lupus sample show resolved dust
cavities and three other sources show possible cavities with di-
ameter .0.400 (Ansdell et al. 2016). Moreover, six other disks
are classified as transition disk candidates, but do not show
cavities in the ALMA images (Merín et al. 2010; Romero et al.
2012; van der Marel et al. 2016; Bustamante et al. 2015). All
these sources, presented with orange symbols in Fig. 6, are not
properly described by our grid of full-disk models. However,
these moderate-resolution Lupus data primarily trace the outer
disks, which should be well represented by a full-disk model

A113, page 6 of 10

Ansdell et al. 2016, Miotello et al. 2017

1天体に数時間費やす 1天体1分以下で100天体くらい見る



parent molecular cloud (22), accretes material
from its surrounding disk with a mass accretion
rate of 8 × 10−8 M⊙ year−1 (25). Previous ob-
servations at 0.6″ to 1.1″ angular resolution were
well described by a smooth and axisymmetric
distribution of material in the disk that extends
near the stellar photosphere and decreases mono-
tonically with distance from the star (20, 23).
To estimate the optical depth of the observed

dust continuum emission, we performed radi-
ative transfer calculations using RADMC-3D (26)
at 1.3 mm (17), using the previous surface den-
sity constraint found for the Elias 2-27 disk (20).
This model reproduces the azimuthally averaged
radial profile of the observed ALMA 1.3-mm con-
tinuum emission (fig. S1) (17). At a radial distance
from the star (hereafter referred to as radius and
denoted by R) larger than R ≈ 10 AU, the emis-
sion is optically thin and thus traces the density
of solid material down to the midplane of the
disk. At the location of the spiral structures (from
R = 100 to 300 AU), the azimuthally averaged
optical depth t of the dust continuum emission
is t = 0.1 at R = 100 AU, decreasing to t = 0.02
at R = 300 AU (fig. S1B), which is consistent
with the measured peak brightness tempera-
ture on the spirals of 1.2 K at R = 150 AU.
The spiral structures are even more evident

in Fig. 2A, in which the data has been projected
into a polar coordinate grid that accounts for
the viewing geometry of the disk. In polar coordi-
nates, a ring with zero eccentricity would have
a constant radius for all polar angles. However,
shown in Fig. 2A are two bright structures that
grow in radius from ~100 to 300 AU as the polar
angle increases. The brightest of these two struc-
tures lies northwest of the star, labeled “NW”;
the spiral structure southeast of the star is labeled
“SE.” In Fig. 2B, we present the surface brightness
contrast of the NW and SE arms, defined as the
ratio between the peak of emission at the arm
and the background surface brightness (17). We
found that both arms have similar contrasts
ranging between values of 1.3 and 2.5. The spiral
arms reach their highest contrast at R = 150 AU,
coinciding with the location in the disk where
gravity has the most influence over thermal pres-
sure and shear forces, that is, where the Toomre
Q parameter is lowest (fig. S2) (17). However,
even at its minimum value Toomre Q is well
inside the stable regime (17). If the spirals arms
suffer from beam dilution (if their physical size
is smaller than the angular resolution of our ob-
servation), a higher optical depth than our pre-
vious estimate could be possible, implying an
even higher density contrast in the arms. Thus,
the contrast values measured for NW and SE are
lower limits.
We determined the local maxima and minima

of emission in the dust continuum observations
at evenly spaced azimuthal angles, after subtract-
ing a smooth monotonically decreasing intensity
profile that best fit the intensity radial profile of
the disk (fig. S3) (17). As demonstrated in Fig. 3,
the emission local maxima (Fig. 3, crosses) describe
two spiral structures, whereas the emission local
minima (Fig. 3, circles) describe an ellipse. We

constrained the geometry of these structures by
modeling their location in polar coordinates
(where R is the distance from the star located at
the origin and q is the angle from the x axis),
taking into account that these structures have
been inclined and rotated with respect to our
line of sight by their inclination (i) and position
angle (PA). The emission local minima were fitted
with a circular ring (R = a0, where a0 is the
radius at which the gap is located), whereas
the emission local maxima were fitted with two
symmetric logarithmic spirals (R = R0 e

bq, where
R0 is the spiral radius at q = 0°, and b is the rate
at which the spirals increase their distance from
the origin). The best-fit parameters for the sym-
metric spirals that describe the local maxima
are R0 = 84 ± 4 AU and b = 0.138 ± 0.007 (which
corresponds to a pitch angle of f= 7.9° ± 0.4°),

whereas the circular ring that describes the local
minima has a radius of a0 = 71 ± 2 AU. The
geometry of the spiral arms and dark ring can
all be described with a single inclination angle
of i = 55.8° ± 0.9° and position angle PA =
117.3° ± 0.9°. The best-fit model and constraints
at the 3s level are shown in Fig. 3 for the spiral
arms and dark ring.
Spatially resolved molecular line observations

of CO and two isotopologues, simultaneous to the
continuum observations discussed here, suggest
that the southwest side of the disk is tilted
toward Earth while the disk rotates in a clock-
wise direction in a Keplerian velocity pattern
(figs. S4 to S7) (17). It is most likely that the
observed NW and SE spirals point away from
the direction of rotation—that these are trailing
spiral arms.

1520 30 SEPTEMBER 2016 • VOL 353 ISSUE 6307 sciencemag.org SCIENCE

Fig. 1. Thermal dust emission from the protoplanetary disk surrounding Elias 2-27. The disk was
imaged at a wavelength of 1.3 mm,with ALMA reaching an angular resolution of 0.26″ by 0.22″ (indicated
by the ellipse in the bottom left corner), which corresponds to 36 by 31 AU at the distance of the star.
The field-of-view center (at 0, 0) corresponds to the disk emission peak located at right ascension (J2000) =
16 hours 26 min 45.024 s, declination (J2000) = –24 degrees 23 min 08.250 s, and coincidental with
the position of the star Elias 2-27. (A) 1.3-mm dust continuum image from the Elias 2-27 proto-
planetary disk over a 4″ by 4″ area. The color scale represents flux density measured in units of Jansky
per beam (1 Jy = 10−26 W m−2 Hz−1). (B) Increased contrast image from processing the original ALMA
observations shown in (A) with an unsharp masking filter (17).

Fig. 2. Polar projection of disk emission and measured contrast over the spirals in the Elias 2-27
protoplanetary disk. (A) Projection onto polar coordinates (polar angle q versus deprojected radial
distance to the central star R) of the dust continuum observations from the Elias 2-27 disk.The emission
has been scaled by R2 in order to aid visualization, and the polar angle is defined as q = 0° (north) increasing
toward east. Curves correspond to the best-fit model spirals for the NW and SE arms (dashed lines) and
their constraint at the 3s level (solid lines). (B) Surface brightness contrast of the continuum emission along
each spiral arm, defined as the ratio between the peak of emission and the background surface brightness
(17), which is computed at increasing radial distance from the star.
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ALMAで見えた２本の「うで」
観測された原始惑星系円盤 Elias 2-24 磁気流体シミュレーション



ALMAで見えた「偏った円盤」the standard core-accretion picture, dust grains
must grow from submicrometer sizes to rocky
cores ~10 times the mass of Earth (MEarth) within
the ~10-million-year lifetime of the circumstellar
disk. However, this growth process is stymied
by what is usually called the radial drift and
fragmentation barrier: Particles of intermediate
size [~1 m at 1 astronomical unit (AU) (1 AU =
1.5 × 108 km = distance from Earth to the Sun),
or ~1 mm at 50 AU from the star] acquire high
drift velocities toward the star with respect to the
gas (3, 4). This leads to two major problems for
further growth (5): First, high-velocity collisions
between particles with different drift velocities
cause fragmentation. Second, even if particles
avoid this fragmentation, they will rapidly drift
inward and thus be lost into the star before they
have time to grow to planetesimal size. This
radial drift barrier is one of the most persistent
issues in planet formation theories. A possible
solution is dust trapping in so-called pressure
bumps: local pressure maxima where the dust
piles up. One example of such a pressure bump
is an anticyclonic vortex, which can trap dust
particles in the azimuthal direction (6–10).

Using the Atacama Large Millimeter/
submillimeter Array (ALMA), we report a high-
ly asymmetric concentration of millimeter-sized
dust grains on one side of the disk of the star
Oph IRS 48 in the 0.44-mm (685 GHz) con-
tinuum emission (Fig. 1). We argue that this can
be understood in the framework of dust trapping
in a large anticyclonic vortex in the disk.

The young A-type star Oph IRS 48 [dis-
tance from Earth ~120 parsecs (pc), 1 pc = 3.1 ×
1013 km] has a well-studied disk with a large
inner cavity (a deficit of dust in the inner disk
region), a so-called transition disk. Mid-infrared
imaging at 18.7 mm reveals a disk ring in the
small dust grain (size ~50 mm) emission at an
inclination of ~50°, peaking at 55 AU radius or
0.46 arc sec from the star (11). Spatially resolved
observations of the 4.7-mm CO line, tracing 200
to 1000 K gas, show a ring of emission at 30 AU
radius and no warm gas in the central cavity
(12). This led to the proposal of a large planet
clearing its orbital path as a potential cause of
the central cavity. Although these observations
provide information about the inner disk dy-
namics, they do not address the bulk cold disk
material accessible in the millimeter regime.

The highly asymmetric crescent-shaped dust
structure revealed by the 0.44-mm ALMA con-
tinuum (Fig. 1) traces emission from millimeter-
sized dust grains and is located between 45 and
80 AU (T9 AU) from the star. The azimuthal
extent is less than one-third of the ring, with no
detected flux at a 3s level (2.4 mJy per beam) in
the northern part (fig. S1). The peak emission
has a very high signal-to-noise ratio of ~390, and
the contrast with the upper limit on the opposite
side of the ring is at least a factor of 130. The
complete absence of dust emission in the north of
IRS 48 and resulting high contrast make the
crescent-shaped feature more extreme than earlier
dust asymmetries (10, 13). The spectral slope
a of the millimeter fluxes Fn [0.44 mm com-
bined with fluxes at lower frequencies n (14)]
is only 2.67 T 0.25 (Fn º na), suggesting that
millimeter-sized grains (15) dominate the
0.44-mm continuum emission. However, the
gas traced by the 12CO 6-5 line from the same
ALMA data set indicates a Keplerian disk pro-
file characteristic of a gas disk with an inner
cavity around the central star (Fig. 1B). 12CO 6-5
emission is detected down to a 20 AU radius,
which is consistent with the hot CO ring at 30 AU
(14). This indicates that there is indeed still some
CO inside the dust hole, with a significant drop
of the gas surface density inside of ~25 T 5 AU.
The simultaneous ALMA line and continuum
observations leave no doubt about the relative
position of gas and dust.

The observations thus indicate that large
millimeter-sized grains are distributed in an asym-
metric structure, but that the small micrometer-
sized grains are spread throughout the ring. To
our knowledge, the only known mechanism that
could generate this separation in the distribution
of the large and small grains is a long-lived gas
pressure bump in the radial and azimuthal di-
rection. The reason that dust particles get trapped
in pressure bumps is their drift with respect to the
gas in the direction of the gas pressure gradient:
v→dust − v→gas º ∇

→
p (3, 4), where v→dust and

v→gas are the dust and gas velocities and p is
the pressure. In protoplanetary disks without
vortices, this gradient typically points inward,
so dust particles experience the above-mentioned
rapid radial drift issue. If, however, there exists
(for whatever reason) a local maximum of the
gas pressure in the disk (i.e., where ∇

→
pgas ¼ 0

and ∇
→2pgas < 0), then particles would con-

verge toward this point and remain trapped
there (3, 5), avoiding both inward drift and
destructive collisions (14). Because small dust
particles are strongly coupled to the gas, they
will be substantially less concentrated toward
the pressure maximum along the azimuthal di-
rection than large particles. Various mechanisms
have been proposed that could produce a local
pressure maximum in disks; for instance, when
there is a “dead zone” (16) or a substellar com-
panion or planet (14, 17) in the disk, hindering
accretion. Until recently, however, the presence
of such dust pressure traps was purely speculative,
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Fig. 1. IRS 48 dust and gas observations. The
inclined disk around IRS 48 as observed with ALMA
Band 9 observations, centered on the star (white
star symbol). The ALMA beam during the observa-
tions is 0.32′′ × 0.21′′ and is indicated with a white
ellipse in the lower left corner. (A) The 0.44-mm
(685 GHz) continuum emission expressed both in
flux density and relative to the root mean square
(rms) level (s = 0.82 mJy per beam). The 63 AU
radius is indicated by a dashed ellipse. (B) The
integrated CO 6-5 emission over the highest ve-
locities in contours (6,12,...,60sCO levels, sCO =
0.34 Jy km s−1): integrated over –3 to 0.8 km s−1

(blue) and 8.3 to 12 km s−1 (red), showing a sym-
metric gas disk with Keplerian rotation at an in-
clination i = 50°. The green background shows the
0.44-mm continuum. The position angle is indi-
cated in the upper right corner. (C) The Very Large
Telescope Imager and Spectrometer for the mid-
infrared (VISIR) 18.7-mm emission in orange con-
tours (36 to 120sVISIR levels in steps of 12sVISIR,
sVISIR = 0.2 Jy arc sec−2) and orange colors,
overlayed on the 0.44-mm continuum in green
colors and the 5s contour line in green. The VISIR
beam size is 0.48′′ in diameter and is indicated
with an orange circle in the bottom right corner.
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ALMAで見えた「リング円盤」

planetesimals by concentrating solid particles and prevent-
ing them from accreting onto the star [18,19]. In the last
case, a circular gap is expected when a forming planet is
orbiting in a disk. The orbital radius and mass of the planet
can be inferred from the location and shape of this gap [17].
For HL Tau, it has been suggested that the observed ringed
structure is due to the presence of Saturn-mass planets
orbiting at several tens of A.U. from the central star [20].
This implies that giant planets can form on much shorter
time scales, and at much larger distances from the central
star, than predicted by current planet formation models [6].
The initial results of ALMA observations are promising

but key questions remain unanswered. In particular, it is not
clear if ringlike structures are common to all protoplanetary
disks. ALMA high angular resolution observations targeted

the most luminous disks first, and these may not be
representative of the bulk of the disk population.
Furthermore, dust continuum images do not probe the
distribution of the circumstellar gas and thus cannot
distinguish unambiguously between different formation
processes. Addressing such questions requires a multi-
pronged approach involving both large continuum surveys
of nearby protoplanetary disks with ALMA and in-depth
multiwavelength studies of the most relevant structures
revealed.
In this Letter, we report on the structure of the HD

163296 disk as revealed by ALMA observations of the dust
continuum emission and also line emission from three
isotopologues of carbon monoxide, 12CO, 13CO, and C18O.
HD 163296 is a young (5 Myr) intermediate mass (2.3M⊙)

FIG. 1. ALMA images of the HD 163296 disk emission recorded in 1.3 mm dust continuum (top left), 12CO (top middle), 13CO
(bottom left), and C18O (bottom middle) J ¼ 2 − 1 line emission. The angular resolution of the observations, 0.2200 × 0.1400, is indicated
by the filled white ellipse in the continuum image. The dashed ellipses in the CO maps indicate the locations of the dark rings seeing in
the continuum map. Azimuthally averaged profiles, normalized to the peak intensities, are shown in the right panels. They are calculated
by averaging on elliptical annuli with a position angle of 132°, an eccentricity of 0.7, and a width equal to 1=4 of the angular resolution
of the observations. The error bars are calculated by dividing the root mean square noise of the observations (see Table I in
the Supplemental Material [26]) by the square root of the number of independent beams in each annulus. The vertical lines indicate the
position of the dark (D) and bright (B) rings observed in the continuum map. The horizontal bar in the top right panel indicates the
angular resolution of the observations.
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Fig. 1. ALMA 1.3 mm dust continuum image (uniform weighting). The main substructures are highlighted in the right panel.

The structure of the paper is the following: observations and
data reduction are presented in Sect. 2 and the results are dis-
cussed in Sect. 3. The data analysis is described in Sect. 4.
Section 5 provides a comparison to hydrodynamical simulations.
Discussion and conclusion are reported in Sect. 6.

2. Observations and data reduction

The ALMA observations of AS 209 (J2000:
RA = 16h49m15.296s, Dec = –14�22009.0200) have been
performed on 2016 September 22 (with 38 antennas) and 26
(41 antennas) in band 6 (211–275 GHz) as part of the project
ID 2015.1.00486.S (PI: D. Fedele). The correlator setup includes
a broad (2 GHz bandwidth) spectral window centered at
230 GHz.

Visibilities were taken in two execution blocks with a 6.05 s
integration time per visibility totalling 40 min, per block, on-
source. System temperatures were between 80–145 K. Weather
conditions on the dates of observation gave an average precip-
itable water vapour of 2.2 and 2.3 mm, respectively. Calibration
was done with J1517–2422 as bandpass calibrator, J1733–1304
as phase and flux the flux calibrator. The visibilities were sub-
sequently time binned to 60 s integration times per visibility for
self-calibration, imaging, and analysis. Self-calibration was per-
formed using the 233 GHz continuum TDM spectral window
with DA41 as the reference antenna.

The continuum image was created using CASA.CLEAN
(CASA version 4.7); after trying different weighting schemes,
we opted for a uniform weight which yields a synthesized beam
of 0.0019 ⇥ 0.0014 (PA = 75.5�). The peak flux is 13 mJy beam�1

and the rms is 0.1 mJy beam�1.

3. Results

The ALMA 1.3 mm dust continuum image is shown in Fig. 1: the
continuum emission is characterized by a bright central emission

and two weaker dust rings peaking at ⇠75 and 130 au, respec-
tively. The two rings have a similar peak flux (⇠2 mJy). The
rings are intervaled by two narrow gaps. The two gaps have dif-
ferent widths and depths. The radial intensity profile shows a
kink around 20–30 au which may be the signature of another
(spatially unresolved) dust gap. Finally, the continuum flux does
not drop to zero at the edge of the outer ring as there is a tenuous
emission extending out to ⇠170–180 au. The different disk sub-
structures are clearly visible in the radial intensity profile shown
in Fig. 2.

We fitted of the observed visibilities with the aim to provide
an initial characterization of the disk surface brightness useful
for the detailed physical modelling carried out in Sect. 4. We
assumed an axisymmetric brightness profile defined as follows:

I(R) = �(R) I0

 
R

Rc

!�1

exp
2
66664�

 
R

Rc

!�2
3
77775, (1)

where I0 is a normalization, Rc is a scale length and �(R) is a
scaling factor (by definition �(R) > 0) parametrized as:

�(R) =

8>>>>>>>>><
>>>>>>>>>:

�G1 for R 2 [RG1 � hwG1,RG1 + hwG1],
�R1 for R 2 [RG1 + hwG1,RG2 � hwG2],
�G2 for R 2 [RG2 � hwG2,RG2 + hwG2],
�R2 for R 2 [RG2 + hwG2,RR2,out],
�out for R � RR2,out,
1 otherwise,

(2)

where RG and hwG are the center and half width of the dust
gaps, respectively. The choice of this particular brightness pro-
file serves as a simple realization of an “unperturbed” profile (an
exponentially tapered power law), characterized by a few radial
regions that can depart from it either due to an excess (� > 1)
or a lack (� < 1) of emission. Following the evidence emerging
from the synthesized image (Fig. 1), we allowed for two rings,
two gaps, and an outer disk region, following nomenclature in
Fig. 1. In this framework, a gap in the disk is naturally modelled
with � < 1.
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Figure 3. The 1.3 mm images for our full sample, made with a Briggs weighting of robustness parameter of 0.5. The first
12 panels show images for disks with substructures, followed by the 12 smooth disks around single stars. The last row shows
images for the 8 smooth disks in binaries. The images are displayed in order of decreasing disk radii in each sub-sample. To
highlight the weak outer emission of a few disks, an asinh scaling function has been applied. Each panel is 2..004⇥ 2..004, with the
synthesised beam shown in the left corner. The relative color scale is shown in the right corner.

els are then used to derive the general disk properties
(disk position angle, inclination, mm fluxes and disk ra-
dius) for further analysis.

3.1. Modeling Procedure

Our model fitting is performed in the visibility plane.
The main procedure is summarized as follows: we first
take a model intensity profile and Fourier transform it to
create the model visibilities; the fitting is then executed
by comparing the model visibilities to data visibilities
with the Markov chain Monte Carlo (MCMC) method
to derive the best-fit model.
The choice of model profile is guided by the appear-

ance of the visibility profile. The oscillation pattern in
the real part of the visibility profile is seen for a fraction
of disks (see also Figure 11 in the Appendix), which
likely indicates a disk with a sharp outer edge in mil-
limeter dust grains (e.g., Hogerheijde et al. 2016; Zhang
et al. 2016). We therefore adopt an exponentially ta-
pered power law (I(R) = A(R/Rc)��1 exp[�(R/Rc)�2 ])
as the model intensity profile, in which power law index
�1 and taper index �2 describe the slope of the emis-
sion gradient in the inner disk and the sharpness of the
fallo↵ beyond the transition radius (Rc), respectively
(see Figure 4). The model is also described by a disk
inclination and position angle and phase center o↵sets.
We then apply the Galario code (Tazzari et al. 2018) to

Fourier transform the model intensity profile into visi-
bilities sampled with the same uv-coverage. The model
visibilities are later compared with data visibilities using
emcee package (Foreman-Mackey et al. 2013). The pa-
rameters are explored with 100 walkers and 5000 steps
for each walker. The burn-in phase for convergency is
typically less than 1000 steps. The posterior medians are
obtained using the MCMC chains of the last 1000 steps,
with the 1� uncertainty for each parameter calculated
from 16th and 84th percentiles.

3.2. Modeling Results

For single stars in our sample with no detectable sub-
structures, we apply the modeling approach described
above to fit the disk dust distribution. For multiple stel-
lar systems (see Table 1), the fitting results are adopted
from the companion paper of Manara et al. (submit-
ted), which fits multiple disk components simultane-
ously. Our analysis below only includes the circumpri-
mary disks, which are modeled with the same morpho-
logic function as disks in single stellar systems.
The quality of the best-fit model is checked by inspect-

ing the comparisons of data and model in images, visi-
bility profiles, and radial intensity cuts (see Figure 11
in the Appendix). In most cases, the exponentially-
tapered power law can well describe the dust emission,
with residuals less than 3�. For DR Tau and DQ Tau,

DSHARP; Andrews et al. 2018, Long et al. 2018…
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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

November 23 and 0.7 mm on the latter two executions. The
total on-target integration time was ∼2 hr.

These raw data were calibrated by NRAO staff. After
applying phase corrections from water vapor radiometer
measurements, the data were time-averaged into 2 s integra-
tions and flagged for problematic antennas and times. The
bandpass response of each spectral window was calibrated
using the observations of J1058+0133. The amplitude scale
was determined from J1037–2934 and J1107–4449. The
complex gain response of the system was calibrated using the
frequent observations of J1103–3251. Although images
generated from these data are relatively free of artifacts and
recover the integrated flux density of the target (1.5 Jy), folding
in additional ALMA observations with a higher density of short
antenna spacings improves the image reconstruction.

To that end, we calibrated three archival ALMA data
observations of TW Hya, from 2012 May 20, 2012 November
20, and 2014 December 31, using 16, 25, and 34 antennas
spanning baselines from 15 to 375 m. The first two observa-
tions had four 59MHz wide spectral windows centered at
333.8, 335.4, 345.8, and 347.4 GHz. The latter had two
235MHz windows (at 338.2 and 349.4 GHz), one 469MHz
window (at 352.0 GHz), and one 1875MHz window (at
338.4 GHz). J1037–2934 was employed as a gain calibrator,
and Titan and 3C 279 (May 20), Ceres and J0522-364
(November 20), or Ganymede and J0158+0133 (December 31)
served as flux or bandpass calibrators. The weather for these
observations was excellent, with PWV levels of 0.5–1 mm. The
combined on-target integration time was 95 minutes. The basic
calibration was as described above. As a check, we compared
the amplitudes from each individual data set on overlapping
spatial frequencies and found exceptional consistency.

The calibrated visibilities from each observation were shifted
to account for the proper motion of the target and then
combined after excising channels with potential emission from
spectral lines. Some modest improvements were made with a
round of phase-only self-calibration. Continuum images at a
mean frequency of 345.9 GHz (867 μm) were generated by
Fourier inverting the visibilities, deconvolving with a multi-
scale, multi-frequency synthesis version of the CLEAN
algorithm, and then restoring with a synthesized beam. All
calibration and imaging were performed with the CASA
package (v4.5.0).

After some experimentation, we settled on an analysis of two
images made from the same composite data set. The first used a
Briggs weighting (with a robust parameter of 0) to provide a
24×18 mas synthesized beam (at P.A.=78°). While this
provides enhanced resolution, it comes at the cost of a dirty
beam with ∼20% sidelobes (due to the sparse coverage at long
baselines) that degrades the image quality. A second image was
made with a robust parameter of 0.5 and an elliptical taper to
create a circular 30 mas beam with negligible sidelobes. Both
images are consistent (within the resolution differences) and
have rms noise levels around 35 μJy beam−1.

3. RESULTS

Figure 1 shows a high-resolution map of the 870 μm
continuum emission from the TW Hya disk, revealing a series
of concentric bright and dark rings out to a radial distance of
60 au from the host star with a nearly pole-on viewing
geometry. To aid in the visualization of this substructure,
Figure 2 shows the image transformed into polar coordinates

and azimuthally averaged into a radial surface brightness
profile.
The inner disk includes an unresolved (<0.5 au in radius)

0.93±0.04 mJy source coincident with the stellar position and
a bright ring that peaks at 2.4 au; between them is a dark
annulus centered at 1 au. The bright ring and dark annulus are
unresolved (<1 au across). Because it is unresolved, the depth
of the dark annulus is difficult to determine unambiguously: we
find at least a 30% brightness reduction.

Figure 1. Synthesized image of the 870 μm continuum emission from the TW
Hya disk with a 30 mas FWHM (1.6 au) circular beam. The rms noise level is
∼35 μJy beam−1. The inset shows a 0 2 wide (10.8 au) zoom using an image
with finer resolution (24×18 mas, or 1.3×1.0 au, FWHM beam).

Figure 2. (top) High-resolution (24×18 mas beam) synthesized image
described in Section 2, deprojected into a map in polar coordinates to more
easily view the disk substructure. (bottom) The azimuthally averaged radial
surface brightness profile. For reference, the dashed red curve shows the
midplane temperature profile derived from a representative model disk. The
gray curve in the bottom left reflects the profile of the synthesized beam.

2

The Astrophysical Journal Letters, 820:L40 (5pp), 2016 April 1 Andrews et al.

parent molecular cloud (22), accretes material
from its surrounding disk with a mass accretion
rate of 8 × 10−8 M⊙ year−1 (25). Previous ob-
servations at 0.6″ to 1.1″ angular resolution were
well described by a smooth and axisymmetric
distribution of material in the disk that extends
near the stellar photosphere and decreases mono-
tonically with distance from the star (20, 23).
To estimate the optical depth of the observed

dust continuum emission, we performed radi-
ative transfer calculations using RADMC-3D (26)
at 1.3 mm (17), using the previous surface den-
sity constraint found for the Elias 2-27 disk (20).
This model reproduces the azimuthally averaged
radial profile of the observed ALMA 1.3-mm con-
tinuum emission (fig. S1) (17). At a radial distance
from the star (hereafter referred to as radius and
denoted by R) larger than R ≈ 10 AU, the emis-
sion is optically thin and thus traces the density
of solid material down to the midplane of the
disk. At the location of the spiral structures (from
R = 100 to 300 AU), the azimuthally averaged
optical depth t of the dust continuum emission
is t = 0.1 at R = 100 AU, decreasing to t = 0.02
at R = 300 AU (fig. S1B), which is consistent
with the measured peak brightness tempera-
ture on the spirals of 1.2 K at R = 150 AU.
The spiral structures are even more evident

in Fig. 2A, in which the data has been projected
into a polar coordinate grid that accounts for
the viewing geometry of the disk. In polar coordi-
nates, a ring with zero eccentricity would have
a constant radius for all polar angles. However,
shown in Fig. 2A are two bright structures that
grow in radius from ~100 to 300 AU as the polar
angle increases. The brightest of these two struc-
tures lies northwest of the star, labeled “NW”;
the spiral structure southeast of the star is labeled
“SE.” In Fig. 2B, we present the surface brightness
contrast of the NW and SE arms, defined as the
ratio between the peak of emission at the arm
and the background surface brightness (17). We
found that both arms have similar contrasts
ranging between values of 1.3 and 2.5. The spiral
arms reach their highest contrast at R = 150 AU,
coinciding with the location in the disk where
gravity has the most influence over thermal pres-
sure and shear forces, that is, where the Toomre
Q parameter is lowest (fig. S2) (17). However,
even at its minimum value Toomre Q is well
inside the stable regime (17). If the spirals arms
suffer from beam dilution (if their physical size
is smaller than the angular resolution of our ob-
servation), a higher optical depth than our pre-
vious estimate could be possible, implying an
even higher density contrast in the arms. Thus,
the contrast values measured for NW and SE are
lower limits.
We determined the local maxima and minima

of emission in the dust continuum observations
at evenly spaced azimuthal angles, after subtract-
ing a smooth monotonically decreasing intensity
profile that best fit the intensity radial profile of
the disk (fig. S3) (17). As demonstrated in Fig. 3,
the emission local maxima (Fig. 3, crosses) describe
two spiral structures, whereas the emission local
minima (Fig. 3, circles) describe an ellipse. We

constrained the geometry of these structures by
modeling their location in polar coordinates
(where R is the distance from the star located at
the origin and q is the angle from the x axis),
taking into account that these structures have
been inclined and rotated with respect to our
line of sight by their inclination (i) and position
angle (PA). The emission local minima were fitted
with a circular ring (R = a0, where a0 is the
radius at which the gap is located), whereas
the emission local maxima were fitted with two
symmetric logarithmic spirals (R = R0 e

bq, where
R0 is the spiral radius at q = 0°, and b is the rate
at which the spirals increase their distance from
the origin). The best-fit parameters for the sym-
metric spirals that describe the local maxima
are R0 = 84 ± 4 AU and b = 0.138 ± 0.007 (which
corresponds to a pitch angle of f= 7.9° ± 0.4°),

whereas the circular ring that describes the local
minima has a radius of a0 = 71 ± 2 AU. The
geometry of the spiral arms and dark ring can
all be described with a single inclination angle
of i = 55.8° ± 0.9° and position angle PA =
117.3° ± 0.9°. The best-fit model and constraints
at the 3s level are shown in Fig. 3 for the spiral
arms and dark ring.
Spatially resolved molecular line observations

of CO and two isotopologues, simultaneous to the
continuum observations discussed here, suggest
that the southwest side of the disk is tilted
toward Earth while the disk rotates in a clock-
wise direction in a Keplerian velocity pattern
(figs. S4 to S7) (17). It is most likely that the
observed NW and SE spirals point away from
the direction of rotation—that these are trailing
spiral arms.
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Fig. 1. Thermal dust emission from the protoplanetary disk surrounding Elias 2-27. The disk was
imaged at a wavelength of 1.3 mm,with ALMA reaching an angular resolution of 0.26″ by 0.22″ (indicated
by the ellipse in the bottom left corner), which corresponds to 36 by 31 AU at the distance of the star.
The field-of-view center (at 0, 0) corresponds to the disk emission peak located at right ascension (J2000) =
16 hours 26 min 45.024 s, declination (J2000) = –24 degrees 23 min 08.250 s, and coincidental with
the position of the star Elias 2-27. (A) 1.3-mm dust continuum image from the Elias 2-27 proto-
planetary disk over a 4″ by 4″ area. The color scale represents flux density measured in units of Jansky
per beam (1 Jy = 10−26 W m−2 Hz−1). (B) Increased contrast image from processing the original ALMA
observations shown in (A) with an unsharp masking filter (17).

Fig. 2. Polar projection of disk emission and measured contrast over the spirals in the Elias 2-27
protoplanetary disk. (A) Projection onto polar coordinates (polar angle q versus deprojected radial
distance to the central star R) of the dust continuum observations from the Elias 2-27 disk.The emission
has been scaled by R2 in order to aid visualization, and the polar angle is defined as q = 0° (north) increasing
toward east. Curves correspond to the best-fit model spirals for the NW and SE arms (dashed lines) and
their constraint at the 3s level (solid lines). (B) Surface brightness contrast of the continuum emission along
each spiral arm, defined as the ratio between the peak of emission and the background surface brightness
(17), which is computed at increasing radial distance from the star.
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•若い円盤→２本の腕が示すダイナミックな動き
•偏った円盤→惑星誕生中か？
•リング・ギャップ構造→惑星がギャップの中にいる？

アルマで惑星形成の現場の姿がわかってきた。

•アルマ以前は「円盤状のものがありそう」と思われていただけだったが…
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ALMAで観測する時の戦略

ALMA Partnership 2015

HL Tau Lupus survey

- (total flux) =1.4 Jy at 1.0 mm 
- (rms) = 12 µJy/beam 
- (spatial resolution) =25ミリ秒角 (3.5 AU)  

-

- (detection rate) = 62/89 sources 
- (rms) ~ 0.3 mJy/beam 
- (spatial resolution) ~ 300 ミリ秒角 (30-50 AU)  

-

A&A 599, A113 (2017)

TD#
Edge(on#

Full#disk##

Fig. 6. Disk dust masses (upper panel), gas masses (middle panel), and gas-to-dust ratios (lower panels) for all the sources detected in the
continuum. Gas non-detections are shown with gray triangles, while all detections are presented as filled circles. Objects that are classified as
transitional disks (TD) are shown in orange, and edge-on disks are circled in blue. Red rectangles show the subsample of disks discussed in
Sect. 5.2.1.

5. Discussion

5.1. Gas-to-dust ratio

Dust masses were calculated for all Lupus disks detected in the
continuum as described in Sect. 4.1. For the 34 sources for which
at least one of the two CO istopologues was detected, disk gas
masses were derived as explained in Sect. 4.2. When we divide
the gas masses by the newly determined dust masses, it is possi-
ble to obtain global gas-to-dust mass ratios. Figure 6 shows that
these are often much lower than the expected ISM value of 100
and occasionally reach unity or lower.

Only full-disk models were employed for the mass determi-
nations, but three disks in the Lupus sample show resolved dust
cavities and three other sources show possible cavities with di-
ameter .0.400 (Ansdell et al. 2016). Moreover, six other disks
are classified as transition disk candidates, but do not show
cavities in the ALMA images (Merín et al. 2010; Romero et al.
2012; van der Marel et al. 2016; Bustamante et al. 2015). All
these sources, presented with orange symbols in Fig. 6, are not
properly described by our grid of full-disk models. However,
these moderate-resolution Lupus data primarily trace the outer
disks, which should be well represented by a full-disk model

A113, page 6 of 10

Ansdell et al. 2016, Miotello et al. 2017

1天体に数時間費やす 1天体1分以下で100天体くらい見る
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天体としての原始惑星系円盤

We also performed a more robust statistical comparison of the
dust mass distributions in Taurus and Upper Sco to that of our
near-complete Lupus sample, following the methodology of
Andrews et al. (2013). Their technique uses MC simulations of
two-sample tests for censored data sets (Feigelson & Nelson 1985)
to take into account differences in stellar distributions, particularly
mass and binarity. In short, we selected from the reference Lupus
sample a subset of disks with the same distribution of host star
spectral types as the comparison sample, then compared the
simulated dust mass distributions using two-sample tests for
censored data sets. The cumulative probability distributions of 104

MC runs are shown in Figure 9, illustrating that the Taurus dust
mass distribution is statistically indistinguishable from that of
Lupus, while the Upper Sco dust mass distribution is significantly
different from that of Lupus, regardless of any differences in their
stellar distributions. We found consistent results when using
Taurus as the reference sample instead of Lupus.

6.3. Gas Depletion

Protoplanetary disks presumably form with an inherited ISM
gas-to-dust ratio of ∼100 (Bohlin et al. 1978), but evolve to the
opposite extreme of dusty debris disks with negligible gas in
110 Myr (Williams & Cieza 2011). How quickly the dust and
gas disperse, in particular relative to each other, likely dictates
the types of planets that will form in a given disk. Determining
the statistical properties of the dust and gas content in large
samples of protoplanetary disks is therefore important for
providing constraints on planet formation theories and
explaining trends that are observed in the exoplanet population.

Figure 3 shows the dust masses, gas masses, and gas-to-dust
ratios for the 62 disks in our Lupus sample that were detected
in the 890 μm continuum. This represents the largest collection
of disk dust and gas masses to date, providing new constraints
on disk evolution. We find that, despite their moderate age of
∼1–3 Myr, typical disks in Lupus have gas masses well below
the MMSN and gas-to-dust ratios lower than the inherited ISM
value. This implies that giant planet formation is rapid, being
largely complete after just a few Myr.

Additionally, such rapid gas depletion in typical protoplane-
tary disks may explain, at least qualitatively, the scarcity of gas
giants and prevalence of intermediate-mass planets seen in the
exoplanet population. In particular, exoplanet surveys have
found that intermediate-mass planets (e.g., “super-Earths” with
masses between that of Earth and Neptune) are over an order of
magnitude more abundant than gas giants around G/K-type stars
with �P 100 days (Howard et al. 2012; Petigura et al. 2013;
Marcy et al. 2014). This finding challenges traditional planet
formation theories, which predict a “planetary desert” at
intermediate masses (Ida & Lin 2004). This is because cores
of ∼10 M⊕ should have sufficient gravity to rapidly accrete
gaseous envelopes, reaching masses of ∼1 MJup within ∼0.1 Myr
if gas is still present in the disk (e.g., Pollack et al. 1996).
However, if typical disks are already depleted in gas at a few
Myr, such cores capable of accreting gaseous envelopes would
more often end up as intermediate-mass super-Earths or
Neptunes rather than gas giants. Furthermore, the fact that the
exoplanet population is more of a “tropical rainforest” at these
intermediate masses (i.e., exhibiting a diversity of compositions;
Hand 2011) may be due to the inherent diversity and rapid
evolution of circumstellar disks having significant influences on
the assembly of planetary systems.
Disks are stratified with gas-rich atmospheres and dust

settling toward the midplane (D’Alessio et al. 2006). This may
be the root cause of the preferential loss of gas relative to dust
via photoevaporation (Alexander et al. 2014), layered accretion
(Gammie 1996), and/or disk winds (Gressel et al. 2015; Bai
et al. 2016). Rapid gas depletion would also be consistent with
the findings of Fedele et al. (2010), who used spectroscopically
measured accretion rates (i.e., a completely different methodol-
ogy from this work) to show that inner gas disk lifetimes are
shorter than inner dust dissipation timescales; here we extend
this finding to disk-averaged values.

Figure 9. Comparisons of the dust mass distributions in Taurus and Upper Sco
to that of the Lupus reference sample. Gp is the probability that the potentially
incomplete and/or biased comparison samples are drawn from the same parent
population as the complete reference sample. � Gf p( ) is the cumulative
distribution of Gp constructed from two-sample tests for censored data sets in
104 MC runs. The nominal 2σ and 3σ probabilities that the comparison samples
are different from the reference sample are shown for guidance. The median Gp
for Taurus is 0.67, implying a statistically indistinguishable dust mass
distribution from Lupus. The median Gp for Upper Sco is 1 × 10−6, implying
a statistically different dust mass distribution from Lupus.

Figure 8. Dust mass cumulative distributions for Lupus, Taurus, and Upper
Sco disks around host stars with * � :M M0.1 (Section 6.2). The average dust
masses for each region are given for reference. The distributions were
calculated using the Kaplan–Meier estimator to include upper limits; line
widths indicate 1σ confidence intervals.
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• 領域の違い 

• Lupus, Taurus: 200-300万年 (若い) 

• Upper Sco: 500-1000 万年 (老いている) 

• Class II円盤のミリ波強度を測った。 

• 結果 

• 若い領域の円盤のほうが３倍くらい明るい。 

• 明るい円盤は、おそらく円盤の質量が多い

Andrews et al. 2013, Ansdell et al. 2016, Barenfeld et al. 2016

cumulative distribution 

（横軸は、円盤のミリ波の明るさに比例するもの）
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天体としての原始惑星系円盤

To test if these results depend on the selection of R68 or R90,
we produced a R90 version of Figure 5, and performed the
Anderson–Darling tests on Lupus, ChaI, and USco using our
R90 disk sizes and found no significant change in the observed
trends.

5.1. Relations Between Stellar and Disk Properties

The following two subsections examine the disk size–disk
luminosity ( –R Llog logeff mm) and the disk size–stellar proper-
ties ( – �R Mlog logeff and – �R Llog logeff ) relations. In order to
determine if empirical relationships can be established, we
apply several statistical tests to the data.
We begin with the Shapiro–Wilk normality test (Shapiro &

Wilk 1965) to determine if the distribution of our bivariate data
is normal or not. This is important as many correlation tests,
e.g., the Pearson’s r test, are based on the assumption that the
data follow a normal distribution. The Shapiro–Wilk p value is
the null hypothesis probability that the sample is normally
distributed. In cases where the p value is <0.05, we reject the
null hypothesis and conclude that the distribution is not normal.
Otherwise, we conclude that the distribution is likely normal.
The result of this determines which correlation test we use
afterward and is described in further detail below.
For all regions, we calculate both the Pearson correlation

coefficient (hereafter Pearson r test) and Spearman’s rank
correlation coefficient (hereafter Spearman ρ test) and the
corresponding p values. For both tests, the p value gives the
probability of rejecting the null hypothesis that there is no
statistically significant relationship between the variables, more
specifically, a linear relation for the Pearson’s r test and a
monotonic one for the Spearman ρ test. In cases where the p
value for the chosen statistic is <0.05, we consider the data to
be correlated. As mentioned above, the Pearson’s r test requires
the data to be bivariate normal. For this reason, we use the
Pearson’s r test to establish if there is a linear correlation only
when our data are normally distributed, as found by the
Shapiro–Wilk test. In all other cases, we rely on the Spearman
ρ to test for the existence of a monotonic relationship between
variables. Note that while the Spearman ρ does not need the
variables to be normally distributed, it does require that they are
converted into a rank-order (ordinal) data set.
A limitation of all these statistical tests is that they do not

include upper limits and uncertainties in the assessment. As
such, and for comparison with results already reported in the
literature, we might fit linear relationships even if our
correlation tests result in a probability larger than 0.05 that
the variables are not correlated.

5.1.1. Disk Radii and Millimeter Luminosities

Recently, Andrews et al. (2018b) demonstrated that the dust
disk effective radius (Reff) and the millimeter luminosity (Lmm)
scale in the same way for their Oph, Tau/Aur, and Lupus

Table 2
Summary Statistics for Resolved Disks

R68 (au) R90 (au)

Region Count Median Max Median Max

Oph 20 60.1 138.0 L L
Tau/Aur 25 48.6 167.0 L L
Lupus 30 46.6 128.1 63.2 213.1
ChaI 33 33.9 140.9 43.1 231.3
USco 22 26.8 100.8 33.4 126.2

Note. Oph and Tau/Aur R68 values are from Andrews et al. (2018b).

Figure 4. Swarmplots for resolved disks in different regions, ordered by age.
The boxplots include a shaded region surrounding the R68 25%–75% quartiles,
the horizontal line denotes the median disk size, while whiskers define the 0%–
25% and 75%–100% quartiles. The regions observed with the SMA are grayed
out because they are biased to the brightest millimeter disks, hence their size
distributions should not be directly compared to the regions observed
by ALMA.

Table 3
Comparison of R68 Size Distributions

R68 Distributions Anderson–Darling

Region 1 Region 2 Stat Sig.a

USco ChaI 3.4 0.014
USco Lupus 3.4 0.013
ChaI Lupus 1.2 0.105
Lupus Oph 1.2 0.104
Tau/Aur Oph −0.2 > 0.25

Note.
a Sig., also known as the error rate, indicates the significance level at which the
null hypothesis that samples are drawn from the same/can not be rejected.

Figure 5. Cumulative disk sizes distributions for our modeled regions: Lupus,
ChaI, and USco. Shaded regions indicate 1σ confidence intervals.
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• 領域の違い 

• Ophiucus, Taurus, Lupus, ChaI: 
1-3 Mega year (若い) 

• Upper Sco: 5-11 Mega year (老い
ている) 

• 結果 

• 結構明るい天体は、サイズが~30-

100auくらいある。 

• 明るい天体の大きさは、UScoのほ
うがちょっと小さいかな。

To test if these results depend on the selection of R68 or R90,
we produced a R90 version of Figure 5, and performed the
Anderson–Darling tests on Lupus, ChaI, and USco using our
R90 disk sizes and found no significant change in the observed
trends.

5.1. Relations Between Stellar and Disk Properties

The following two subsections examine the disk size–disk
luminosity ( –R Llog logeff mm) and the disk size–stellar proper-
ties ( – �R Mlog logeff and – �R Llog logeff ) relations. In order to
determine if empirical relationships can be established, we
apply several statistical tests to the data.
We begin with the Shapiro–Wilk normality test (Shapiro &

Wilk 1965) to determine if the distribution of our bivariate data
is normal or not. This is important as many correlation tests,
e.g., the Pearson’s r test, are based on the assumption that the
data follow a normal distribution. The Shapiro–Wilk p value is
the null hypothesis probability that the sample is normally
distributed. In cases where the p value is <0.05, we reject the
null hypothesis and conclude that the distribution is not normal.
Otherwise, we conclude that the distribution is likely normal.
The result of this determines which correlation test we use
afterward and is described in further detail below.
For all regions, we calculate both the Pearson correlation

coefficient (hereafter Pearson r test) and Spearman’s rank
correlation coefficient (hereafter Spearman ρ test) and the
corresponding p values. For both tests, the p value gives the
probability of rejecting the null hypothesis that there is no
statistically significant relationship between the variables, more
specifically, a linear relation for the Pearson’s r test and a
monotonic one for the Spearman ρ test. In cases where the p
value for the chosen statistic is <0.05, we consider the data to
be correlated. As mentioned above, the Pearson’s r test requires
the data to be bivariate normal. For this reason, we use the
Pearson’s r test to establish if there is a linear correlation only
when our data are normally distributed, as found by the
Shapiro–Wilk test. In all other cases, we rely on the Spearman
ρ to test for the existence of a monotonic relationship between
variables. Note that while the Spearman ρ does not need the
variables to be normally distributed, it does require that they are
converted into a rank-order (ordinal) data set.
A limitation of all these statistical tests is that they do not

include upper limits and uncertainties in the assessment. As
such, and for comparison with results already reported in the
literature, we might fit linear relationships even if our
correlation tests result in a probability larger than 0.05 that
the variables are not correlated.

5.1.1. Disk Radii and Millimeter Luminosities

Recently, Andrews et al. (2018b) demonstrated that the dust
disk effective radius (Reff) and the millimeter luminosity (Lmm)
scale in the same way for their Oph, Tau/Aur, and Lupus

Table 2
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Tau/Aur 25 48.6 167.0 L L
Lupus 30 46.6 128.1 63.2 213.1
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USco 22 26.8 100.8 33.4 126.2

Note. Oph and Tau/Aur R68 values are from Andrews et al. (2018b).

Figure 4. Swarmplots for resolved disks in different regions, ordered by age.
The boxplots include a shaded region surrounding the R68 25%–75% quartiles,
the horizontal line denotes the median disk size, while whiskers define the 0%–
25% and 75%–100% quartiles. The regions observed with the SMA are grayed
out because they are biased to the brightest millimeter disks, hence their size
distributions should not be directly compared to the regions observed
by ALMA.

Table 3
Comparison of R68 Size Distributions

R68 Distributions Anderson–Darling

Region 1 Region 2 Stat Sig.a

USco ChaI 3.4 0.014
USco Lupus 3.4 0.013
ChaI Lupus 1.2 0.105
Lupus Oph 1.2 0.104
Tau/Aur Oph −0.2 > 0.25

Note.
a Sig., also known as the error rate, indicates the significance level at which the
null hypothesis that samples are drawn from the same/can not be rejected.

Figure 5. Cumulative disk sizes distributions for our modeled regions: Lupus,
ChaI, and USco. Shaded regions indicate 1σ confidence intervals.
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• 原始惑星系円盤 

• 距離100-150pcの場所に、円盤を~100個持つ領域が~10個ある。 

• ミリ波連続波でダスト円盤が観測できる 

• ダスト円盤の質量 (Class II) 

• 質量中央値は5-15地球質量。分散大きい(0.1-100地球質量) 

• ダスト円盤の大きさ (Class II) 

• 明るい天体の半径は30-100auくらい(でも分解能も~30au程度の情報) 

• まだ暗い天体の大きさはわからない。

原始惑星系円盤の全体像

To test if these results depend on the selection of R68 or R90,
we produced a R90 version of Figure 5, and performed the
Anderson–Darling tests on Lupus, ChaI, and USco using our
R90 disk sizes and found no significant change in the observed
trends.

5.1. Relations Between Stellar and Disk Properties

The following two subsections examine the disk size–disk
luminosity ( –R Llog logeff mm) and the disk size–stellar proper-
ties ( – �R Mlog logeff and – �R Llog logeff ) relations. In order to
determine if empirical relationships can be established, we
apply several statistical tests to the data.
We begin with the Shapiro–Wilk normality test (Shapiro &

Wilk 1965) to determine if the distribution of our bivariate data
is normal or not. This is important as many correlation tests,
e.g., the Pearson’s r test, are based on the assumption that the
data follow a normal distribution. The Shapiro–Wilk p value is
the null hypothesis probability that the sample is normally
distributed. In cases where the p value is <0.05, we reject the
null hypothesis and conclude that the distribution is not normal.
Otherwise, we conclude that the distribution is likely normal.
The result of this determines which correlation test we use
afterward and is described in further detail below.
For all regions, we calculate both the Pearson correlation

coefficient (hereafter Pearson r test) and Spearman’s rank
correlation coefficient (hereafter Spearman ρ test) and the
corresponding p values. For both tests, the p value gives the
probability of rejecting the null hypothesis that there is no
statistically significant relationship between the variables, more
specifically, a linear relation for the Pearson’s r test and a
monotonic one for the Spearman ρ test. In cases where the p
value for the chosen statistic is <0.05, we consider the data to
be correlated. As mentioned above, the Pearson’s r test requires
the data to be bivariate normal. For this reason, we use the
Pearson’s r test to establish if there is a linear correlation only
when our data are normally distributed, as found by the
Shapiro–Wilk test. In all other cases, we rely on the Spearman
ρ to test for the existence of a monotonic relationship between
variables. Note that while the Spearman ρ does not need the
variables to be normally distributed, it does require that they are
converted into a rank-order (ordinal) data set.
A limitation of all these statistical tests is that they do not

include upper limits and uncertainties in the assessment. As
such, and for comparison with results already reported in the
literature, we might fit linear relationships even if our
correlation tests result in a probability larger than 0.05 that
the variables are not correlated.

5.1.1. Disk Radii and Millimeter Luminosities

Recently, Andrews et al. (2018b) demonstrated that the dust
disk effective radius (Reff) and the millimeter luminosity (Lmm)
scale in the same way for their Oph, Tau/Aur, and Lupus
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distributions should not be directly compared to the regions observed
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ChaI Lupus 1.2 0.105
Lupus Oph 1.2 0.104
Tau/Aur Oph −0.2 > 0.25

Note.
a Sig., also known as the error rate, indicates the significance level at which the
null hypothesis that samples are drawn from the same/can not be rejected.
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Figure 13. The cumulative dust mass distribution in our Ophiuchus sample compared to those of other young regions. The line widths indicate 1σ confidence
intervals. Average dust masses and ages are listed for reference. Ophiuchus presents a disc mass distribution that is very similar to those seen in Taurus and
Lupus, and more massive discs than older regions. However, the distributions shown are not corrected by sample selection biases or the dependence on stellar
mass and thus should be interpreted with caution.

the Ophiuchus Molecular Cloud, and present the initial continuum
data. Our main results are the following:

(1) We detect 120 of our 147 targets in 1.3 mm continuum, for
an overall detection rate of 82 per cent. Among these detections,
we find 11 binary systems and a triple system, for a total of 133
individual discs detected. Out of these 133 detected discs, 60 were
spatially resolved and we measure fluxes, sizes, and position angles.
The other 73 detected objects remain unresolved and we can only
measure flux and set an upper limit to their size (approximately
corresponding to the resolution of our observations).

(2) 27 of our targets remain undetected, with 4σ upper limits of
∼1.0 mJy, but a stacking of the non-detections shows a 4σ detection
of 0.16 mJy, suggesting a typical dust mass of just ∼0.1 M⊕ for
these objects.

(3) Among our sample, we find eight sources with clear sub-
structures. Six of them have inner dust opacity cavities and two of
them show narrow gaps/rings (one object, WSV 82, shows both an
inner cavity and a gap/ring structure). Another object, Elias 2-27,
shows two spiral arms. Four additional sources show hints of sub-
structures based on their deprojected radial profiles. Most of these
features are seen among the brightest sources in the sample. If they
are all confirmed, it would imply that ∼50 per cent (11/21) of the
sources brighter than ∼50 mJy show some type of substructure.

(4) We performed a preliminary comparison of the dust mass
function in Ophiuchus to those of other regions. We find that the
dust mass distribution in Ophiuchus is very similar to those of other
young regions (1–2 Myr) as Taurus and Lupus. However, significant
evolution is seen towards older ages, as already shown by previous
results.

(5) A simple conversion between flux and dust mass (adopting
standard assumptions for dust opacities and temperatures) indicates
that all sources detected at 1.3 mm have enough solid mass to form
one or more rocky planets. In contrast, only ∼50 discs (∼1/3 of
the sample) have enough mass in the form of dust to form the
canonical 10 M⊕ core needed to trigger runaway gas accretion
and the formation of gas giant planets. In this context, the main
uncertainty is the total mass of solids already incorporated to large
bodies (e.g. cm to km scales) that are not detectable by ALMA.

(6) The distribution in disc sizes in our sample is heavily
weighted towards compact discs. Most discs have radii < 15 au,
while only 22 discs (∼15 per cent of the targets) have radii > 30 au.
The discs that remain unresolved in our sample would benefit from
higher resolution data at longer wavelengths to better constrain both
their sizes and masses.

The detailed study of disc properties as a function of the mass
and age of the host stars, the effects of (sub)stellar companions on
disc properties, and the gas content in the discs based on the 12CO,
13CO, and C18O observations will be presented in future papers
of this series, along with radiative transfer modelling of resolved
sources.
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本日のお話

• 第一部: ALMAを中心とした、原始惑星系円盤の描像のレビュー (~20分) 

• 高分解能で見えたリング・ギャップ等副構造 

• サーベイ観測で明らかとなった全体像 

• 第二部: 我々の進めてきたALMA偏光観測 (~25分) 

• ダスト散乱による偏光と、ダストミクロ物理への制限 

• (時間があれば、今進めているダスト組成への示唆の研究 ~ 10分)
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• ダスト連続波の偏光を観測する 

• 偏光度は0.1-10%程度 

• →普通の連続波の1/100の暗い信号
を受信する必要がある 

• あんまり高くない分解能(0.5秒角
~50auくらい)でたくさん積分(~数時
間)しないと取れない

ALMA偏光観測は、明るい天体のみ

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, 40,max

and 40,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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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] × IT ,
where IT 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.
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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

DG Tau

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, 40,max

and 40,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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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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HD 163296 (0.9 mm)

短軸と平行
essential. The wavelength dependence of the polarization
fraction is not strong in the case of the grain alignment,
while it is strong in the case of the self-scattering because
the scattering-induced polarization is efficient only when the
maximum grain size is around M Q2 where λ is the
wavelengths (Kataoka et al. 2015).

To obtain the wavelength-dependent polarimetric images, we
observe the HL Tau disk with the Atacama Large Millimeter/
submillimeter Array (ALMA) using Band 3. HL Tau is a young
star in the Taurus molecular cloud with a distance of 140pc
(Rebull et al. 2004). The circumstellar disk is around in
∼100 au scale (Kwon et al. 2011). The disk has several ring
and gap structures with tens of au scales (ALMA Partnership
et al. 2015). The observed band corresponds to wavelengths of
3.1 mm, which is sufficiently longer than the previous CARMA
polarimetric observations at 1.3 mm (Stephens et al. 2014).

2. Observations

HL Tau was observed by ALMA on 2016 October 12,
during its Cycle 4 operation (2016.1.00115.S, PI: A. Kataoka).
The antenna configuration was C40-6, and 41 antennas were
operating. The correlator processed four spectral windows
centered at 90.5, 92.5, 102.5, and 104.5 GHz with a bandwidth
of 1.75 GHz each. The bandpass, amplitude, and phase were
calibrated by observations of J0510+1800, J0423-0120, and
J0431+1731, respectively, and the polarization calibration was
performed by observations of J0510+1800. The raw data were
reduced by the EA-ARC staff.

We further perform the iterative CLEAN deconvolution
imaging with self-calibration to improve the image quality. We
employ the briggs weighting with the robust parameter of 0.5
and the multiscale option with scale parameters of 0, 0.3, and
0.9 arcsec. The beam size of the final product is ´ q ´0. 45 0. 29,
corresponding to _ q63 41 au at a distance of 140 pc to the
target. The rms for Stokes I, Q, and Uis 9.6, 6.9, and 6.9 μJy,
respectively.

3. Results

The top panel of Figure 1 shows the polarized intensity in
colorscale overlaid with polarization vectors,9 and the contour
represents the continuum emission. The bottom panel of
Figure 1 shows the polarization fraction in colorscale, and the
others are the same as the top panel. Due to the lower spatial
resolution than the long baseline campaign (ALMA Partnership
et al. 2015), the multiple-ring and multiple-gap structure of the
continuum is not resolved. The total flux density is 75.1 mJy,
which is consistent with the previous ALMA observations with
Band 3 (74.3 mJy; ALMA Partnership et al. 2015).

We successfully detect the ring-like polarized emission at
3.1 mm. The polarized intensity has a peak of 145 μJy/beam,
which corresponds to a 21σ detection with the rms of 6.9μJy.
The peak of the polarized intensity is not located at the central
star but on the ring. We see three blobs on the ring, but this
may be due to the interferometric effects. The polarized
intensity at the location of the central star is lower than the
other regions. We interpret this structure as a beam dilution of
the central region where polarization is expected to be

azimuthal and thus cancels out each other. The polarization
fraction is around 1.8% on the ring.
The flux densities of the entire disk are −39.7 μJy for Stokes

Q and −40.6 μJy for Stokes U. Therefore, the integrated
polarized intensity is T� � � �Q UPI 56.42 2

PI
2 μJy.

Dividing the total polarized intensity by the total Stokes I,
we obtain 0.08% for the total polarization fraction. The
instrumental polarization contamination of the ALMA inter-
ferometers is the polarization fraction of 0.1% for a point
source in the center of the field or 0.3% within up to the inner
1/3 of the FWHM (see the technical handbook of ALMA;
further discussion is found in Nagai et al. 2016). The derived
polarization fraction of the integrated flux corresponds to the
case of the point source. Therefore, the upper limit of the
integrated polarization fraction of the HL Tau disk at 3.1 mm
by our observations is 0.1%. The low total polarization fraction
means that we could not have detected polarization if we had
not resolved the target.

Figure 1. ALMA Band 3 observations of the HL Tau disk. The wavelength is
3.1 mm. The top panel shows the polarized intensity in colorscale, the
polarization direction as red vectors, and the continuum intensity as the solid
contour. The vectors are shown where the polarized intensity is larger than
T5 PI. The contours correspond to q( )10, 20, 40, 80, 160, 320, 640, 1280 the
rms of 9.6 μJy. The bottom panel shows that the polarization fraction in
colorscale, polarization vectors in blue, and the same continuum intensity
contours as the top.

9 We plot the polarization vectors not scaling with the polarization fraction
but written with the same length because this allows for the polarization
morphology to be more obvious. However, the reliability does not depend on
the polarization fraction, but rather on the polarized intensity.
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HL Tau (3 mm)

回転方向と平行

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
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

DG Tau (0.9 mm)

複合的

Dent et al. 2019, Stephens et al. 2017, 
Hull et al. 2018, Bacciotti et al. 2018…

4 Mori et al.

Figure 1. Upper left (a): The total intensity (Stokes I) of the continuum emission at 870 µm. The solid contours represent total
intensity with levels of 100�10000 ⇥ �I (=60 µJy beam�1) in log space. The beam with the size of 0.0094 ⇥ 0.0062 and position
angle of �75.�3 is shown in the bottom left with the white ellipse. Upper right (b): Polarized intensity on a linear scale. The
solid contour levels are (3, 5, 7, 10) ⇥ �PI (= 27 µJy beam�1). The polarization vectors are presented where polarized intensity
is larger than 3�PI . We set the length of the polarization vectors to be the same. Lower left (c): The polarization fraction
overlaid with the vectors. The solid contours show polarized intensity as with the PI map. The polarization fraction where
polarized intensity is less than 3�PI is removed. The synthesized beam is also presented with the black ellipse. Lower right (d):
The color map of the 1� polarization angle error (�✓). The synthesized beam and polarization vectors are also overlaid. The
overlaid circle at the center represents the boundary of the inner and outer regions with the radius of 0.005.

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] × IT ,
where IT is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.

3

The Astrophysical Journal, 851:55 (6pp), 2017 December 10 Stephens et al.

4 Hull et al.

200 AU

1%

IM Lup

Contours: 
Polarized Intensity P

Contours: 
Polarization fraction Pfrac

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.

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
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

disk, and the polarized intensity peaks at the center of the disk.
In contrast, the model for radiative alignment predicts that
polarized emission would peak at two points along the major
axis in RY Tau and MWC 480. Additionally, we note that
while Haro 6–13 and MWC 480 have nearly the same
inclination angle (40° and 36°, respectively) they have different
polarization morphologies, which indicates that the differences
in these two disks cannot be attributed solely to differences in
inclination angle.

The variation in polarization with wavelength in HL Tau has
been explained by scattering dominating at 870 μm and
radiation alignment dominating at 3 mm, with a combination
of the two mechanisms present at 1.3 mm (Stephens 2017).
With our observations of DG Tau, Haro 6–13, MWC 480, and
RY Tau, we provide the first evidence of different polarization
morphologies in otherwise similar disks at 3 mm, implying that
different polarization mechanisms may dominate in these disks
at the same wavelength.

4.1. Potential Evolutionary Effects

The differences in polarization mechanisms in these disks
may indicate that the disks are at different stages of evolution.
Polarization from scattering is present at a longer wavelength in
MWC 480 and RY Tau than in HL Tau. This could indicate
that MWC 480 and RY Tau have (compared to HL Tau) larger
dust grains, which could imply a more evolved disk with time
to allow dust to grow to larger sizes. To determine whether
evolutionary effects are responsible for the variation seen in
these disks, we will need observations at other wavelengths to
determine more quantitatively where the transitions between
polarization patterns take place.
The dust opacity spectral index (β) has been used to estimate

grain sizes in circumstellar disks with assumed dust properties.
Kwon et al. (2015) obtained β values of 0.6745±0.0069
(viscous accretion disk model) to 0.615±0.006 (power-law
disk model) for HL Tau and β values consistent with zero or a
small positive number for Haro 6–13. Even with the
uncertainty of 0.25 on these values, HL Tau’s β value is
higher than Haro 6–13ʼs, which is consistent with Haro 6–13

Figure 4. Models of expected polarization morphology in DG Tau and Haro 6–13 from radiative alignment, alongside the maps from Figure 1. In models, gray
contours represent Stokes I, blue shading represents polarized intensity, and black pseudo-vectors represent polarization angle. The color scale is relative and not
meant to quantitatively predict polarized intensity values.
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Akimasa Kataoka (NAOJ)

• 星・惑星形成領域において、ミリ
波帯では、~10-100K程度の熱放
射が見える。 

• 熱放射を偏光させる有力なメカニ
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



Akimasa Kataoka (NAOJ)

• もし空間分解能が上がれば、原
始惑星系円盤の偏光が見えるは
ず 

• 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 

• 磁場に整列していれば、トロイ
ダル磁場の証明ができるはず
だ。

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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essential. The wavelength dependence of the polarization
fraction is not strong in the case of the grain alignment,
while it is strong in the case of the self-scattering because
the scattering-induced polarization is efficient only when the
maximum grain size is around M Q2 where λ is the
wavelengths (Kataoka et al. 2015).

To obtain the wavelength-dependent polarimetric images, we
observe the HL Tau disk with the Atacama Large Millimeter/
submillimeter Array (ALMA) using Band 3. HL Tau is a young
star in the Taurus molecular cloud with a distance of 140pc
(Rebull et al. 2004). The circumstellar disk is around in
∼100 au scale (Kwon et al. 2011). The disk has several ring
and gap structures with tens of au scales (ALMA Partnership
et al. 2015). The observed band corresponds to wavelengths of
3.1 mm, which is sufficiently longer than the previous CARMA
polarimetric observations at 1.3 mm (Stephens et al. 2014).

2. Observations

HL Tau was observed by ALMA on 2016 October 12,
during its Cycle 4 operation (2016.1.00115.S, PI: A. Kataoka).
The antenna configuration was C40-6, and 41 antennas were
operating. The correlator processed four spectral windows
centered at 90.5, 92.5, 102.5, and 104.5 GHz with a bandwidth
of 1.75 GHz each. The bandpass, amplitude, and phase were
calibrated by observations of J0510+1800, J0423-0120, and
J0431+1731, respectively, and the polarization calibration was
performed by observations of J0510+1800. The raw data were
reduced by the EA-ARC staff.

We further perform the iterative CLEAN deconvolution
imaging with self-calibration to improve the image quality. We
employ the briggs weighting with the robust parameter of 0.5
and the multiscale option with scale parameters of 0, 0.3, and
0.9 arcsec. The beam size of the final product is ´ q ´0. 45 0. 29,
corresponding to _ q63 41 au at a distance of 140 pc to the
target. The rms for Stokes I, Q, and Uis 9.6, 6.9, and 6.9 μJy,
respectively.

3. Results

The top panel of Figure 1 shows the polarized intensity in
colorscale overlaid with polarization vectors,9 and the contour
represents the continuum emission. The bottom panel of
Figure 1 shows the polarization fraction in colorscale, and the
others are the same as the top panel. Due to the lower spatial
resolution than the long baseline campaign (ALMA Partnership
et al. 2015), the multiple-ring and multiple-gap structure of the
continuum is not resolved. The total flux density is 75.1 mJy,
which is consistent with the previous ALMA observations with
Band 3 (74.3 mJy; ALMA Partnership et al. 2015).

We successfully detect the ring-like polarized emission at
3.1 mm. The polarized intensity has a peak of 145 μJy/beam,
which corresponds to a 21σ detection with the rms of 6.9μJy.
The peak of the polarized intensity is not located at the central
star but on the ring. We see three blobs on the ring, but this
may be due to the interferometric effects. The polarized
intensity at the location of the central star is lower than the
other regions. We interpret this structure as a beam dilution of
the central region where polarization is expected to be

azimuthal and thus cancels out each other. The polarization
fraction is around 1.8% on the ring.
The flux densities of the entire disk are −39.7 μJy for Stokes

Q and −40.6 μJy for Stokes U. Therefore, the integrated
polarized intensity is T� � � �Q UPI 56.42 2

PI
2 μJy.

Dividing the total polarized intensity by the total Stokes I,
we obtain 0.08% for the total polarization fraction. The
instrumental polarization contamination of the ALMA inter-
ferometers is the polarization fraction of 0.1% for a point
source in the center of the field or 0.3% within up to the inner
1/3 of the FWHM (see the technical handbook of ALMA;
further discussion is found in Nagai et al. 2016). The derived
polarization fraction of the integrated flux corresponds to the
case of the point source. Therefore, the upper limit of the
integrated polarization fraction of the HL Tau disk at 3.1 mm
by our observations is 0.1%. The low total polarization fraction
means that we could not have detected polarization if we had
not resolved the target.

Figure 1. ALMA Band 3 observations of the HL Tau disk. The wavelength is
3.1 mm. The top panel shows the polarized intensity in colorscale, the
polarization direction as red vectors, and the continuum intensity as the solid
contour. The vectors are shown where the polarized intensity is larger than
T5 PI. The contours correspond to q( )10, 20, 40, 80, 160, 320, 640, 1280 the
rms of 9.6 μJy. The bottom panel shows that the polarization fraction in
colorscale, polarization vectors in blue, and the same continuum intensity
contours as the top.

9 We plot the polarization vectors not scaling with the polarization fraction
but written with the same length because this allows for the polarization
morphology to be more obvious. However, the reliability does not depend on
the polarization fraction, but rather on the polarized intensity.
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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 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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輻射輸送計算結果
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散乱偏光で可能となったサイエンス

アルベド（散乱効率）

grain sizea=λ/2π

１回散乱における９０度散乱の偏光度

grain sizea=λ/2π

散乱偏光は、(ダスト半径)=2π×(波長)くらいのときだけ検出できる

Assumption: spherical dust grains



ALMA偏光観測を利用したダストサイズ測定
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Polarization of protoplanetary disks 3
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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

• 例 

• ALMA Band 7 (0.87mm)で散
乱偏光が受かったけど、
ALMA Band 3 (3.1 mm)では散
乱偏光が受からなかった 

• →ダストサイズは~150 µmく
らい



HL Tau のALMA偏光観測

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 q 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 X�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 r �( )n a a 3.5. We vary the maximum grain
size amax for �a 50, 70, 100max , and N150 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 q �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 N�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 N�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

N�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 N�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

N�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 N�a 100 mmax is the
same as the interstellar medium or higher, which corresponds
to C _ 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
C _ 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 N150 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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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] × IT ,
where IT is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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beam. Then the position of each point was moved to the nearest
local radial maximum (or minimum for dark rings). To avoid
regions where the rings become less distinct, points were
discarded if they moved outside the nominal width of the
individual rings (5 to 8 AU). Eight rings retained 55%> of the
points, to which we subsequently fit an ellipse, including its
center position, using a Markov Chain Monte Carlo (Foreman-
Mackey et al. 2013). The results are listed in Table 2, with the
full range of parameters given for the eight most distinct rings,
and just the semimajor axis for the others. It seems likely that
the “gap,” “enhancement,” and “clump” observed in VLA 1.3
and 0.7 cm images (Greaves et al. 2008; Carrasco-González
et al. 2009) at ∼10, 20, and 55 AU along the major axis of the
disk correspond to the D1, B1, and the combined emission
from the B2 to B4 rings, respectively.

The weighted average of the best-fit inclination and P.A. for
the eight fitted rings yields i 46 .72 0 .05= ±◦ ◦ and P.A.

138 .02 0 .07= ±◦ ◦ , consistent with the constraints found for

the average disk geometry over large scales. However, the best-
fit ellipses have their centers offset with respect to the peak of
the 1.0 mm emission, as can be seen in the equatorial offsets
reported in Table 2. These offsets are statistically significant for
all but the innermost ring (D1). Interestingly, the magnitude of
the position offset increases with orbital distance from the
center.
Using the weighted average inclination and P.A., we have

deprojected the combined 1.0 mm visibility data into a
circularly symmetric, face-on equivalent view (see Figure 3
(a)). We have also extracted cross-cuts at an angle of138° from
both the 1.0 mm continuum image and the spectral index map
shown in Figures 2(e) and (f). These cross-cuts are shown in
Figures 3(b) and (c). The variation in intensity between the
bright and dark rings is readily apparent. Considering only the
fully characterized rings, the largest average intensity contrast
is between the first pair with D1 being 46% less bright than B1,
and the smallest contrast is between the 5th pair with D5 being

Figure 2. Panels (a), (b), and (c) show 2.9, 1.3, and 0.87 mm ALMA continuum images of HL Tau. Panel (d) shows the 1.3 mm PSF for the same FOV as the other
panels as well as an inset with an enlarged view of the inner 300 mas centered on the PSF’s peak (the other bands show similar patterns). Panels (e) and (f) show the
image and spectral index maps resulting from the combination of the 1.3 and 0.87 mm data. The spectral index (α) map has been masked where 4errorα α < . The
synthesized beams are shown in the lower left of each panel; also see Table 1. The range of the color bar shown for panel (b) at 1.3 mm corresponds to 2− × rms to
0.9× the image peak using the values in Table 1. The color scales for panels (a), (c), and (e) are the same except using the values of rms and image peak
corresponding to each respective wavelength in Table 1.
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ALMA Band 7
ALMA Band 6

ALMA Band 3

ALMA Partnership 2015, Stephens et al. 2017

Kataoka et al. 2017, modified散乱が卓越 at 0.87 mm 散乱成分消える at 3.1 mm
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Figure 5. (Left) Spectral index between 1 and 3 mm as a function of integrated 1 mm flux for Lupus discs (red), Ophiuchus (dark brown), and Taurus (yellow).
Lupus TDs are marked with an additional red circle. The dark shaded region represents the sensitivity cut-o� of our ALMA observations, i.e. where observations
are not sensitive anymore. The dashed line is the typical U1�3 mm of the optically thin emission of ISM dust. (Right) Normalised cumulative distribution of the
spectral index measurements shown in the left panel.

5 DISCUSSION

Spectral indices at sub-mm/mm wavelengths provide us with valu-
able information on the optical properties of the population of large
grains residing in the discs midplane. In Sect. 5.1 we discuss the con-
straints that our new 3 mm measurements set on the average grain
properties in the Lupus discs assuming that most of the observed
emission is optically thin. In Sect. 5.2 we discuss the millimeter con-
tinuum size-luminosity relation (Tripathi et al. 2017; Andrews et al.
2018a) in light of new constraints posed by the 3 mm observations
presented here.

5.1 Implications for grain growth

Thanks to their sensitivity to the thermal emission of dust grains
harboured in the dense and cold disc midplane, sub-millimeter and
millimeter observations constitute a powerful probe of the early
phase of grain growth from sub-micron to mm sizes (Testi et al.
2014, , and references therein). At sub-mm and mm wavelengths
the dust emission is mostly optically thin and the slope Umm of the
(sub-)mm SED (namely, the spectral index)

Umm =
m log �a
m log a

(2)

can be related in first approximation to the dust opacity power-law
slope V, being the opacity ^a / aV , as

Umm ⇡ V + 2 , (3)

where the further assumption that the radiation is emitted in
Rayleigh-Jeans regime was made. If we consider a power-law grain
size distribution =(0) / 0�@ for 0min  0  0max (0 being the
radius of the emitting grain), it is possible to show (Miyake & Nak-
agawa 1993) that the dust power-law index V depends strongly on
0max (provided that 0min < 1`m). Typical values of U1�3mm ⇠ 3.7
are found for the relatively small ISM dust grains (0max ⇡ 0.25`m),
while Natta & Testi (2004) showed that dust grains with sizes V  1
(U1�3mm  3) can be safely interpreted as evidence of large grains

(0max � 1mm) for a wide range of dust composition, porosity and
size distribution (see also Draine 2006).

Using the new 3 mm data presented here, we find that the mean
spectral index in the Lupus discs is U1�3 mm = 2.23 ± 0.06, which
corresponds to a nominal average dust opacity V = 0.23 ± 0.06
according to Eq. (3). By comparing this result with theoretical dust
opacity models based on Mie theory and a range of compositions
(e.g., Draine 2006; Birnstiel et al. 2018), we find that V ⇠ 0.2 � 0.5
requires a grain populations dominated by large grains (@  3) with
maximum grain size at least larger than 1 mm.

Global dust evolution models (Brauer et al. 2007, 2008) pre-
dict very short lifetimes for large grains: as soon as they grow past
mm sizes at large distances from the star, they are expected to un-
dergo rapid inward migration due to the loss of angular momentum
to the gaseous component of the disc (Weidenschilling 1977). Ob-
servationally, the loss of large grains is expected to make discs
evolve very quickly towards large values U1�3 mm > 3.5 (Birnstiel
et al. 2010). However, the observational evidence of low values of
U1�3 mm ' 2.23 (hence, V ' 0.23 and 0max > 1 mm) gathered
not only in the Lupus region, but also in the coeval (1-3 Myr old)
Taurus and Ophiuchus regions (cf. Fig. 5), can be interpreted in
terms of a high occurrence of dust retention mechanisms. Pressure
maxima created by strong gas inhomogeinities (Pinilla et al. 2012a)
or by a forming planet embedded in the disc (Whipple 1972; Brauer
et al. 2008; Pinilla et al. 2012b), streaming instability (Cuzzi et al.
1993; Youdin & Goodman 2005), and dust accumulation in vortices
(Barge & Sommeria 1995; Klahr & Henning 1997; Lyra et al. 2009;
Barge et al. 2017) are all e�ects that can potentially slow down or
even completely halt the drift of large grains. In this work we focused
on the spatially-integrated analysis of these new 3 mm observations
at moderate resolution, which do not allow us to infer which of
these mechanisms are shaping the Lupus discs. However, 7 discs in
our sample have been targeted by ALMA at 1.3 mm and extreme
angular resolution by the DSHARP (Andrews et al. 2018b) survey
(see note in Table 1: while two discs (Sz 114 and MY Lup) exhibit a
rather smooth surface brightness, five of them (Sz 68, Sz 71, Sz 82,
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Figure 5. (Left) Spectral index between 1 and 3 mm as a function of integrated 1 mm flux for Lupus discs (red), Ophiuchus (dark brown), and Taurus (yellow).
Lupus TDs are marked with an additional red circle. The dark shaded region represents the sensitivity cut-o� of our ALMA observations, i.e. where observations
are not sensitive anymore. The dashed line is the typical U1�3 mm of the optically thin emission of ISM dust. (Right) Normalised cumulative distribution of the
spectral index measurements shown in the left panel.

5 DISCUSSION

Spectral indices at sub-mm/mm wavelengths provide us with valu-
able information on the optical properties of the population of large
grains residing in the discs midplane. In Sect. 5.1 we discuss the con-
straints that our new 3 mm measurements set on the average grain
properties in the Lupus discs assuming that most of the observed
emission is optically thin. In Sect. 5.2 we discuss the millimeter con-
tinuum size-luminosity relation (Tripathi et al. 2017; Andrews et al.
2018a) in light of new constraints posed by the 3 mm observations
presented here.

5.1 Implications for grain growth

Thanks to their sensitivity to the thermal emission of dust grains
harboured in the dense and cold disc midplane, sub-millimeter and
millimeter observations constitute a powerful probe of the early
phase of grain growth from sub-micron to mm sizes (Testi et al.
2014, , and references therein). At sub-mm and mm wavelengths
the dust emission is mostly optically thin and the slope Umm of the
(sub-)mm SED (namely, the spectral index)

Umm =
m log �a
m log a

(2)

can be related in first approximation to the dust opacity power-law
slope V, being the opacity ^a / aV , as

Umm ⇡ V + 2 , (3)

where the further assumption that the radiation is emitted in
Rayleigh-Jeans regime was made. If we consider a power-law grain
size distribution =(0) / 0�@ for 0min  0  0max (0 being the
radius of the emitting grain), it is possible to show (Miyake & Nak-
agawa 1993) that the dust power-law index V depends strongly on
0max (provided that 0min < 1`m). Typical values of U1�3mm ⇠ 3.7
are found for the relatively small ISM dust grains (0max ⇡ 0.25`m),
while Natta & Testi (2004) showed that dust grains with sizes V  1
(U1�3mm  3) can be safely interpreted as evidence of large grains

(0max � 1mm) for a wide range of dust composition, porosity and
size distribution (see also Draine 2006).

Using the new 3 mm data presented here, we find that the mean
spectral index in the Lupus discs is U1�3 mm = 2.23 ± 0.06, which
corresponds to a nominal average dust opacity V = 0.23 ± 0.06
according to Eq. (3). By comparing this result with theoretical dust
opacity models based on Mie theory and a range of compositions
(e.g., Draine 2006; Birnstiel et al. 2018), we find that V ⇠ 0.2 � 0.5
requires a grain populations dominated by large grains (@  3) with
maximum grain size at least larger than 1 mm.

Global dust evolution models (Brauer et al. 2007, 2008) pre-
dict very short lifetimes for large grains: as soon as they grow past
mm sizes at large distances from the star, they are expected to un-
dergo rapid inward migration due to the loss of angular momentum
to the gaseous component of the disc (Weidenschilling 1977). Ob-
servationally, the loss of large grains is expected to make discs
evolve very quickly towards large values U1�3 mm > 3.5 (Birnstiel
et al. 2010). However, the observational evidence of low values of
U1�3 mm ' 2.23 (hence, V ' 0.23 and 0max > 1 mm) gathered
not only in the Lupus region, but also in the coeval (1-3 Myr old)
Taurus and Ophiuchus regions (cf. Fig. 5), can be interpreted in
terms of a high occurrence of dust retention mechanisms. Pressure
maxima created by strong gas inhomogeinities (Pinilla et al. 2012a)
or by a forming planet embedded in the disc (Whipple 1972; Brauer
et al. 2008; Pinilla et al. 2012b), streaming instability (Cuzzi et al.
1993; Youdin & Goodman 2005), and dust accumulation in vortices
(Barge & Sommeria 1995; Klahr & Henning 1997; Lyra et al. 2009;
Barge et al. 2017) are all e�ects that can potentially slow down or
even completely halt the drift of large grains. In this work we focused
on the spatially-integrated analysis of these new 3 mm observations
at moderate resolution, which do not allow us to infer which of
these mechanisms are shaping the Lupus discs. However, 7 discs in
our sample have been targeted by ALMA at 1.3 mm and extreme
angular resolution by the DSHARP (Andrews et al. 2018b) survey
(see note in Table 1: while two discs (Sz 114 and MY Lup) exhibit a
rather smooth surface brightness, five of them (Sz 68, Sz 71, Sz 82,
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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 q 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 X�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 r �( )n a a 3.5. We vary the maximum grain
size amax for �a 50, 70, 100max , and N150 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 q �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 N�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 N�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

N�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 N�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

N�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 N�a 100 mmax is the
same as the interstellar medium or higher, which corresponds
to C _ 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
C _ 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 N150 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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Fig. 3. Absorption mass opacity in cases of different a f . a) Parameter space of f and a in the cases of b) to f). The mass opacities are shown in the
cases of b) a f = 1 µm, c) a f = 10 µm, d) a f = 100 µm, e) a f = 1 mm, and f) a f = 10 mm.

suggests that the scattering mass opacity is not characterized by
a f at the longer wavelengths. At the shorter wavelengths, the
mass opacity corresponds to the geometric cross section. In the
compact case, the mass opacity scales as λ−4 at the longer wave-
lengths. On the other hand, in the fluffy case, the mass opacity
scales as λ−2 at the inter mediate wavelengths, then scales as λ−4

at the longer wavelengths. We will come back to this point with
a physical explanation in Sect. 4.

As shown in Fig. 4, the scattering mass opacity of the fluffy
aggregates is expected to be higher than the compact case at
the longer wavelengths even when the absorption mass opac-
ity is almost the same. Thus, we investigate the ratio of κsca
against κabs. Figure 5 shows the ratio in each case correspond-
ing to Fig. 4. In the case of compact and a f = 0.1 µm, the
scattering mass opacity is less than absorption. On the other

hand, the scattering mass opacity dominates the absorption mass
opacity in fluffy cases when a f = 0.1 µm. This greatly affects the
infrared observations of dust grains. For example, Pagani et al.
(2010) reported that dust grains in dense interstellar medium is
composed of micron-sized grains (and not 0.1 µm) because of
the high scattering efficiency observed by the Spitzer space tele-
scope. Thus, they infer that the monomer size must be micron.
However, Fig. 5 suggests that even if the monomers are 0.1 µm
in size, the aggregates of 0.1 µm sized monomers represent the
high albedo and thus might account for the observed high effi-
ciency of scattering.

Figure 5c and d shows the scattering mass opacity in the case
of a f = 100 µm and 1 mm. The scattering mass opacity at the
millimeter wavelengths is ten times larger than the absorption
mass opacity in the compact case, and it is tens of times larger
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Figure 2. P! and P!e↵ for solid spheres (f = 1) and compact dust aggregates (f = 0.1, 0.01) at � = 1 mm. (Left) Solid
lines represent P!. Red, blue, and green lines show the results for the volume filling factor of f = 1, 0.1, and 0.01, respectively.
Dotted and dot-dashed lines indicate the single scattering albedo ! and the degree of linear polarization P at scattering angle of
90�, respectively. Filled circles indicate P! at the position of amaxf = 160 µm. (Right) Solid and dashed lines indicate results
for P!e↵ and P!, respectively. Filled circles indicate P!e↵ at amaxf = 160 µm. The P!e↵ -values at x > 1 is significantly
attenuated by considering the e↵ective single scattering albedo.

the degree of polarization becomes high even if x > 1.
This is due to the fact that aggregates with f ⌧ 1
have e↵ective refractive index close to that of vacuum,
and then, they are regarded as optically thin particles.
Since multiple scattering is suppressed inside optically
thin particles, high degree of polarization is obtained.
P! increases with increasing amax until x|me↵ � 1| ex-
ceeds unity at which aggregates become optically thick.
Since x|me↵�1| is proportional to amaxf (Kataoka et al.
2014), maximum value of P! approximately occurs at
amaxf ⇡ �/2⇡ ⇡ 160 µm. For example, when f = 0.1,
P! is maximized approximately at amax = 1.6 mm.
Maximum P!-value is larger for lower filling factor be-
cause lower filling factor makes aggregates less absorb-
ing and also suppresses depolarization due to multiple
scattering.
Unlike the case of solid spheres, the e↵ective single

scattering albedo plays a significant role for compact
aggregates. As shown in Figure 2 (right), the maximum
value of P!e↵ is significantly attenuated at x > 1, in
particular for the case of f = 0.01.
As a result, as the volume filling factor decreases, max-

imum value of P!e↵ decreases. This suggests that com-
pact aggregates with lower filling factor produce fainter
polarized-scattered light than solid spheres. We will con-
firm this by performing radiative transfer simulations in
Section 4.

3.2. Flu↵y dust aggregates

Scattering properties of flu↵y dust aggregates are sig-
nificantly di↵erent from those of spherical particles. We
use the MMF theory to compute optical properties of

flu↵y aggregates. In this section, we use df = 2.0 and
k0 = 1.0 in order to attain clear physical insights into
their optical properties.
First of all, the degree of linear polarization of flu↵y

dust aggregate is as high as 100% because multiple scat-
tering is suppressed when x0 ⌧ 1 and df  2 (Tazaki
et al. 2016), where x0 = 2⇡a0/� is the size parameter
of the monomer particle. Here, wavelength of interests
is (sub-)millimeter wavelength and monomer radius is
sub-micron size, and therefore, this condition is satisfied.
Even if ac � �/2⇡, the highest degree of polarization
remains 100%. Thus, we obtain P!e↵ = !e↵ .
In Figure 3, we show opacities of flu↵y dust aggre-

gates as a function of the characteristic radius ac. The
absorption opacity does not depend on ac because flu↵y
aggregates with di↵erent ac have the same mass-to-area
ratio, and then, the absorption opacity remains the same
(Kataoka et al. 2014) 1. At ac . �/2⇡, the scattering
opacity increases with increasing the aggregate radius
(mass). On the other hand, once the aggregate radius
exceeds �/2⇡, the e↵ective scattering opacity saturates.
An analytical solution to the upper limit on the e↵ective
scattering opacity can be found under the conditions of
x0 ⌧ 1 and df = 2 (see Appendix A for derivation). The
analytical solution to the e↵ective scattering opacity of

1
Strictly speaking, in the Rayleigh limit, the absorption opacity

depends on the number of monomers (Stognienko et al. 1995; Hen-

ning & Stognienko 1996; Tazaki & Tanaka 2018) due to monomer-

monomer interaction. However, this e↵ect is saturated when the

number of monomers exceeds ⇠ 100, and then the size dependence

becomes negligible for further large aggregates.

Kataoka et al. 2014 Tazaki et al. 2019
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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

vd =
|2vb| =

2
Cv

t0

0BBBBB@
4
3
⇡r

3
0
N

�

1CCCCCA

1/3
.

(26)

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

cs,e↵
⇠

s P
⇢
⇠

s E roll

⇢0r
3
0

⇢

⇢0
⇠
r E roll

m0
�.

(27)

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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• ALMAで、原始惑星系円盤の
全体像がわかってきた。 

• 非検出円盤に注意
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Fig. 6. Disk dust masses (upper panel), gas masses (middle panel), and gas-to-dust ratios (lower panels) for all the sources detected in the
continuum. Gas non-detections are shown with gray triangles, while all detections are presented as filled circles. Objects that are classified as
transitional disks (TD) are shown in orange, and edge-on disks are circled in blue. Red rectangles show the subsample of disks discussed in
Sect. 5.2.1.

5. Discussion

5.1. Gas-to-dust ratio

Dust masses were calculated for all Lupus disks detected in the
continuum as described in Sect. 4.1. For the 34 sources for which
at least one of the two CO istopologues was detected, disk gas
masses were derived as explained in Sect. 4.2. When we divide
the gas masses by the newly determined dust masses, it is possi-
ble to obtain global gas-to-dust mass ratios. Figure 6 shows that
these are often much lower than the expected ISM value of 100
and occasionally reach unity or lower.

Only full-disk models were employed for the mass determi-
nations, but three disks in the Lupus sample show resolved dust
cavities and three other sources show possible cavities with di-
ameter .0.400 (Ansdell et al. 2016). Moreover, six other disks
are classified as transition disk candidates, but do not show
cavities in the ALMA images (Merín et al. 2010; Romero et al.
2012; van der Marel et al. 2016; Bustamante et al. 2015). All
these sources, presented with orange symbols in Fig. 6, are not
properly described by our grid of full-disk models. However,
these moderate-resolution Lupus data primarily trace the outer
disks, which should be well represented by a full-disk model
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• 明るい円盤は、ミリ波偏光も
取れる

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, 40,max

and 40,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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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, 40,max

and 40,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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• 偏光から、ダストサイズ、
空隙もわかる 

• ミリ波の吸収・散乱効率が
議論できるようになった

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 q 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 X�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 r �( )n a a 3.5. We vary the maximum grain
size amax for �a 50, 70, 100max , and N150 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 q �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 N�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 N�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

N�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 N�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

N�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 N�a 100 mmax is the
same as the interstellar medium or higher, which corresponds
to C _ 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
C _ 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 N150 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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