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原始惑星系円盤の詳細構造の観測

ALMA Observations of HL Tau 5

FIG. 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
α/αerror < 4. The synthesized beams are shown in the lower left of each panel, also see Table 1. The range of the colorbar 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 colorscales 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.

reconcile with a simple disk/outflow scenario, suggesting that
the blue-shifted outflow has broken out of the parental core
(Monin et al. 1996), or that there is another – as yet unidenti-
fied – driving source. Unfortunately, the 12CO (1-0) data are
missing significant flux (due to a lack of short spacings), and
have insufficient sensitivity in the outer portions of the field
of view to warrant deeper analysis of its properties. Figs. 1b,
and c show zoomed in views of our serendipitous detections of
XZ Tau (A and B), and LkHα358; no other continuum sources
above the local 4σ level were detected.

3.1. HL Tau

3.1.1. Position and Proper Motion

The fitted position for HL Tau in each of the ALMA
images is given in Table 1. The phase calibrator posi-
tions are accurate to < 1 mas and the positions are consis-
tent between the three observed bands to better than 2 mas
(consistent with dedicated LBC astrometry experiments, see
ALMA partnership et al. 2015); thus, we assume 2 mas as the
absolute ALMA position uncertainty. The position reported
by Kwon et al. (2011) from 1.3 mm CARMA observations is
04h31m38s.418 +18◦13′57.′′37 (J2000, epoch 2009.08). The
phase calibrator for CARMA observations (J0510+1800) had
a position accurate to better than 1 mas, and we assume an
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Table 1. Log of ALMA Observations

Observation Date Baselines Total Integration Time Calibrators

(UT) (m) (s) (Flux, Bandpass, Gain)

Oct. 31 2015 84 - 16,200 169 1517-2422, 1625-2527

Nov. 26 2015 68 - 14,300 169 1517-2422, 1625-2527

Apr. 17 2016 15 - 600 58 1733-1304, 1427-4206, 1625-2527

the Band 3 receivers, and the four basebands were tuned
for continuum observations centered at 90.5, 92.5, 102.5,
104.5 GHz, each with 128 15.625 MHz channels for 2
GHz of continuum bandwidth per baseband. In all the
observations had 8 GHz of total continuum bandwidth.
We list details of the observations in Table 1.
We reduce the data in the standard way with the

CASA software package and the calibrators listed in Ta-
ble 1. After calibrating, we image the data by Fourier
transforming the visibilities with the CLEAN routine. We
use Briggs weighting with a robust parameter of 0.5,
which provides a good balance between sensitivity and
resolution, to weight the visibilities. The resulting im-
age has a beam of size 0.06” by 0.05” with a P.A. of
81.9�. We show the resulting image in Figure 1, and
the azimuthally averaged visibility amplitudes in Figure
2. The rms of the image is 36 µJy/beam. All analy-
sis is done directly to the un-averaged two dimensional
visibilities.

2.2. SED from the Literature

We compile a broadband spectral energy distribution
(SED) for WL 17 from a thorough literature search. We
show the SED in Figure 2. The data includes Spitzer

IRAC and MIPS photometry as well as fluxes from the
literature at a range of wavelengths (Wilking & Lada
1983; Lada & Wilking 1984; Greene & Young 1992; An-
dre & Montmerle 1994; Strom et al. 1995; Barsony et al.
1997; Johnstone et al. 2000; Allen et al. 2002; Natta et al.
2006; Stanke et al. 2006; Alves de Oliveira & Casali 2008;
Jørgensen et al. 2008; Padgett et al. 2008; Wilking et al.
2008; Evans et al. 2009; Gutermuth et al. 2009; Barsony
et al. 2012). We exclude WISE photometry because the
fluxes are inconsistent with the IRAC and MIPS fluxes.
This is because the WISE beam is larger than the Spitzer
beam, and may cause confusion with nearby sources.
The IRAC and MIPS flux measurements were also in-
dependently reproduced by two di↵erent groups using
separate datasets (Evans et al. 2009; Gutermuth et al.
2009), so we believe these measurements to be reliable.
We also include the the SL, SH, and LH calibrated

Spitzer IRS spectrum from the CASSIS database in our
SED(Lebouteiller et al. 2011, 2015). We find that we

need to scale the IRS spectrum by a factor of 3 to align it
with the IRAC/MIPS photometry for the system. When
scaled up the IRS spectrum also nicely matches ground-
based 10 µm photometry of the silicate absorption fea-
ture. This factor may be needed due to issues in the flux
calibration or the pointing towards the source.
For the purposes of assessing the quality of model fits

to the SED we assume a 10% uncertainty on all flux
measurements when computing �2. We also sample the
IRS spectrum at 25 points evenly spaced across the spec-
trum to minimize the number of individual wavelengths
at which radiative transfer flux calculations, which can
be time intensive, must be done.

3. RESULTS

Our 3 mm map of WL 17, shown in Figure 1, shows
a well detected, compact source with a hole measuring
⇠ 0.200 in diameter in the center. At the distance of
Ophiuchus, which we assume to be 137 pc, the hole is

Figure 1. ALMA 3 mm map of WL 17 showing a clear ring-
like structure. The synthesized beam size is 0.06” by 0.05”
with a P.A. of 81.9�. Contours begin at 4� and subsequent
contours are every additional 2�, with 1� = 36 µJy. The
emission interior to the ring does not drop to zero, but rather
falls to a 4� level at the inner edge of the ring. At the center
of the ring the emission rises to a 6� level. This may indicate
the presence of material remaining in the cleared out region.
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scattered light emission (Akiyama et al. 2015; Rapson
et al. 2015; Debes et al. 2013, 2016).
In this Letter, we present and analyze observations

that shed new light on the substructure in the TW Hya
disk. We have used the long baselines of ALMA to mea-
sure the 870µm continuum emission from this disk at
an unprecedented spatial resolution of ⇠1AU. Section 2
presents these observations, Section 3 describes a broad-
brush analysis of the continuum data, and Section 4 con-
siders potential interpretations of the results in the con-
texts of disk evolution and planet formation.

2. OBSERVATIONS AND DATA CALIBRATION

TW Hya was observed by ALMA on 2015 Novem-
ber 23, November 30, and December 1. The array in-
cluded 36, 31, and 34 antennas, respectively, configured
to span baseline lengths from 20m to 14 km. The corre-
lator processed four spectral windows centered at 344.5,
345.8, 355.1, and 357.1GHz with bandwidths of 1875,
469, 1875, and 1875MHz, respectively. The observa-
tions cycled between the target and J1103-3251 with a
1 minute cadence. Additional visits to J1107-3043 were
made every 15 minutes. J1037-2934, J1058+0133, and
J1107-4449 were briefly observed as calibrators. The pre-
cipitable water vapor (PWV) levels were ⇠1.0mm on
November 23 and 0.7mm on the latter two executions.
The total on-target integration time was ⇠2 hours.
These raw data were calibrated by NRAO sta↵. After

applying phase corrections from water vapor radiometer
measurements, the data were time-averaged into 2 s inte-
grations and flagged for problematic antennas and times.
The bandpass response of each spectral window was cal-
ibrated using the observations of J1058+0133. The am-
plitude scale was determined from J1037-2934 and J1107-
4449. The complex gain response of the system was cal-
ibrated 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 obser-
vations with a higher density of short antenna spacings
improves the image reconstruction.
To that end, we calibrated three archival ALMA ob-

servations of TW Hya, from 2012 May 20, 2012 Nov 20,
and 2014 Dec 31, using 16, 25, and 34 antennas span-
ning baselines from 15–375m. 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 349.4GHz), one
469MHz window (at 352.0GHz), and one 1875MHz win-
dow (at 338.4GHz). J1037-2934 was employed as a gain
calibrator, and Titan and 3C 279 (May 20), Ceres and
J0522-364 (Nov 20), or Ganymede and J0158+0133 (Dec
31) served as flux or bandpass calibrators. The weather
for these observations was excellent, with PWV levels

Figure 1. A synthesized image of the 870µm continuum emission
from the TW Hya disk with a 30mas FWHM (1.6AU) circular
beam. The RMS noise level is ⇠35µJy beam�1. The inset shows
a 0.200-wide (10.8AU) zoom using an image with finer resolution
(24⇥ 18mas, or 1.3⇥ 1.0AU, FWHM beam).

of 0.5–1mm. 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 dataset on overlapping spatial frequen-
cies 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 345.9GHz
(867µm) were generated by Fourier inverting the visi-
bilities, deconvolving with a multi-scale, multi-frequency
synthesis version of the CLEAN algorithm, and then restor-
ing with a synthesized beam. All calibration and imaging
was performed with the CASA package (v4.5.0).
After some experimentation, we settled on an analysis

of two images made from the same composite dataset.
The first used a Briggs weighting (with a robust param-
eter of 0) to provide a 24⇥ 18mas 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 de-
grades the image quality. A second image was made with
a robust parameter of 0.5 and an elliptical taper to create
a circular 30mas beam with negligible sidelobes. Both
images are consistent (within the resolution di↵erences)
and have RMS noise levels around 35µJy beam�1.

3. RESULTS

Figure 1 shows a high resolution map of the 870µm
continuum emission from the TW Hya disk, revealing a
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FIG. 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
α/αerror < 4. The synthesized beams are shown in the lower left of each panel, also see Table 1. The range of the colorbar 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 colorscales 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.

reconcile with a simple disk/outflow scenario, suggesting that
the blue-shifted outflow has broken out of the parental core
(Monin et al. 1996), or that there is another – as yet unidenti-
fied – driving source. Unfortunately, the 12CO (1-0) data are
missing significant flux (due to a lack of short spacings), and
have insufficient sensitivity in the outer portions of the field
of view to warrant deeper analysis of its properties. Figs. 1b,
and c show zoomed in views of our serendipitous detections of
XZ Tau (A and B), and LkHα358; no other continuum sources
above the local 4σ level were detected.

3.1. HL Tau

3.1.1. Position and Proper Motion

The fitted position for HL Tau in each of the ALMA
images is given in Table 1. The phase calibrator posi-
tions are accurate to < 1 mas and the positions are consis-
tent between the three observed bands to better than 2 mas
(consistent with dedicated LBC astrometry experiments, see
ALMA partnership et al. 2015); thus, we assume 2 mas as the
absolute ALMA position uncertainty. The position reported
by Kwon et al. (2011) from 1.3 mm CARMA observations is
04h31m38s.418 +18◦13′57.′′37 (J2000, epoch 2009.08). The
phase calibrator for CARMA observations (J0510+1800) had
a position accurate to better than 1 mas, and we assume an
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D. Fedele et al.: ALMA unveils rings and gaps in the protoplanetary system HD 169142: signatures of two giant protoplanets

Fig. 1. (left) ALMA 1.3 mm continuum map with Briggs weighting, robust=0.5, (center) overlaid with the position and size of the inner dust cavity
and gap and the position of the L0-band point like feature. (right) NaCo H-band polarimetric di↵erential image (Quanz et al. 2013).

Fig. 2. (top) Integrated intensity maps (natural weighting) of 12CO (left), 13CO (center) and C18O (right) J = 2 � 1, (bottom) and overlaid with the
dust rings structure.
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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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scattered light emission (Akiyama et al. 2015; Rapson
et al. 2015; Debes et al. 2013, 2016).
In this Letter, we present and analyze observations

that shed new light on the substructure in the TW Hya
disk. We have used the long baselines of ALMA to mea-
sure the 870µm continuum emission from this disk at
an unprecedented spatial resolution of ⇠1AU. Section 2
presents these observations, Section 3 describes a broad-
brush analysis of the continuum data, and Section 4 con-
siders potential interpretations of the results in the con-
texts of disk evolution and planet formation.

2. OBSERVATIONS AND DATA CALIBRATION

TW Hya was observed by ALMA on 2015 Novem-
ber 23, November 30, and December 1. The array in-
cluded 36, 31, and 34 antennas, respectively, configured
to span baseline lengths from 20m to 14 km. The corre-
lator processed four spectral windows centered at 344.5,
345.8, 355.1, and 357.1GHz with bandwidths of 1875,
469, 1875, and 1875MHz, respectively. The observa-
tions cycled between the target and J1103-3251 with a
1 minute cadence. Additional visits to J1107-3043 were
made every 15 minutes. J1037-2934, J1058+0133, and
J1107-4449 were briefly observed as calibrators. The pre-
cipitable water vapor (PWV) levels were ⇠1.0mm on
November 23 and 0.7mm on the latter two executions.
The total on-target integration time was ⇠2 hours.
These raw data were calibrated by NRAO sta↵. After

applying phase corrections from water vapor radiometer
measurements, the data were time-averaged into 2 s inte-
grations and flagged for problematic antennas and times.
The bandpass response of each spectral window was cal-
ibrated using the observations of J1058+0133. The am-
plitude scale was determined from J1037-2934 and J1107-
4449. The complex gain response of the system was cal-
ibrated 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 obser-
vations with a higher density of short antenna spacings
improves the image reconstruction.
To that end, we calibrated three archival ALMA ob-

servations of TW Hya, from 2012 May 20, 2012 Nov 20,
and 2014 Dec 31, using 16, 25, and 34 antennas span-
ning baselines from 15–375m. 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 349.4GHz), one
469MHz window (at 352.0GHz), and one 1875MHz win-
dow (at 338.4GHz). J1037-2934 was employed as a gain
calibrator, and Titan and 3C 279 (May 20), Ceres and
J0522-364 (Nov 20), or Ganymede and J0158+0133 (Dec
31) served as flux or bandpass calibrators. The weather
for these observations was excellent, with PWV levels

Figure 1. A synthesized image of the 870µm continuum emission
from the TW Hya disk with a 30mas FWHM (1.6AU) circular
beam. The RMS noise level is ⇠35µJy beam�1. The inset shows
a 0.200-wide (10.8AU) zoom using an image with finer resolution
(24⇥ 18mas, or 1.3⇥ 1.0AU, FWHM beam).

of 0.5–1mm. 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 dataset on overlapping spatial frequen-
cies 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 345.9GHz
(867µm) were generated by Fourier inverting the visi-
bilities, deconvolving with a multi-scale, multi-frequency
synthesis version of the CLEAN algorithm, and then restor-
ing with a synthesized beam. All calibration and imaging
was performed with the CASA package (v4.5.0).
After some experimentation, we settled on an analysis

of two images made from the same composite dataset.
The first used a Briggs weighting (with a robust param-
eter of 0) to provide a 24⇥ 18mas 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 de-
grades the image quality. A second image was made with
a robust parameter of 0.5 and an elliptical taper to create
a circular 30mas beam with negligible sidelobes. Both
images are consistent (within the resolution di↵erences)
and have RMS noise levels around 35µJy beam�1.

3. RESULTS

Figure 1 shows a high resolution map of the 870µm
continuum emission from the TW Hya disk, revealing a
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FIG. 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
α/αerror < 4. The synthesized beams are shown in the lower left of each panel, also see Table 1. The range of the colorbar 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 colorscales 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.

reconcile with a simple disk/outflow scenario, suggesting that
the blue-shifted outflow has broken out of the parental core
(Monin et al. 1996), or that there is another – as yet unidenti-
fied – driving source. Unfortunately, the 12CO (1-0) data are
missing significant flux (due to a lack of short spacings), and
have insufficient sensitivity in the outer portions of the field
of view to warrant deeper analysis of its properties. Figs. 1b,
and c show zoomed in views of our serendipitous detections of
XZ Tau (A and B), and LkHα358; no other continuum sources
above the local 4σ level were detected.

3.1. HL Tau

3.1.1. Position and Proper Motion

The fitted position for HL Tau in each of the ALMA
images is given in Table 1. The phase calibrator posi-
tions are accurate to < 1 mas and the positions are consis-
tent between the three observed bands to better than 2 mas
(consistent with dedicated LBC astrometry experiments, see
ALMA partnership et al. 2015); thus, we assume 2 mas as the
absolute ALMA position uncertainty. The position reported
by Kwon et al. (2011) from 1.3 mm CARMA observations is
04h31m38s.418 +18◦13′57.′′37 (J2000, epoch 2009.08). The
phase calibrator for CARMA observations (J0510+1800) had
a position accurate to better than 1 mas, and we assume an
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D. Fedele et al.: ALMA unveils rings and gaps in the protoplanetary system HD 169142: signatures of two giant protoplanets

Fig. 1. (left) ALMA 1.3 mm continuum map with Briggs weighting, robust=0.5, (center) overlaid with the position and size of the inner dust cavity
and gap and the position of the L0-band point like feature. (right) NaCo H-band polarimetric di↵erential image (Quanz et al. 2013).

Fig. 2. (top) Integrated intensity maps (natural weighting) of 12CO (left), 13CO (center) and C18O (right) J = 2 � 1, (bottom) and overlaid with the
dust rings structure.
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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. 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
α/αerror < 4. The synthesized beams are shown in the lower left of each panel, also see Table 1. The range of the colorbar 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 colorscales 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.

reconcile with a simple disk/outflow scenario, suggesting that
the blue-shifted outflow has broken out of the parental core
(Monin et al. 1996), or that there is another – as yet unidenti-
fied – driving source. Unfortunately, the 12CO (1-0) data are
missing significant flux (due to a lack of short spacings), and
have insufficient sensitivity in the outer portions of the field
of view to warrant deeper analysis of its properties. Figs. 1b,
and c show zoomed in views of our serendipitous detections of
XZ Tau (A and B), and LkHα358; no other continuum sources
above the local 4σ level were detected.

3.1. HL Tau

3.1.1. Position and Proper Motion

The fitted position for HL Tau in each of the ALMA
images is given in Table 1. The phase calibrator posi-
tions are accurate to < 1 mas and the positions are consis-
tent between the three observed bands to better than 2 mas
(consistent with dedicated LBC astrometry experiments, see
ALMA partnership et al. 2015); thus, we assume 2 mas as the
absolute ALMA position uncertainty. The position reported
by Kwon et al. (2011) from 1.3 mm CARMA observations is
04h31m38s.418 +18◦13′57.′′37 (J2000, epoch 2009.08). The
phase calibrator for CARMA observations (J0510+1800) had
a position accurate to better than 1 mas, and we assume an

ギャップに惑星？ 
形成時間に制限（<1Myr）

リングにダスト濃集？ 
微惑星形成を促進

リング・ギャップ形成メカニズムの解明が 
惑星形成過程の理解のヒントになる



リング・ギャップ形成メカニズム
多重リング

単一リング/ギャップ（遷移円盤）

惑星 (cf. Kanagawa et al. 2015, 2016, Dong et al. 2015, 2017, Jin et al. 2016) 
ダスト進化 (成長:Zhang et al. 2015  Sintering:Okuzumi et al. 2015) 

永年重力不安定性 (cf. Takahahsi inutsuka 2014, 2016) 
ダスト沈殿に伴う不安定性 (Loren-Aguilar & Bate 2015) 
MRI (dead zone, zonal flow)(cf. uribe et al. 2011, Flock et al. 2014)

円盤散逸（Photoevaporation, 円盤風） 
ダスト成長（内側で早い成長）
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惑星によるギャップ構造形成
惑星と円盤ガスとの重力相互作用でギャップを形成

惑星重力 ⇒ δvr

運動エネルギー保存 
vθ22 + δvr2= vθ12

(δvr,vθ2)

(0,vθ1)

⇒回転速度の減少 vθ2 < vθ1 
　惑星周囲にギャップ形成

& Sunyaev 1973), we write O B� 8h R2 2 , where � 8h c R( )
denotes the disk aspect ratio and c is the sound speed, which
are dependent on the disk temperature.

Because of a strong gravitational torque exerted by a planet
on the disk, a gap opens along the planet–orbit. We assume a
sufficiently wide gap so that the torque is exerted mainly within
a flat gap bottom with a constant surface density 4p. Then,
using the WKB torque formula with a cutoff, the one-sided
Lindblad torque, TLB, which is exerted by the planet on the
outer disk, is approximately given by (see Lin & Papaloi-
zou 1979, and K15)
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where Mp and M* denote the masses of the planet and the
central star, respectively, and the subscript p denotes the values
at the planet orbital radius Rp. Above, we set the torque cutoff
length % � h R1.3 p p to match the one-sided torque with the
results by detailed linear analyses of disk–planet interaction
(Takeuchi & Miyama 1998; Tanaka et al. 2002; Muto &
Inutsuka 2009). The above assumption that the planetary
torque is exerted mainly within the gap can be valid when the
gap width is much larger than the cutoff length.

In steady state, the mass flux is constant, and the angular
momentum flux radially changes due to the planetary torque.
Thus, the angular momentum flux at the outside of the gap,

�R R( )e p , is equal to the sum of the angular momentum flux at
Rp and the one-sided torque TLB,
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At the outside of the gap, the surface density is the unperturbed
value 40. The gap width is much smaller than Rp though the
width is longer than the cutoff length. Then, we can set
�R Re p, �h he p, and 8 8�e p, and therefore
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From Equation (4), we obtain the gap depth 4 4p 0 as
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(see K15 for detail derivation). Although we adopt a simple
expression for the one-sided torque, Equation (5) gives a good
agreement with the results of hydrodynamic simulations as
shown in Figure 1.

Equation (5) would be valid for 1K 104. If K is appreciably
large, the gap becomes eccentric and non-steady, which breaks
down our simple estimate (Kley & Dirksen 2006). In the
eccentric state, the gap is shallower than the prediction by
Equation (5) (Fung et al. 2014).
As seen in Equation (5), it is related to the planet mass, the

viscosity, and the aspect ratio. Solving Equation (5) for
M M*p , we obtain
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Figure 2 displays the planet mass given by Equation (7) as a
function of the gap depth 4 4p 0 and the disk aspect ratio for
several cases of α. The dependence of the planet mass on hp is
strong, though α dependence is relatively weak. The planet
mass varies from _ �10 5 to _ �10 2 if hp changes from 0.01 to
0.2 for 4 4 � 1 10p 0 and B � �10 .3 Therefore, the constraint
on hp, or equivalently the disk temperature, is important in
estimating the planet mass. In current observations, the
constraints of the disk temperature can be given, for example,
by emissions from optically thick gas (or sometimes dust) as
discussed in Section 3. As discussed in Section 4, we also show
that the spiral structure can constrain the lower limit of the disk
aspect ratio.
In the application of our model to an observed gap, we

assume that the distribution of dust is similar to the gas.
Because of the dust filtration accompanied with the gap,
however, the dust distribution can be significantly deviated
from the gas, as reported by many theoretical studies (e.g.,
Paardekooper & Mellema 2004; Rice et al. 2006; Ward 2009;
Zhu et al. 2012). The millimeter-sized or larger dust particles
strongly suffer from the dust filtration. They are piled up at the
outer edge of the gap and have a much deeper gap than the gas.
Smaller particles with radii of10.1 mm, on the other hand, are
not affected much by the dust filtration, and their distributions
are similar to the gas for a gap created by a Jupiter-mass planet

Figure 1. Gap depth as a function of the parameter K. The solid line denotes
Equation (5). The crosses, circles, and triangles represent the gap depth
obtained by hydrodynamic simulations done by Duffell & MacFadyen (2013),
Fung et al. (2014), and Varnière et al. (2004), respectively. (Entire runs of

�K 8000 are shown in these papers.)
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トルク∝ガス粒子

惑星がガスに与えるトルク
(Lin and Papaloizou 1979)



ギャップの構造
粘性との釣り合いで決定
粘性による正味のトルク

Ω ≤ Ω∗ ≤ ΩK (126)

α = ν/(cs2/Ω) = 0.01 (127)

Q ! 1 (128)

1 ! Q ! 2 (129)

2 ! Q ! 4 (130)

T = 150
( r

1 au

)−3/7

[K] (131)

α " 10−1 (132)

∝ − ∂

∂r

(
Σνr2

∣∣∣∣
∂Ω

∂r

∣∣∣∣

)
(133)

7

密度勾配負⇒角運動量増加⇒ギャップを埋める
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Fig. 1. The surface density distributions at 104 planetary orbits obtained by two–dimensional hydrodynamic simulations for Mp = 0.3MJ (left) and Mp =

1.0MJ (right). Other parameters are set to be hp/Rp = 1/20, α = 10−3 and M∗ = 1M⊙ .
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Fig. 2. The radial distributions of the azimuthally averaged surface density
for runs with Mp = 0.3MJ (blue) and 1.0MJ (red) presented in Figure 1.
The horizontal dotted line indicates the level of Σ0/2.

gion by the radial extent where the azimuthally averaged surface
density is smaller than the half of the initial surface density. The
gap width ∆gap is given by Rout −Rin. Then we obtain radii
Rin,Rout of the inner and outer edges of the gap region. , where
Rout and Rin are the radii of the outer and inner edges of the
gap region. Note that we can make a reasonable guess of the
gap width from only the snapshot of the simulations (or obser-
vations) since the surface density approaches Σ0 outside the gap
region. The gap width in the case of 1.0MJ (∆gap =0.69Rp) is
∼ 80% larger than that in the case of 0.3MJ (∆gap = 0.39Rp).
Figure 3 shows ∆gap against the dimensionless parameter

K′ defined by

K′ =
(

Mp

M∗

)2
(

hp

Rp

)−3

α−1. (3)

, and there are also recoded in Table 1. It is clear that the gap
width is well scaled by the parameter K′. We find an empirical
formula for the gap width as

∆gap

Rp
= 0.41

(

Mp

M∗

)1/2
(

hp

Rp

)−3/4

α−1/4 = 0.41K′1/4 . (4)

As seen from Equation (4), the gap width depends weakly
on the planet mass and the viscosity, which is consistent with
previous studies (Varnière et al. 2004; Duffell & MacFadyen
2013) . We also find that the disk aspect ratio affects the gap
width as h−3/4

p . Solving Equation (4) forMp/M∗, we obtain

Mp

M∗

= 2.1× 10−3

(

∆gap

Rp

)2(

hp

0.05Rp

)3/2
(

α
10−3

)1/2

. (5)

This equation allows us to estimate the planet mass from the ob-
servation gap width. The planet mass strongly depends on∆gap

& Sunyaev 1973), we write O B� 8h R2 2 , where � 8h c R( )
denotes the disk aspect ratio and c is the sound speed, which
are dependent on the disk temperature.

Because of a strong gravitational torque exerted by a planet
on the disk, a gap opens along the planet–orbit. We assume a
sufficiently wide gap so that the torque is exerted mainly within
a flat gap bottom with a constant surface density 4p. Then,
using the WKB torque formula with a cutoff, the one-sided
Lindblad torque, TLB, which is exerted by the planet on the
outer disk, is approximately given by (see Lin & Papaloi-
zou 1979, and K15)
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where Mp and M* denote the masses of the planet and the
central star, respectively, and the subscript p denotes the values
at the planet orbital radius Rp. Above, we set the torque cutoff
length % � h R1.3 p p to match the one-sided torque with the
results by detailed linear analyses of disk–planet interaction
(Takeuchi & Miyama 1998; Tanaka et al. 2002; Muto &
Inutsuka 2009). The above assumption that the planetary
torque is exerted mainly within the gap can be valid when the
gap width is much larger than the cutoff length.

In steady state, the mass flux is constant, and the angular
momentum flux radially changes due to the planetary torque.
Thus, the angular momentum flux at the outside of the gap,

�R R( )e p , is equal to the sum of the angular momentum flux at
Rp and the one-sided torque TLB,

� �( )( )F R F R T . (3)J e J p LB

At the outside of the gap, the surface density is the unperturbed
value 40. The gap width is much smaller than Rp though the
width is longer than the cutoff length. Then, we can set
�R Re p, �h he p, and 8 8�e p, and therefore
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p M. Under these approximations, substitution
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(see K15 for detail derivation). Although we adopt a simple
expression for the one-sided torque, Equation (5) gives a good
agreement with the results of hydrodynamic simulations as
shown in Figure 1.

Equation (5) would be valid for 1K 104. If K is appreciably
large, the gap becomes eccentric and non-steady, which breaks
down our simple estimate (Kley & Dirksen 2006). In the
eccentric state, the gap is shallower than the prediction by
Equation (5) (Fung et al. 2014).
As seen in Equation (5), it is related to the planet mass, the

viscosity, and the aspect ratio. Solving Equation (5) for
M M*p , we obtain
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Figure 2 displays the planet mass given by Equation (7) as a
function of the gap depth 4 4p 0 and the disk aspect ratio for
several cases of α. The dependence of the planet mass on hp is
strong, though α dependence is relatively weak. The planet
mass varies from _ �10 5 to _ �10 2 if hp changes from 0.01 to
0.2 for 4 4 � 1 10p 0 and B � �10 .3 Therefore, the constraint
on hp, or equivalently the disk temperature, is important in
estimating the planet mass. In current observations, the
constraints of the disk temperature can be given, for example,
by emissions from optically thick gas (or sometimes dust) as
discussed in Section 3. As discussed in Section 4, we also show
that the spiral structure can constrain the lower limit of the disk
aspect ratio.
In the application of our model to an observed gap, we

assume that the distribution of dust is similar to the gas.
Because of the dust filtration accompanied with the gap,
however, the dust distribution can be significantly deviated
from the gas, as reported by many theoretical studies (e.g.,
Paardekooper & Mellema 2004; Rice et al. 2006; Ward 2009;
Zhu et al. 2012). The millimeter-sized or larger dust particles
strongly suffer from the dust filtration. They are piled up at the
outer edge of the gap and have a much deeper gap than the gas.
Smaller particles with radii of10.1 mm, on the other hand, are
not affected much by the dust filtration, and their distributions
are similar to the gas for a gap created by a Jupiter-mass planet

Figure 1. Gap depth as a function of the parameter K. The solid line denotes
Equation (5). The crosses, circles, and triangles represent the gap depth
obtained by hydrodynamic simulations done by Duffell & MacFadyen (2013),
Fung et al. (2014), and Varnière et al. (2004), respectively. (Entire runs of

�K 8000 are shown in these papers.)
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深さ

(Kanagawa et al. 15, 16)

幅
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Fig. 1.— Surface density maps (top) and their azimuthally-averaged radial profiles (bottom) of our fiducial model 10ME (10 M�,
↵ = 5⇥10�5) at 1500 orbits (0.25 Myr). The inner 8 AU is masked out. The green “+” and “⇥” symbols in (a) and (b) mark the locations
of the star and the planet, respectively. The vertical dashed line running through the radial profile panels indicates the orbital radius of
the planet (r

p

= 30 AU). The major features on the two radial profiles are labeled: IR2 (inner ring 2), IG2 (inner gap 2), IR (inner ring),
IG (inner gap), MR (middle ring), OG (outer gap), and OR (outer ring). There is in addition the horseshoe ring (HR) seen in dust only.
One super-Earth can produce multiple rings and gaps in the distributions of gas and of ⇠mm-sized dust. See Section 3.1 for details.

観測との比較

惑星の観測/惑星最大質量の制限からモデルを検証可能

惑星形成？　 
全てのギャップを惑星で説明？
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Fig. 4. (a) Observed radial profile of the brightness temperatures of dust
continuum emission in the disk of HL Tau along the major axis. The data
are averaged over ±15◦ in PA from the major axis (PA=138◦ and 318◦)
after the deprojection of the observed images under the assumption that the
inclination angle = 46.7◦. The hatched regions indicate the full width for
each gap for β = 1.5. (b) The radial profiles of the optical depth in Band 6.
The thin dashed and solid lines denote the unperturbed value of the optical
depth τunp and τunp/2 for measuring the gap width (see text). (c) The
radial profiles of the aspect ratio obtained by the disk temperature.

assumed spectral index β (Figure 4). The disk aspect ratio is
calculated from the temperature by h/R = c/(RΩK), where
c=105(T/300K)1/2cm/s. We assume that the mass of the cen-
tral star is 1M⊙. We identify three prominent gaps in the optical
depth atR=10AU, 30AU and 80AU in Figure 4b. Although the
gap at 80AU can be regarded as two gaps, Dipierro et al. 2015
pointed out that this structure can be considered as one gap with
remaining dust in the horseshoe region. Thus, we assume that
the 80AU gap is created by a single planet.

The optical depth outside the gaps can be fitted by τunp =

9.5(R/1AU)−0.4 in Figure 4b. We regard τunp as the unper-
turbed surface density to measure the gap width. Note that the
opacity is assumed to be constant throughout the disk. The loca-
tions of the inner and outer gap edges, Rin and Rout, are deter-
mined by intersection points with τunp/2 and measure the gap
width as Rout −Rin. The location of the planet, Rp, is simply
estimated as (Rin +Rout)/2.

We assume that the gap widths of the gas and dust disks are

Table 2. Measured gap properties and estimated planet
masses.

Rin Rout
∆gap

Rp

hp

Rp
Mp (MJ )

(AU) (AU) (from the width)
10AU gap 7 16.5 0.81 0.05 1.4

30AU gap 28.5 36 0.23 0.07 0.2

80AU gap 70 94 0.29 0.1 0.5

We set α= 10−3, β = 1.5 andM∗ = 1M⊙ at the evaluation in this
table.

similar. That is, it is assumed that dust particles are reasonably
coupled to the disk gas and thus the dust filtration is weak. If
the dust filtration is strong, the dust surface density is enhanced
at the outer edge of the gap by orders of magnitude and sig-
nificantly reduced at the inner part of the disk (e.g.,Zhu et al.
2012; Dong et al. 2015; Picogna & Kley 2015). In the case
of relatively weak filtration, on the other hand, the gap widths
of the dust disk is not altered much (see Figure 3 of Zhu et al.
2012). Because no significant pile–up of dust is found at the
outer edge of each gap in Figure 4b, the assumption of the weak
dust filtration would be valid for the HL Tau disk. Dong et al.
2015 also estimated the mass of the planets in the HL Tau disk
by using hydrodynamic simulations that include dust filtration
for α= 10−3 andMdisk = 0.17M⊙ . Their result indeed shows
that the gap width of millimeter–sized dust particles is similar
(within a factor of 2) to that of small particles tightly coupled to
the gas because of relatively weak dust filtration in the massive
disk of HL Tau (see Figure 10 of Dong et al. 2015), though the
gap depth is much affected even in the case of the weak filtra-
tion. Hence the gap width of the dust disk is more suitable for
estimate of the planet mass than the gap depth of the dust disk.
In addition, for particles smaller than millimeter–sized particles,
gap widths (and gap depths) in gas and dust are more similar to
each other. Jin et al. 2016 have also performed hydrodynamic
simulations with 0.15 millimeter–sized particles in similar sit-
uation of Dong et al. 2015 (α = 10−3 and Mdisk = 0.08M⊙)
and reproduced the observed image of HL Tau disk. In their
simulations, the gap widths in gas and dust are very similar.
Table 2 shows the properties of the observed gaps and the

estimated planet masses. In this table, we set β = 1.5 to obtain
the optical depth and the aspect ratio, and adopt α = 10−3 for
estimate of the planet masses. The planet masses for the gaps at
10AU, 30AU and 80AU are estimated to be 1.4MJ , 0.2MJ and
0.5MJ from the gap widths, respectively. The estimated mass
of the planet at 30AU gap is consistent with that estimated from
the gap depth in Paper I.
We should note that the gap properties and the estimated

masses depend on β, as seen in Figure 4b. The radiative transfer
model of Pinte et al. 2016 implies that β ≃ 1. For the innermost
gap, the planet mass is estimated to be 3.3MJ (1.3MJ ) if β = 1

(2) from the gap width. For the 80AU gap, the gap width is
much more affected by the choice of β. The disk aspect ra-

一つの惑星で複数のリングを 
説明可能かもしれない 
(Dong et al. 2017)
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ダスト進化によるリング・ギャップ形成
観測で見えているのはダストの熱放射 
⇒ガスが滑らかな分布でも、ダスト放射に構造があれば良い

ダストの焼結による構造形成（Okuzumi et al. 2015）

円盤温度≲各分子の昇華温度で焼結が起こる 
⇒モノマーの結合部部が太くなる 
⇒衝突時にエネルギーを逃がしにくくなり、壊れやすくなる

Pino et al. 2014



ダスト焼結によるリング構造形成
T ≲ 昇華温度でダスト破壊 
⇒drift 速度減少　 
⇒面密度上昇  
⇒リング構造 
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Figure 8. Radial distribution of the representative aggregate radius a∗ (panel a), dust surface density Σd (panel b), aggregate Stokes number St (panel c), and radial
inward dust flux Ṁd (panel d) at time t = tsnap = 0.26 Myr from the fiducial simulation. The shaded areas mark the sintering zones defined by rsubl, j < r < rsubl, j
(see Section 3.4 for details). Panel e shows the collision timescale tcoll (Equation (12); solid line) and effective sintering timescale tsint,eff (Equation (17); dashed
line), while panel f plots the collision velocity ∆v (solid line) and fragmentation threshold ∆vfrag (Equation (16); dashed line) for the representative aggregates.

Stfrag,S), respectively. We can see that Stfrag,S reproduces St in
the sintering zones, which confirms that fragmentation is the
dominant limiting process in the regions. One can estimate
the values of a∗ and Σd in the sintering zones by substituting
St = Stfrag,S into a∗ = 2ΣgSt/(πρint) and Equation (24). These
estimates are in excellent agreement with the simulation re-
sults as shown by the dotted lines of Figures 9(a) and (b).

5.3. Lifetime of the Ring Patterns
It is worth mentioning at this point that the radial pattern of

dust as shown in Figure 8 fades out as the disk becomes de-
pleted of dust. As the dust-to-gas mass ratio Σd/Σg decreases,
the collision timescale tcoll of the aggregates increases, and
consequently the maximum aggregate size set by radial drift

(Equation (25)) decreases. Since sintering has no effect on the
radial drift barrier, the radial pattern disappears when the drift
barrier dominates over the fragmentation barrier at all r. This
is illustrated in Figure 10, where we plot the radial distribu-
tion of a∗ and Σd for model Sa0 at different values of t. We
find that the radial pattern present at t = tsnap = 0.26 Myr has
disappeared by t = 1 Myr. For this particular example, one
can show from Equations (29) and (31) that Stdrift < Stfrag,S
for Md < 10−11 M⊙ yr−1. In models La0 and LLa0, which
assume weaker turbulence, dust evolution is slower than in
model Sa0 owing to the lower turbulence-driven collision ve-
locity (see tsnap in Table 3). However, even in these cases, the
sintering-induced ring patterns are found to decay in 2 Myr.
We note, however, that the lifetime of the pattern would be
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焼結する分子の種類で 
多重リング構造を形成 
!

リングの位置・幅は 
温度で決まる。



観測との比較
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Figure 18. Same as the right panels of Figure 11 but for runs Sa0-tuned (left panels) and La0-tuned (right panels).

Figure 19. Same as Figure 12, but for models Sa0-tuned (center panels) and La0-tuned (right panels), which adopt optimized sublimation energies for H2O,
NH3, and C2H6.

in a protoplanetary disk. Sintering is a particle fusion process
that occurs when the temperature is slightly below the melt-
ing point. Sintered aggregates are generally harder, but are
less sticky than non-sintered aggregates. Therefore, if dust ag-
gregates in a protoplanetary disk consist of various materials,
their growth can be suppressed at different orbits correspond-
ing to the sublimation fronts of different materials. This pos-
sibility was originally pointed out by Sirono (1999, 2011b),
and here we have for the first time studied its effects on the
global evolution of dust in a protoplanetary disk.
Following Sirono (2011b), we have regard aggregates as

sintered if their sintering timescale is shorter than their colli-

sion timescale (Section 3.4). This criterion defines the “sin-
tering zones” in which one of the volatile species included
in the aggregates causes sintering. The temperature profile
of the HL Tau disk has been modeled based on the mil-
limeter intensity maps provided by the ALMA observations
(ALMA Partnership et al. 2015) together with the assumption
that the central emission peak and inner bright rings are op-
tically thick at 1 mm (Section 2.1, Figure 1). Based on the
aggregate collision simulations by Sirono & Ueno (2014), we
have assumed that sintered aggregates have a maximum stick-
ing velocity that is 60% lower than that for non-sintered ag-
gregates (Equations (18) and (19); Figure 5(a)). For both
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ｔ～0.26Myr で観測を再現するようなリング構造が形成 
その後、ダスト落下と共にリング構造も消える 
⇒リング構造は若い円盤の特徴
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Secular GIのメカニズム

0

長波長の揺らぎはコリオリ力で安定化される。

ガス・ダスト摩擦でダストの速度揺らぎが減少 
⇒長波長の揺らぎが不安定化 
→Secular GIが成長

x x

速度

コリオリ力重力

色の濃淡：ダスト面密度



永年重力不安定性によるリング形成
Takahashi and Inutsuka 2014 

永年重力不安定性(Secular GI) 
　ダスト-ガスの摩擦が引き起こす重力不安定性

「ダスト 多 」と「乱流 弱 」が必要

リング構造がダスト/ガス>0.01と 
弱い乱流（α≲10-3）を表す指標になる

半径100AUに13AU間隔のリング構造が形成

成長時間が長い⇒リングとして観測可能

Secular GI によるリング構造形成シナリオと整合的 
実際にHL TauはSecular GI に対して不安定か？



分散関係 ＠100AU

不安定モードの成長でリング構造形成を説明可能

最大成長波長11AU　　　　　　≈ 観測されたリング間隔 
成長のタイムスケール9x104年　≲ HL Tau の年齢
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Fig. 8.— Schematic picture of inner gap (D1 and D2 in ALMA
Partnership et al. (2015)) formation by secular GI. Dust conden-
sation occurs in the ring structures by secular GI. The dust grows
in the ring and results in the formation of a planet. Finally, the
planet opens the gap in the inner region.

region of the disk. In this case, secular GI makes pres-
sure bumps, and they prevent the fast radial drift and
will support the further growth of secular GI. The ring
structures formed in the outer region (r ! 80 AU) move
inward with the disk accretion. If the rings are not de-
stroyed in the secular GI stable region, ring structures
can be formed by secular-GI even in the model that sec-
ular GI grows only in the outer region shown in Section
3. This scenario naturally explains the observational re-
sult that the separations of all the rings appear to be
comparable to the most unstable wavelength of secular
GI around 100 AU. This scenario may predict the ex-
istence of the extended outer disk with a much fainter
ring-like structure, which can be tested by future ALMA
observations. If the dust radial drift is strong enough,
we should also consider the effect of streaming instabil-
ity (SI, Youdin & Johansen 2007; Youdin & Goodman
2005; Johansen & Youdin 2007). Even if the non-linear
growth of SI results in a turbulence, the degree of tur-
bulent mixing should be smaller than α = 10−4, because
the value of α = 10−4 is inferred from the observation of
HL Tau. Therefore, in the case of HL Tau, SI does not
change our conclusion drastically.
Other mechanisms to create ring-like structures are

proposed after the observation of HL Tau. Actually
some of them are not exclusive but may possibly operate
with secular GI. Okuzumi et al. (2015) have proposed
the ring structure formation by aggregate sintering. Be-
cause sintering suppresses dust growth, the dust radius
gets smaller in the sintering zone. As a result, the radial
drift velocity is small in the sintering zone and dust piles
up there. Obviously the dust condensation and piling
up may positively affect the growth of secular GI. Dust
condensation due to sintering can support the growth
of secular GI. Therefore, the ring structure of HL Tau
may be formed by both secular GI and aggregate sinter-
ing. Zhang et al. (2015) have proposed the ring structure
formation by dust growth around the condensation front.
They have not taken into account the radial drift of dust,
but the dust condensation may occur in their scenario in
the same manner as in Okuzumi et al. (2015). Therefore,
this also possibly supports the present scenario. The nu-
merical simulation of secular GI that include these effects
may enable the analysis on the interplay between these
mechanisms, which will be our future work.

4.3. Planet Formation by Secular GI

Since secular GI concentrates the dust, planetesimal
could be formed in rings. Thus, we expect that planet
formation might be promoted as a result of secular GI.

The growth timescales of secular GI in the outer regions
(∼ 100AU) are comparable to the estimated age of the
central star and the disk. Therefore natural interpre-
tation is that the outer region is in the early growth
phase of secular GI. In contrast to the outer region, how-
ever, the inner region may have gone to the non-linear
stages of secular GI because the growth timescales of
secular GI in the inner regions are smaller than those
in the outer regions. Therefore, we speculate that the
non-linear growth of secular GI may have resulted in the
formation of planets that make gaps observed at r ∼ 10
AU and ∼ 30 AU (Fig. 8). The amounts of missing
dust in the inner two gaps are estimated by Pinte et al.
(2015): ∼ 7.2M⊕ for the inner-most gap (D1 in ALMA
Partnership et al. (2015)) and ∼ 21.6M⊕ for the next
gap (D2). We can simply expect the missing dust mass
in the gap corresponds to the mass of heavy elements in
the hypothetical planet in the gap. Since we adopt the
dust-to-gas mass ratio ϵ = 0.02 for our disk model that
causes the secular GI, we should expect that the actual
total mass of the planet in the gap can be about 50 times
larger than the heavy element mass of the planet, if all
the gaseous components of the disk in the gap accrete
onto the planet. This argument means that we set the
expected ranges of masses of the planets in the inner two
gaps are 7.2M⊕ − 1.1MJ and 21.6M⊕ − 3.4MJ, for D1
and D2, respectively.
When dust grains grow sufficiently in a high density

region, the opacity of the ring decreases and the dust
thermal radiation may remain weak in the ring. Even
after the formation of planetesimals or protoplanets, the
ring may remain as an invisible planetesimal belt. In
this scenario, we expect to have a chance to observe the
outcome of planet formation only after the mass of a
planet increases sufficiently.
On the other hand, various authors estimated the

masses of the hypothetical planets in the gaps by as-
suming the structure in the disk is created by hypo-
thetical planets in the gap. For example, Kanagawa
et al. (2015) provided an approximate relation of the gap
depth/width and the planet mass. According to their re-
lation we can obtain the hypothetical planet mass in the
gap: ∼ 0.6MJ for D1 and ∼ 1MJ for D2. This may
mean that gaseous components in the disk do not per-
fectly accrete onto the planet in the gap. Despite the
simplification in our argument, the-order-of-magnitude
agreement between the maximum planet mass expected
from the formation mechanism and the mass estimated
from the resultant gap structure is reasonable and may
motivate further investigation in this line of research.
One of the differences between the present paper and

other papers on HL Tau is in the connection of planet
formation mechanism to the ring structure in the disk.
Papers on gap opening dynamics simply assumed the ex-
istence of planets and did not discussed their origins (e.g.,
Kanagawa et al. 2015; Dipierro et al. 2015; Jin et al.
2016). In contrast, other papers on the mechanism to
create multiple rings without embedded planets did not
directly link the ring formation to mechanisms of planet
formation (e.g., Zhang et al. 2015; Okuzumi et al. 2015)
partly because the ring formation in the disk is regarded
as a transient phenomenon (Okuzumi et al. 2015). To
theoretically verify the discussion in this section, we need
to investigate the nonlinear growth of secular GI in the

HL-Tau での惑星形成シナリオ

Secular GI の成長⇒ダスト濃縮⇒微惑星、惑星形成 
　　　　　　　　　　　内側2本の深いギャップ外側の10auリング

Secular GI で予想されるダスト分布は？ 
⇒大局的非線形計算が必要（次の講演）

典型的にはリング間隔~0.1r 
(半径と同程度のリング形成は困難、リングのradial drift?)

ダスト成長・サイズ分布との関係？



モデルの比較
惑星 焼結 Secular GI

ガス構造 有 無 ほぼ無

温度分布 ギャップ構造 リング位置/幅 安定条件
リングの 

ダストサイズ 大 小 大

リング間隔 惑星の軌道 温度分布 不安定波長

得意な年齢 老 若 若

惑星形成 結果 ー 原因

モデルの検証/複数天体を説明可能か？



まとめ
• ALMAによるリング・ギャップ構造の観測により、その
形成メカニズムについての研究が注目されている。 

• 形成メカニズムの解明から、円盤進化・惑星形成の理解
が深まることが期待される。 

• 形成メカニズムとして、惑星によるギャップ、ダスト焼結、
Secular GI等様々な理論が提唱されているが、決着はつ
いていない。 

• 各モデル毎に、予想するガス分布などに違いがある。各
モデルの研究と観測の進展からモデルの制限が可能か？ 

• “一般的な”円盤進化・惑星形成の理解という観点からは、
複数天体を一貫して説明可能なモデルを探すことも重要


