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Av=1.2 (see Table 5). However, our (conservative; see
below) error estimates are large for these colors, such that
essentially all disk colors agree with each other within the error
bars. This evidence, just like the fact that all other disks except
for PDS66 are red, thus remains circumstantial.

It is important to keep in mind that the correction for self-
cancellation we employ is a new technique and depends on the
quality of the PSF used. PSF fluctuations can thus cause over-
or undercorrection of the polarized flux, especially close to the
coronagraph edge, potentially introducing errors. We are not

able to estimate the quality of the PSF used for correction
(which comes from the flux frames) compared to the mean PSF
during the science observations in a meaningful way. We
construct error bars by measuring the reflected light in both the
uncorrected and corrected frames and assume our errors to be
smaller than the difference of the two measurements. This is a
conservative error estimate, even though it does not take into
account errors from, e.g., the flux measurement of the star, as
we expect those errors to be negligible compared to the effect
the correction for self-cancellation has.
We also look at azimuthally averaged surface brightness

curves (Figure 3). Again, we are aware that this does not take
into account the inclination of the disk. In this case, we have to
correct for the distance, because while the surface brightness is
independent of distance, the stellar flux is not. We thus
normalize the brightness of the disk (in mag arcsec–2) with the
magnitude of the star (as seen from 100 pc). Given the fact that
we do only relative comparisons, we do not need to perform an
absolute flux calibration of our data. The S/Ns for these surface
brightnesses are determined from the variance in the Uf images
(see the Appendix for a detailed description) and are shown
separately in the bottom panel. We do not take errors that apply
equally to all data points, such as errors in the flux
measurement or distances to the stars, into account. For
comparison, we also calculated the S/N from the variance in

Figure 1. The H-band images displayed in logarithmic stretch (the exact stretch is adjusted for each disk individually to improve the visibility of substructures). The
data were rescaled to represent the same physical size; thus, the 100 au scale bar in the first panel applies for all panels. Because the angular scales are different, a 1″
bar is shown in each panel. Immediately obvious is the extraordinary size of the IMLup disk compared to the others, with RXJ1615 coming in second. Areas in green
represent places where no information is available (due to either being obscured by the coronagraph or bad detector pixels). The red dot in the center marks the
position of the star. North is up and east is to the left in all frames.

Table 3
Ratio of Polarized Disk Flux vs. Stellar Flux

Target J Band H Band J/H Ratio

IMLup 0.53%±0.06% 0.66%±0.05% 0.81±0.12
RXJ1615 0.52%±0.13% 0.67%±0.32% 0.78±0.42
RULup 0.06%±0.03% 0.12%±0.06% 0.51±0.37
MYLup 0.89%±0.32% 0.81%±0.27% 1.10±0.55
PDS66 0.33%±0.11% 0.26%±0.06% 1.29±0.52
V4046Sgr 0.46%±0.18% 0.55%±0.12% 0.85±0.37
DoAr44 0.55%±0.20% 0.65%±0.24% 0.85±0.45
AS209 0.18%±0.07% 0.18%±0.04% 1.02±0.44
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原始惑星系円盤とは

原始惑星系円盤 
・成分　　　　　：ガス/ダスト＝100 
・典型的サイズ　：~102 au 
・寿命　　　　　：~106年

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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Av=1.2 (see Table 5). However, our (conservative; see
below) error estimates are large for these colors, such that
essentially all disk colors agree with each other within the error
bars. This evidence, just like the fact that all other disks except
for PDS66 are red, thus remains circumstantial.

It is important to keep in mind that the correction for self-
cancellation we employ is a new technique and depends on the
quality of the PSF used. PSF fluctuations can thus cause over-
or undercorrection of the polarized flux, especially close to the
coronagraph edge, potentially introducing errors. We are not

able to estimate the quality of the PSF used for correction
(which comes from the flux frames) compared to the mean PSF
during the science observations in a meaningful way. We
construct error bars by measuring the reflected light in both the
uncorrected and corrected frames and assume our errors to be
smaller than the difference of the two measurements. This is a
conservative error estimate, even though it does not take into
account errors from, e.g., the flux measurement of the star, as
we expect those errors to be negligible compared to the effect
the correction for self-cancellation has.
We also look at azimuthally averaged surface brightness

curves (Figure 3). Again, we are aware that this does not take
into account the inclination of the disk. In this case, we have to
correct for the distance, because while the surface brightness is
independent of distance, the stellar flux is not. We thus
normalize the brightness of the disk (in mag arcsec–2) with the
magnitude of the star (as seen from 100 pc). Given the fact that
we do only relative comparisons, we do not need to perform an
absolute flux calibration of our data. The S/Ns for these surface
brightnesses are determined from the variance in the Uf images
(see the Appendix for a detailed description) and are shown
separately in the bottom panel. We do not take errors that apply
equally to all data points, such as errors in the flux
measurement or distances to the stars, into account. For
comparison, we also calculated the S/N from the variance in

Figure 1. The H-band images displayed in logarithmic stretch (the exact stretch is adjusted for each disk individually to improve the visibility of substructures). The
data were rescaled to represent the same physical size; thus, the 100 au scale bar in the first panel applies for all panels. Because the angular scales are different, a 1″
bar is shown in each panel. Immediately obvious is the extraordinary size of the IMLup disk compared to the others, with RXJ1615 coming in second. Areas in green
represent places where no information is available (due to either being obscured by the coronagraph or bad detector pixels). The red dot in the center marks the
position of the star. North is up and east is to the left in all frames.

Table 3
Ratio of Polarized Disk Flux vs. Stellar Flux

Target J Band H Band J/H Ratio

IMLup 0.53%±0.06% 0.66%±0.05% 0.81±0.12
RXJ1615 0.52%±0.13% 0.67%±0.32% 0.78±0.42
RULup 0.06%±0.03% 0.12%±0.06% 0.51±0.37
MYLup 0.89%±0.32% 0.81%±0.27% 1.10±0.55
PDS66 0.33%±0.11% 0.26%±0.06% 1.29±0.52
V4046Sgr 0.46%±0.18% 0.55%±0.12% 0.85±0.37
DoAr44 0.55%±0.20% 0.65%±0.24% 0.85±0.45
AS209 0.18%±0.07% 0.18%±0.04% 1.02±0.44
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観測波長による見え方の違い
赤外線

表面のダストが見えている 赤道面のダストが見えている
惑星の形成領域は赤道面付近 
→ ミリ波観測からダスト成長を調べる

Compared to the gas, large grains are distributed with a
smaller vertical scale height and a compacted radial distribu-
tion. The vertical distribution is set by the parameter χbulk, the

ratio of the large grain and gas scale heights. The large grain
radial distribution is set by a different power law compared to
the gas, and an outer “truncation” radius, Rout,mm. Rout,mm is
smaller than Rc, and the large grains thus essentially follow a
truncated power law, γmm, similar to what was found in TW
Hya (Andrews et al. 2012). In addition, motivated by the bright
inner continuum peak, we have added an inner disk excess in
millimeter grains, which is described by a size, surface density
enhancement, scale height, and power law index.
The disk-integrated mass in the gas is calculated assuming a

global gas-to-dust mass ratio of 100, typical of the interstellar
medium (ISM) (Bohlin et al. 1978). Because we adopt a
truncated radial distribution of large grains, the local gas-to-
dust ratio varies radially across the disk. This feature is
different from previous work, e.g., Cleeves et al. (2015), where
we fixed each radius to have Σgas/Σdust=100.
When optimizing the model, we vary all of the small grain/

gas and large grain structural parameters except for the inner
gas and dust disk edges, and the size of the inner disk. We fix
the disk inner edge to Rinner=0.2 au (Pinte et al. 2008). The
size of the inner disk excess component is set to the maximum
size that is unresolved by the beam, Rinnerdisk=21 au.
The disk gas and dust density and dust thermal structure

models are computed using the code TORUS (Harries 2000;
Harries et al. 2004; Kurosawa et al. 2004; Pinte et al. 2009).
Based on a given density structure and stellar parameters, we
calculate the disk thermal structure in radiative equilibrium
using the Lucy method (Lucy 1999) assuming the disk is
passively heated. For the central star, we assume an effective
temperature of Teff=3900 K and stellar radius of 2.5Re
(Pinte et al. 2008) and a stellar mass of 1Me (Panić
et al. 2009), which we hold fixed. We assume a distance of
161pc based on the recent Gaia parallax measurement (Gaia
Collaboration et al. 2016), which is closer than has been
adopted in previous modeling of this source (Pinte et al. 2008;
Panić et al. 2009).
TORUS outputs synthetic continuum images and spectral

energy distributions (SEDs), which we compare to the
observed values as described below. For the resolved images,

Figure 1. Left: continuum subtracted integrated line intensity for the ALMA Band6 CO lines (top) and Band7 lines (bottom). Right: continuum flux at Band6
(1.3 mm, top), and Band7 (875 μm, bottom). Contours are 4, 8, 16, 48, and 144σ, where 1σ is reported in Table 1. The inner flux deficit visible in the CO
isotopologue emission is spatially coincident with the brightest dust emission.

Figure 2. Spatially integrated spectra for the J=2−1 transitions (top) and
J=3−2 transitions (bottom), with scaling factors as indicated. The emission
is integrated over an 7″ box for the 12CO and 13CO and 3″ for C18O. The
spectra are shown at the resolution of the original observations.
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Av=1.2 (see Table 5). However, our (conservative; see
below) error estimates are large for these colors, such that
essentially all disk colors agree with each other within the error
bars. This evidence, just like the fact that all other disks except
for PDS66 are red, thus remains circumstantial.

It is important to keep in mind that the correction for self-
cancellation we employ is a new technique and depends on the
quality of the PSF used. PSF fluctuations can thus cause over-
or undercorrection of the polarized flux, especially close to the
coronagraph edge, potentially introducing errors. We are not

able to estimate the quality of the PSF used for correction
(which comes from the flux frames) compared to the mean PSF
during the science observations in a meaningful way. We
construct error bars by measuring the reflected light in both the
uncorrected and corrected frames and assume our errors to be
smaller than the difference of the two measurements. This is a
conservative error estimate, even though it does not take into
account errors from, e.g., the flux measurement of the star, as
we expect those errors to be negligible compared to the effect
the correction for self-cancellation has.
We also look at azimuthally averaged surface brightness

curves (Figure 3). Again, we are aware that this does not take
into account the inclination of the disk. In this case, we have to
correct for the distance, because while the surface brightness is
independent of distance, the stellar flux is not. We thus
normalize the brightness of the disk (in mag arcsec–2) with the
magnitude of the star (as seen from 100 pc). Given the fact that
we do only relative comparisons, we do not need to perform an
absolute flux calibration of our data. The S/Ns for these surface
brightnesses are determined from the variance in the Uf images
(see the Appendix for a detailed description) and are shown
separately in the bottom panel. We do not take errors that apply
equally to all data points, such as errors in the flux
measurement or distances to the stars, into account. For
comparison, we also calculated the S/N from the variance in

Figure 1. The H-band images displayed in logarithmic stretch (the exact stretch is adjusted for each disk individually to improve the visibility of substructures). The
data were rescaled to represent the same physical size; thus, the 100 au scale bar in the first panel applies for all panels. Because the angular scales are different, a 1″
bar is shown in each panel. Immediately obvious is the extraordinary size of the IMLup disk compared to the others, with RXJ1615 coming in second. Areas in green
represent places where no information is available (due to either being obscured by the coronagraph or bad detector pixels). The red dot in the center marks the
position of the star. North is up and east is to the left in all frames.

Table 3
Ratio of Polarized Disk Flux vs. Stellar Flux

Target J Band H Band J/H Ratio

IMLup 0.53%±0.06% 0.66%±0.05% 0.81±0.12
RXJ1615 0.52%±0.13% 0.67%±0.32% 0.78±0.42
RULup 0.06%±0.03% 0.12%±0.06% 0.51±0.37
MYLup 0.89%±0.32% 0.81%±0.27% 1.10±0.55
PDS66 0.33%±0.11% 0.26%±0.06% 1.29±0.52
V4046Sgr 0.46%±0.18% 0.55%±0.12% 0.85±0.37
DoAr44 0.55%±0.20% 0.65%±0.24% 0.85±0.45
AS209 0.18%±0.07% 0.18%±0.04% 1.02±0.44
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ダストサイズと原始惑星系円盤のスケールハイト
　　ガス、ダストが混ざり合っている 
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最近のALMA観測

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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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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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.
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Fig. 2. Reconstructed images of HD 97048 for the ALMA band 7 data. The intensity scale for all images is in units of Jy beam�1. To highlight
the small-scale structure we show (from left to right) images reconstructed with progressively smaller beams. The left panel shows the image
reconstructed using superuniform weighting. The central panel shows the superuniformly weighted reconstructed image resulting from clipping
all baselines below 160 k�. Finally, the right panel shows the MEM model image. The di↵erence in dynamic range between the panels is due to
flux loss incurred by clipping the shortest baselines for the central panel, and due to the smaller reconstructed beam for the right panel.

dynamical range of ⇡ 1200 and a RMS of 0.20 mJy beam�1. We
shift all images using the proper motion correction found in van
Leeuwen (2007) and these are shown in Figs. 1 and 2 for the
continuum emission. We applied the self-calibration solutions
obtained from the continuum emission to the HCO+ J=4-3 and
12CO J=3-2 data and subtracted the continuum emission using
the CASA task uvcontsub, resulting in a per-channel RMS of
19.5 and 23.7 mJy beam�1 respectively. The resulting moment
0, 1 and 8 maps and spectra are shown in Figs. 3 and 4 for the
12CO J=3-2 and HCO+ J=4-3.

2.2.1. Imaging the long baselines

We also reconstructed the images using only baselines above 160
k� to enhance the contrast of faint, small-scale structure in the
disk. These data were cleaned using superuniform weighting, re-
sulting in a beam of 0.4800⇥ 0.2600at PA = 18�. The reconstructed
image is shown in the central panel of Fig. 2.

2.2.2. MEM image reconstruction

A non-parametric least-squared modelling technique for image
reconstruction was performed on the band 7 data. This Maxi-
mum Entropy Method (MEM) yields an image with a smaller
beam and traces finer spatial scales than the previously described
CLEANed reconstruction. Examples of usage of MEM for im-
age synthesis in astronomy can be found in e.g. Gull & Daniell
(1978); Marino et al. (2015). Images deconvoled with MEM
"super-resolve" the interferometric data, as the entropy prior al-
lows an extrapolation of spatial frequencies beyond those sam-
pled by the interferometer. We use the uvmem algorithm (Casas-
sus et al. 2006, 2015a,b) and label the resulting model as "MEM
model" in the right panel of Fig. 2. The spatial resolution reached
in this reconstruction is about 1/3 the clean beam calculated with
uniform weights.

2.3. ALMA Cycle 1 band 3 data

ALMA Early Science Cycle 1 observations were conducted on
1 December 2013 with 72.6 seconds of total time on HD 97048
(Program ID 2012.1.00031.S, see also Dunham et al. 2016). The
array configuration provided baselines ranging between 15.8 and
462.9 meters. During the observations the perceptible water va-
por in the atmosphere were stable within 5% of the median value
of 0.535 mm. Three of the four spectral windows of the ALMA
correlator were configured in TDM to maximise the sensitivity
for continuum observations (128 channels over 1.875 GHz us-
able bandwidth). These spectral windows were centred at 101.9
GHz, 103.9 GHz and 113.1 GHz. The fourth spectral window
was configured in FDM to target the 12CO J=1-0 line and cen-
tered at 105.2 GHz, with a spectral resolution of 159 m s�1 and
a total bandwidth of 0.117 GHz. The data were calibrated using
the provided data reduction script and CASA version 4.3. Upon
inspecting the visibilities, the amplitudes of the spectral window
centered at 113.1 GHz showed anomalous behaviour and we de-
cided to flag the entire spectral window. We thus only use the first
two spectral windows for the dust continuum analysis, and esti-
mate the absolute flux calibration to be accurate within ⇠10%.
Details of the observations and calibration are summarised in
Table 1.

We used the same data reduction process using CASA as for
the band 7 data. After CLEANing the data using uniform weight-
ing we obtain a restoring beam of 2.3600⇥ 1.4000at PA = -39�.
Self-calibration on both the phases and the amplitude results in
a continuum RMS of 0.18 mJy beam�1. The continuum emis-
sion is shown in the central panel of Fig. 1. Again we applied the
self-calibration solutions obtained from the continuum emission
to the 12CO data, and after subtracting the continuum, the line
data were imaged using Briggs weighting (robust = 0.5). This
resulted in a restoring beam of 2.2100⇥ 1.4300at PA = -38�and a
RMS of 77.5 mJy beam�1. The 12CO J=1-0 moment 0, 1 and 8
map and line spectrum are shown in Fig. 5.
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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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Fig. 1. Continuum maps at di↵erent wavelengths, from the left: 850 µm, 1.3 mm, and 9 mm, the last obtained from the combination of VLA 8.0 mm
and 9.8 mm bands. The contour levels correspond to �3 (dashed), 3, 6, 12, 24, 48, 100, 200, 400, 800, 1600�. The bottom right of every panel
shows the synthesized beam (see Table 1).

Table 1. Parameters for the deconvolved images displayed in Fig. 1 and for the images obtained from the single VLA frequencies of 30 and
37 GHz.

� ⌫ Fint Fpeak rms CLEAN beam Beam PA
[mm] [GHz] [Jy] [Jy/beam] [mJy/beam] [FWHM] [�]

ALMA B7 0.85 352.9 2.13 ± 0.21 0.44 0.18 0.5700 ⇥ 0.3700 86.5
ALMA B6 1.33 225.3 0.60 ± 0.06 0.22 0.37 0.7400 ⇥ 0.6000 77.3
VLA Ka 9.00 34.0 (1.83 ± 0.02) ⇥ 10�3 0.847⇥ 10�3 0.013 0.1800 ⇥ 0.1100 –49.4

VLA Ka 8.00 37.5 (2.02 ± 0.2) ⇥ 10�3 0.928 ⇥ 10�3 0.024 0.1600 ⇥ 0.1000 �56.1
VLA Ka 9.83 30.5 (1.65 ± 0.2) ⇥ 10�3 0.806 ⇥ 10�3 0.015 0.1900 ⇥ 0.1200 131.5

on the imaging of the continuum emission, obtained with the
task CLEAN applying a robust weighting with Briggs parameter
0.5 and achieving a synthesized beam of 0.5700 ⇥ 0.3700 and a
rms of 0.18 mJy/beam (see Table 1).

2.2. VLA observations

Observations of HD 163296 were made using the Karl G. Jansky
Very Large Array (VLA) of the National Radio Astronomy
Observatory2 as part of the Disks@EVLA project (AC982) in
2011 May and June in the BnA and A configurations. The
Ka-band (� ⇠ 1 cm) receivers were used with two 1 GHz base-
bands centered at 30.5 and 37.5 GHz, providing projected uv-
spacings from 25 to 3800 k�. The complex gain was tracked via
frequent observations of J1755�2232, and the spectral shape of
the complex bandpass was determined through observations of
3C 279. The absolute flux density scale was derived from ob-
servations of 3C 286 (e.g., Perley & Butler 2013), and its over-
all accuracy is estimated to be 10%. The data were calibrated,
flagged, and imaged using a modified version of the VLA cali-
bration pipeline3 with CASA. The astrometry reported here cor-
responds to what was derived from the A configuration data.

In addition, HD 163296 was observed with the C-band (� ⇠
6 cm) receivers in the DnC configuration in September 2010, in
order to evaluate any potential contamination from ionized gas
at shorter wavelengths. Two 1 GHz basebands were centered at
5.3 and 6.3 GHz. Complex gain variations were tracked through
observations of J1820�2528, and the bandpass and absolute flux
density scale was obtained through observations of 3C 286. The

2 The National Radio Astronomy Observatory is a facility of the
National Science Foundation operated under cooperative agreement by
Associated Universities, Inc.
3 See https://science.nrao.edu/facilities/vla/
data-processing/pipeline/scripted-pipeline

data were calibrated, flagged, and imaged using the CASA data
reduction package. HD 163296 was detected with integrated flux
density F5.2 cm = (410 ± 57) µJy.

3. Observational results
3.1. Continuum maps

In Fig. 1 we show the continuum intensity maps obtained
from the line-free channels at three di↵erent wavelengths:
ALMA Band 7, ALMA Band 6, and the combination of the two
VLA frequency ranges at 30.5 and 37.5 GHz. The parameters of
the images are listed in Table 1.

In agreement with previous work (de Gregorio-Monsalvo
et al. 2013; Natta et al. 2004), we observe more compact emis-
sion at longer wavelengths, obtaining at 850 µm a projected
radius of ⇠2.400 at a three-sigma level, corresponding to about
290 AU, while the outer radius of the emission is ⇠260 AU at
1.3 mm, and ⇠40 AU at 8�10 mm. We note that the low signal-
to-noise of the VLA data at 8 and 10 mm can lead to underes-
timating the extent of the emission at these wavelengths, and it
is critical to consider the visibility function for a proper analy-
sis of the disk structure. We use 44� for the disk inclination and
133� for the disk position angle (from Qi et al. 2011) and plot the
normalized real and imaginary part of the visibilities in Fig. 2.

These plots show that the real part of the visibilities de-
clines more steeply at the shorter wavelengths (ALMA 850 µm
and 1.3 mm) than at longer wavelengths (VLA 8 mm and
9.8 mm), demonstrating that the millimeter wavelength emission
is intrinsically considerably more extended than the centime-
ter wavelength emission (a point source would be a constant
1.0 as a function of uv-distance in this plot). The integrated
flux density above the 3� level at 850 µm is F850 µm = 2.13 ±
0.02 Jy, similar to the value found by Isella et al. (2007) and
de Gregorio-Monsalvo et al. (2013), while in Band 6 we find
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【本研究】リングの厚み推定

リングの長軸と短軸で見え方が違う 
→【仮説】リングの厚みに 
　　　　よるものではないか？ 

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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【本研究】　　 
長軸と短軸の見え方の違いから 
→リングの厚みに制限をつける



輻射輸送シミュレーションの概要
使用コード：radmc-3d (Dullemond et al 2012)
ダストはリング状に存在しているものとした。
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【結果】輝度分布
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【結果】輝度比のリング高さ依存性
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HD163296への応用

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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1. 観測の輝度分布の再現 
• 輻射輸送計算を用いて観測と一
致する温度密度分布を求める 

2. ダスト沈殿の決定 
• 輝度比のリング高さ依存性から
ダストスケールハイトの決定

(Isella, et. al 2016) 
距離：101.5pc



電波干渉計とビームサイズ

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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電波干渉計とは

図

→配置によって画像のぼやけ方が異なる
ビームサイズ　＝　ぼやけ方の程度

シミュレーション結果に楕円型のガウシアンをかけて観測を再現

Credit: ALMA (ESO/NAOJ/NRAO)/L. Calçada (ESO)

ビームサイズ：0.22” x 0.16”
(Isella, et. al 2016) 
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輻射輸送シミュレーションを用いた再現

パラメータ設定

温度

面密度

輝度

輝度

パラメータ設定

輻射輸送計算

ビームサイズの補正

観測結果

(Isella, et al. (2016)より)

fgap = 1 − agap1 exp( − (r − rgap1)2) − agap2 exp( − (r − rgap2)2) − agap3 exp( − (r − rgap3)2) + ar ing1 exp( − (r − rr ing1)2) + ar ing2 exp( − (r − rr ing2)2)

Σd = Σd0 × ( r
r1 )

−0.1

× exp( − (r/r1)1.9) × fgap

長軸上のradial plot

観測

シミュレーション

輻射輸送計算を行い、観測を再現した。

BT

距離(au)１秒角＝101.5au



ビームサイズの影響

画像（図）　　　　　　画像（長軸）　　　　　　画像（短軸）

長軸と短軸での見え方の違い：ビームサイズの影響で再現可能 
＝長軸、短軸の輝度比はビームサイズが大きく影響する 

↓ 
今回の観測結果からでは 

ダストのスケールハイトの影響はわからない

Observation radmc-3dBT[K] BT[K]

au au

観測の輝度比は1.3だが…



高分解能での観測

Andrews et al. in prep (画像はtwitterより)

ALMA Large Program(高解像度原始惑星系観測)

beam size : 0.05” x 0.05”



高解像度での見え方
分解能 
0.22 x 0.16 arcsec                →            0.05 x 0.05 arcsec

高解像度であれば輝度比や、リングの幅を決定できる

スケールハイトの決定へ



分解能とリングの幅

高分解能観測で幅を決定できれば、 
スケールハイトの度合いを決定できる

現在の分解能ではまだ様々なダストの分布が考えられる

幅広なモデル 幅狭なモデル



結論
①ダストのスケールハイトを求める手法の開発のため、ダストリング円盤
の輻射輸送計算を行った。 
① 「ダストリングの幅と高さの比」と、「輝度の長軸、短軸の比」の関係を導出
した。 

② 幅を解像できる場合は、ダストのスケールハイトが推定できることがわかっ
た。 

② HD163296のスケールハイトの推定を行った。 
① ダストの分布を求めて観測を再現した。 
② 輝度の長軸、短軸比は輝度のビームの傾きに依存することがわかった。 

③ リングが完全に分解できると、ダストのスケールハイトが制限できる。 
① 今回の研究に用いた画像はビームサイズが0.20秒角であったが、２
０１８年中に、0.05秒角の画像が公開される。


