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Figure 1. (a) and (b) show ALMA continuum images at 145 GHz (band 4) and 233 GHz (band 6), re-

spectively. The ellipse at the bottom-left corner in each panel shows the synthesized beam. (c) shows the

combined image of bands 4 and 6 with the MFS method. The inset indicates a close-up view (0.′′3× 0.′′3) for

emphasis of the central structure. The contour indicates 130, 140, and 150σ. (d) shows the spectral index

map derived from the MFS method.

(2012) and Andrews et al. (2016). The temperature profile models are chosen so that the observed

brightness temperature does not exceed the kinetic temperature. The assumed temperature profiles,

however, have no great impact on the following conclusions as shown in figure 3.
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carried out in the extended array configuration with a max-
imum baseline of about 480 m. The observations con-
sisted of six scheduling blocks during the period from
2012 June to August. The correlator was configured to
store dual polarizations in four separate spectral windows
with 469 MHz of bandwidth and 3840 channels each, and
their central frequencies were 330.588, 329.331, 342.883
and 342.400 GHz, respectively, to target the molecular
lines of 13CO J = 3–2 and C18O J = 3–2. The resul-
tant channel spacing for the lines was 122 kHz, corre-
sponding to 0.12 km s−1 in velocity at these frequencies,
but the effective spectral resolution was lower by a factor
of ∼2 (∼0.2 km s−1) because of Hanning smoothing. The
continuum data from all the spectral windows were aggre-
gated and treated as a single data set of 336 GHz in central
frequency and 1.8 GHz in bandwidth. The on-source inte-
gration after flagging aberrant data was 3.0 hr.

Calibration and reduction of the data were made with
the Common Astronomy Software Applications (CASA)
version 3.4, in almost the same way as in Fukagawa et al.
(2013). Self-calibration was performed for the continuum
to improve the sensitivity and image fidelity, and the final
gain solution was also applied to 13CO and C18O data.
The only difference between our reduction and Fukagawa
et al. (2013)’s one was the visibility weighting applied in the
final step of the imaging; we adopted in this study the Briggs
weighting with a robust parameter of 0.5 to best recover the
weak and extended components of the emission. The size
in FWHM and the position angle (PA) for the major axis
of each synthesized beam for the continuum at 336 GHz,
13CO, and C18O were 0.′′47 × 0.′′40 = 60 au × 56 au (PA =
59.◦9), 0.′′50 × 0.′′42 = 70 au × 59 au (PA = 57.◦4) and
0.′′50 × 0.′′42 = 70 au × 59 au (PA = 60.◦6), respec-
tively. Further details on bandpass and gain calibrations
are described in Fukagawa et al. (2013). The rms noise is
0.13 mJy beam−1 for the continuum whereas it is 6.1 and
8.3 mJy beam−1 in the 0.12 km s−1 wide channels for the
line emission of 13CO and C18O.

2.2 Results of dust continuum emission

Figure 1 shows the continuum map, which is quite sim-
ilar to that presented by Fukagawa et al. (2013). An outer
asymmetric ring as well as an inner unresolved component
is detected, and these are separated by a radial gap. The
position of the unresolved component coincides with the
velocity centroid of 13CO J = 3–2 (subsection 2.3), and it is
regarded as the stellar position in the following. The radial
profiles of surface brightness are well described by a Gaus-
sian function, and the brightest and faintest of their peaks
are located at PA ≈ 23◦ and PA ≈ 223◦, respectively (see
also figure 4 of Fukagawa et al. 2013). The averaged surface

Fig. 1. Left: Map of the continuum emission at 336 GHz with the
Briggs weighting with a robust parameter of 0.5. The synthesized beam,
0.′′47 × 0.′′40 with the major axis PA = 59.◦9, is indicated by the white
ellipse in the bottom left corner. The contours correspond to 1, 10, and
100 mJy beam−1. The 1 σ level is 0.13 mJy beam−1. Right: The position
angle of the major axis is indicated by the dashed line. The regions
where the azimuthal average is taken to obtain the north profiles (PA =
11◦–31◦) and the south profiles (PA = 211◦–231◦) are indicated by red
and blue hatches, respectively. Contours are the same as the left panel.
(Color online)

Fig. 2. Radial profiles of surface brightness of the continuum emission
at 336 GHz for PA = 11◦–31◦ (top panel, squares) and PA = 211◦–231◦

(bottom panel, squares). Solid lines indicate the best-fitting Gaussian
function (see table 1 for parameters). Error bars indicate the standard
deviation after the averaging over 20◦ in PA.

brightness profiles I(r) in PA = 11◦–31◦ and 211◦–231◦ are
fitted by

I(r ) = Ip exp

!

− (r − r0,obs)2

w2
obs

"

, (1)

where r is the angular distance from the star, r0,obs is the
peak position, and wobs is the width of the Gaussian. The
best-fitting profiles are shown in figure 2 and the best-fitting
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the standard core-accretion picture, dust grains
must grow from submicrometer sizes to rocky
cores ~10 times the mass of Earth (MEarth) within
the ~10-million-year lifetime of the circumstellar
disk. However, this growth process is stymied
by what is usually called the radial drift and
fragmentation barrier: Particles of intermediate
size [~1 m at 1 astronomical unit (AU) (1 AU =
1.5 × 108 km = distance from Earth to the Sun),
or ~1 mm at 50 AU from the star] acquire high
drift velocities toward the star with respect to the
gas (3, 4). This leads to two major problems for
further growth (5): First, high-velocity collisions
between particles with different drift velocities
cause fragmentation. Second, even if particles
avoid this fragmentation, they will rapidly drift
inward and thus be lost into the star before they
have time to grow to planetesimal size. This
radial drift barrier is one of the most persistent
issues in planet formation theories. A possible
solution is dust trapping in so-called pressure
bumps: local pressure maxima where the dust
piles up. One example of such a pressure bump
is an anticyclonic vortex, which can trap dust
particles in the azimuthal direction (6–10).

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

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

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

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

→
p (3, 4), where v→dust and

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

→
pgas ¼ 0

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

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

(blue) and 8.3 to 12 km s−1 (red), showing a sym-
metric gas disk with Keplerian rotation at an in-
clination i = 50°. The green background shows the
0.44-mm continuum. The position angle is indi-
cated in the upper right corner. (C) The Very Large
Telescope Imager and Spectrometer for the mid-
infrared (VISIR) 18.7-mm emission in orange con-
tours (36 to 120sVISIR levels in steps of 12sVISIR,
sVISIR = 0.2 Jy arc sec−2) and orange colors,
overlayed on the 0.44-mm continuum in green
colors and the 5s contour line in green. The VISIR
beam size is 0.48′′ in diameter and is indicated
with an orange circle in the bottom right corner.
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Figure 1. ALMA observations of dust and gas emission for the disks surrounding SAO 206462 (top row) and SR 21 (bottom row). Ellipses indicate beam sizes listed in
Table 1. Left panels: dust continuum emission (color scale) and dust brightness temperature (contours starting at 10 K, spaced by 5 K). Middle panels: 12CO J = 6–5
moment 0 map, contours start and are spaced by 3σ , where σ is the rms noise level in the map. Right panels: 12CO J = 6–5 moment 1 map, contours are spaced by
1 km s−1.
(A color version of this figure is available in the online journal.)

Table 1
Image Properties for Dust Continuum and Spectral Line Observations

Target R.A.a Deca Continuum Spectral Line

Sν
b rms Beam Beam RMSc Beam Beam

(J2000) (J2000) (Jy) (Jy beam−1) Size P.A. (Jy beam−1) Size P.A.

SAO 206462 15:15:48.448 −37:09:16.06 4.2 0.0020 0.′′27 × 0.′′19 53◦ 0.11 0.′′29 × 0.′′22 60◦

SR 21 16:27:10.281 −24:19:12.88 3.3 0.0011 0.′′29 × 0.′′18 −81◦ 0.07 0.′′32 × 0.′′20 −79◦

Notes.
a Phase center from the Roeser et al. (2010) catalog, including proper motion (epoch J2000).
b Flux density integrated inside aperture where emission is above 3×rms noise level.
c rms noise level in a 0.5 km s−1 channel.

SAO 206462 and SR 21, respectively. A total of 25 minutes
on-source time was obtained for both targets. Visibilities were
calibrated and imaged in CASA. Given the high signal-to-noise
ratio of these observations amplitude and phase self-calibration
was performed after standard phase referencing. Table 1 lists
observational properties of the continuum and spectral line
maps, obtained using Briggs weighting with a robust of 0.5.

3. OBSERVATIONAL RESULTS

We present maps of the dust and gas emission (12CO J =
6–5) in Figure 1. These observations resolve the structure of
each transitional disk, revealing for the first time the striking
morphology in the dust continuum emission for SAO 206462

and SR 21: a non-uniform ring with a bright asymmetry located
in the southwest for SAO 206462 and in the south for SR 21. The
integrated intensity map (moment 0) and the intensity-weighted
mean velocity map (moment 1) of 12CO J = 6–5 are presented
in the middle and right panels of Figure 1. In contrast with the
dust emission, the gaseous component from the 12CO moment
0 map appears to be quite compact and mostly symmetric.
However, significant emission (>3σ ) can be found at large radii
in the 12CO moment 1 map, just as with the dust emission. Since
emission from 12CO is most likely optically thick, it is not a good
tracer of depletion inside the cavity and other tracers must be
used (Bruderer 2013). However, a large depletion of the inner
disk (>106; Bruderer 2013) can give rise to the double-peaked
structure observed in the SAO 206462 moment 0 map. Further
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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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Figure 1. ALMA observations of dust and gas emission for the disks surrounding SAO 206462 (top row) and SR 21 (bottom row). Ellipses indicate beam sizes listed in
Table 1. Left panels: dust continuum emission (color scale) and dust brightness temperature (contours starting at 10 K, spaced by 5 K). Middle panels: 12CO J = 6–5
moment 0 map, contours start and are spaced by 3σ , where σ is the rms noise level in the map. Right panels: 12CO J = 6–5 moment 1 map, contours are spaced by
1 km s−1.
(A color version of this figure is available in the online journal.)

Table 1
Image Properties for Dust Continuum and Spectral Line Observations

Target R.A.a Deca Continuum Spectral Line

Sν
b rms Beam Beam RMSc Beam Beam

(J2000) (J2000) (Jy) (Jy beam−1) Size P.A. (Jy beam−1) Size P.A.

SAO 206462 15:15:48.448 −37:09:16.06 4.2 0.0020 0.′′27 × 0.′′19 53◦ 0.11 0.′′29 × 0.′′22 60◦

SR 21 16:27:10.281 −24:19:12.88 3.3 0.0011 0.′′29 × 0.′′18 −81◦ 0.07 0.′′32 × 0.′′20 −79◦

Notes.
a Phase center from the Roeser et al. (2010) catalog, including proper motion (epoch J2000).
b Flux density integrated inside aperture where emission is above 3×rms noise level.
c rms noise level in a 0.5 km s−1 channel.

SAO 206462 and SR 21, respectively. A total of 25 minutes
on-source time was obtained for both targets. Visibilities were
calibrated and imaged in CASA. Given the high signal-to-noise
ratio of these observations amplitude and phase self-calibration
was performed after standard phase referencing. Table 1 lists
observational properties of the continuum and spectral line
maps, obtained using Briggs weighting with a robust of 0.5.

3. OBSERVATIONAL RESULTS

We present maps of the dust and gas emission (12CO J =
6–5) in Figure 1. These observations resolve the structure of
each transitional disk, revealing for the first time the striking
morphology in the dust continuum emission for SAO 206462

and SR 21: a non-uniform ring with a bright asymmetry located
in the southwest for SAO 206462 and in the south for SR 21. The
integrated intensity map (moment 0) and the intensity-weighted
mean velocity map (moment 1) of 12CO J = 6–5 are presented
in the middle and right panels of Figure 1. In contrast with the
dust emission, the gaseous component from the 12CO moment
0 map appears to be quite compact and mostly symmetric.
However, significant emission (>3σ ) can be found at large radii
in the 12CO moment 1 map, just as with the dust emission. Since
emission from 12CO is most likely optically thick, it is not a good
tracer of depletion inside the cavity and other tracers must be
used (Bruderer 2013). However, a large depletion of the inner
disk (>106; Bruderer 2013) can give rise to the double-peaked
structure observed in the SAO 206462 moment 0 map. Further
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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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Figure 2. 890 µm continuum images of the 61 Lupus disks detected in our ALMA Cycle 2 program (i.e., excluding Sz 82, which
was observed by Cleeves et al., in prep), ordered by decreasing continuum flux density (as reported in Table 2). Images are
200⇥200 and the typical beam size is shown in the first panel.
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and M⇤ fundamentally explains the correlation between
giant planet frequency and host star mass identified in
the exoplanet population (Endl et al. 2006; Johnson et al.
2007; Bonfils et al. 2013; Bowler et al. 2010). This is
because core growth is more e�cient both in higher-mass
disks (e.g., Thommes et al. 2008; Mordasini et al. 2012)
and around higher-mass stars (e.g., Kennedy & Kenyon
2008). Thus the sources in the upper right of Figure 6
are more likely to form giant planet cores before the gas
disk dissipates, allowing the cores to accrete substantial
gaseous envelopes and become gas giant planets.
Lupus disks also exhibit a large dispersion in M

dust

,
spanning ⇠2 orders of magnitude for a given M⇤. An-
drews et al. (2013) noted that the similarly large dis-
persion in Taurus is likely a consequence of the inherent
diversity in disk temperatures, dust opacities, and evo-
lutionary states across the region. The large dispersion
in Lupus may result from di↵erent environments and/or
evolutionary states across the Lupus I–IV clouds. To
test this, we re-derived the M

dust

vs. M⇤ correlation us-
ing only Lupus III sources; we chose Lupus III because it
contains the most sources in our sample and is more dis-
tant compared to the other clouds, thus possibly in a dif-
ferent environment. We found consistent slope (1.4±0.5)
and dispersion (1.1 ± 0.3) values to within errors, indi-
cating that the large dispersion in Lupus is an intrinsic
property of the disk population resulting from a range
of initial disk conditions (e.g., core angular momentum)
and hence planetary outcomes.
Because we estimated the gas mass of each disk in-

dependently from the dust (Section 5.2), we are able to
show for the first time that M

gas

and M⇤ may also be
correlated, as illustrated in Figure 7. We used the same
MC approach for assigning M⇤ values to the 20 obscured
sources without stellar masses, and again employed the
Cox proportional hazard test for censored data to evalu-
ate the significance of the correlation. We found a tenta-
tive positive correlation between M

gas

and M⇤ for Lupus
disks with a 0.01 probability of no correlation on average.
However, the significant number of gas upper limits, and
the large uncertainties on the gas mass estimates, means
this relation should be re-visited with higher-sensitivity
line observations that can provide more robust gas mass
detections and more sensitive upper limits. In particu-
lar, we note that the Cox proportional hazard test con-
siders upper limits but not measurement uncertainties.
If confirmed, this positive relation between M

gas

and M⇤
would further explain the positive correlation between
giant planet frequency and host star mass seen in the
exoplanet population.

6.2. Comparison to Other Regions

Sub-mm surveys of star-forming regions at di↵erent
ages provide the best available tool for probing dust mass
evolution, as sub-mm continuum emission can be directly
related to bulk dust mass (Section 5.1). This work pro-
vides a near-complete census of protoplanetary disks in
the young (⇠1–3 Myr) Lupus I–IV clouds with a dust
mass sensitivity of ⇠0.2–0.4 M� (Section 5.1), making
it an ideal baseline survey of early disk conditions. In
an e↵ort to understand disk evolution, we can compare
our Lupus dust mass distribution to those found in other
regions located in di↵erent environments or at di↵erent
stages of evolution. Only two other star-forming regions,

Figure 8. Dust mass cumulative distributions for Lupus,
Taurus, and Upper Sco disks around host stars with M⇤ >
0.1 M� (Section 6.2). The average dust masses for each re-
gion are given for reference. The distributions were calculated
using the Kaplan-Meier estimator to include upper limits and
the line widths indicate 1� confidence intervals.

Taurus and Upper Sco, have been surveyed in the sub-
mm with similar sensitivity and completeness. Taurus
has a similar age to Lupus (⇠1–2 Myr) and its Class II
disks were surveyed down to the brown-dwarf limit with
a dust mass sensitivity of ⇠2 M� (Andrews et al. 2013).
Upper Sco was recently surveyed in the sub-mm with
ALMA with a dust mass sensitivity of ⇠0.1 M� (Baren-
feld et al., submitted) and its older age (⇠5–10 Myr)
makes it an important point for comparison.
We calculated dust masses uniformly across each re-

gion, as described in Section 6.1, and considered only
sources withM⇤ > 0.1M�. Figure 8 shows the dust mass
cumulative distributions, calculated using the Kaplan-
Meier estimator in the ASURV package (Lavalley et al.
1992) to include upper limits. Lupus and Taurus have
consistent mean dust masses (15±3 M� and 15±2 M�,
respectively), while Upper Sco has a significantly lower
mean dust mass (5± 3 M�). We confirmed these results
using the two-sample tests in ASURV, which estimate
the probability that two samples of censored data have
the same parent distribution. We found probabilities of
0.87–0.98 for Lupus and Taurus, indicating statistically
similar dust mass distributions. We also found probabil-
ities of < 5 ⇥ 10�5 for Lupus and Upper Sco as well as
Taurus and Upper Sco, indicating statistically di↵erent
dust mass distributions.
When comparing the dust mass distributions of two

regions, it is important to confirm that they have compa-
rable stellar distributions due to the correlation between
M

dust

and M⇤ (e.g., Figure 6). We therefore employed
the aforementioned two-sample tests in ASURV to deter-
mine the probabilities of the samples being drawn from
the same parent population of stellar masses. We found
probabilities of 0.002–0.04 for Lupus and Taurus, 0.33-
0.97 for Lupus and Upper Sco, and 0.0001–0.0003 for
Taurus and Upper Sco.
Thus the dust mass distribution of Lupus is readily

comparable to that of Upper Sco in Figure 8, indicat-
ing that the mean dust mass in Lupus is 3⇥ higher than

Barenfeld, et al. 2016, Andsell et al. 2016, Pascucci et al. 2016
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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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• Rings are common in dust: 

• Dust rings appear for any stages (HL Tau: <1-2 Myr, HD 97048: 3 Myr, 
TW Hya: 10 Myr)  

• Are there gaps also in gas?  

• Grain growth at rings/gaps?  

• Comparison with IR images?
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• Planet-inducing gaps (e.g., 
Kanagawa et al. 2015, see his talk) 

• Enhanced growth at snowlines  
(Zhang et al. 2015)  

• Sintering-induced fragmentation of 
dust grains at snowlines (Okuzumi 
et al. 2016, see his talk) 

• MHD instabilities (e.g., Flock et al. 
2015, see talk by H. Klahr) 

• Secular gravitational instability 
(Takahashi and Inutsuka 2014, 
2016, see his talk)

Ring formation mechanisms

4

HL Tau

ALMA Partnership 2015
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• Correlation between the dust and 
gas gaps 

• Is HCO+ really trace the gas? 

• Is there too much continuum 
subtraction?

Gas gaps?

5
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Fig. 2.— (a) Radial profile of the HCO+ integrated intensity in the disk around HL Tau observed

with ALMA. Vertical blue solid and dashed lines denote the radii of the bright rings and the gaps

identified in the 1 mm continuum image observed with ALMA at an angular resolution of 0.′′03

(corresponding to ∼5 AU; ALMA Partnership et al. (2015)). (b) Radial profile of the S/N ratios

of the HCO+ integrated intensity. (c) Radial profile of the HCO+ column density derived from the

intensity profile. Red dashed and dotted lines present the fitted power-law density profiles outside

the inner and outer gaps, respectively, and red solid lines delineate the observed gaps. The centers,

widths, and depths of the gaps are listed in Table 1. Error bars in panels (a) and (c) correspond

to the 1σ uncertainties.

HCO+

Gas model

– 12 –

(a)

(b)

D1 B1 D2 B2 D5 D6B5 B6

D2 D5 D6B5 B6
(c)

Fig. 2.— (a) Radial profile of the HCO+ integrated intensity in the disk around HL Tau observed

with ALMA. Vertical blue solid and dashed lines denote the radii of the bright rings and the gaps

identified in the 1 mm continuum image observed with ALMA at an angular resolution of 0.′′03

(corresponding to ∼5 AU; ALMA Partnership et al. (2015)). (b) Radial profile of the S/N ratios

of the HCO+ integrated intensity. (c) Radial profile of the HCO+ column density derived from the

intensity profile. Red dashed and dotted lines present the fitted power-law density profiles outside

the inner and outer gaps, respectively, and red solid lines delineate the observed gaps. The centers,

widths, and depths of the gaps are listed in Table 1. Error bars in panels (a) and (c) correspond

to the 1σ uncertainties.

HL Tau 

optically thick and thin regions, driving any derived values of
dust opacity spectral index to be lower than reality.

3.1.4. Compact Spectral Lines

At 1″. 1 resolution, the HCO+(1-0) emission shows a
morphology similar to the 12CO(1-0) shown in Figure 1(a),
albeit somewhat less extended. Interestingly, it also shows a
barely resolved velocity gradient across the HL Tau disk itself,
though it is confused with the surrounding outflow gas,
especially to the NE of the disk. Fortunately, at 0″. 25 resolution

most of the outflow emission is resolved out, making it possible
to spatially resolve the morphology of the HL Tau molecular
gas disk for the first time. The 0″. 25 resolution HCO+(1-0)
channel maps shown in Figure 4 reveal: (1) a notable deficit of
blueshifted versus redshifted emission, (2) HCO+(1-0) absorp-
tion near the systemic velocity 6.5–7.0 km s−1, (3) a roughly
Keplerian velocity distribution with a detectable radial velocity
range of 2.0 to 12.0 km s−1, and (4) comparable gas and
continuum disk sizes (at least at the current sensitivity level).
To further explore points (1) and (2), Figure 5 shows spectra
from the 1″. 1 resolution cubes toward the continuum peak. All
of the lines show absorption at 6.0–7.0 km s−1, indeed CN and
HCN(1-0) are only detected in absorption. Additionally, the
absorption is non-Gaussian in shape, instead showing a gradual
increase in absorption on the blueshifted side compared to a
steeper rise on the redshifted side. As shown in Figure 1(a), the
blueshifted outflow emerges from the NE of HL Tau and, based
on the continuum disk orientation, propagates toward us at
i 47≈ °. Self-absorption by this outflowing gas is likely
responsible for both the non-Gaussian line shape and the
deficit of observable blueshifted disk emission. The deepest
absorption for the CN and HCN transitions occurs at an LSRK
velocity of 7.0± 0.2 km s−1, which we take to be the rest
velocity of the system.
Under the assumption of circular Keplerian motion and

noting that the velocity extrema of HCO+(1-0) emission occurs
at V 5Δ ± km s−1 (see Figure 4) from the systemic velocity
(7.0 km s−1) at a radius of ∼25 AU, we find that with i 47= °,
the enclosed mass is ∼1.3 M⊙. This value is near the high end
of the range previously reported for HL Tau (see Section 1).
However, it is clear that even on the less absorbed redshifted
side, the velocity pattern is not so simple and may, for example,
have a contribution from infall (see, for example, Gómez &
D’Alessio 2000). Future detailed radiative transfer analysis
coupled with a physical model will be required to reproduce the
complex HCO+(1-0) absorption and emission toward the
HL Tau disk in order to obtain a more accurate kinematic
stellar mass.

3.2. XZ Tau 2.9 mm Continuum

At 2.9 mm we resolve the known multiple system XZ Tau
into two components, A and B (Figure 1(b) and Table 1; also
see Forgan et al. 2014 and Carrasco-González et al. 2009),
separated by 273± 1 mas at a P.A. of 128.7 0 .5± ◦ . This
separation is 8% smaller than predicted by Forgan et al. (2014)
for a circular, face-on orbit (296± 1 mas), particularly in R.A.
This is likely an indication that the orbit is not face-on, but will
require future observations to confirm and quantify. Like
Forgan et al. (2014), we find no evidence for component “C”
(a putative third star) reported by Carrasco-González et al.
(2009) at 7 mm. Using the 2.9 mm flux densities from Table 1
and the JVLA 7mm flux densities from Forgan et al. (2014),
we find spectral indices of +1.8± 0.5 for both XZ Tau A and
B, suggesting both have a free–free component in addition to
dust emission (see also Carrasco-González et al. 2009).

3.3. LkHα358 2.9 mm Continuum

At 2.9 mm, we have resolved the LkHα358 disk for the first
time in the millimeter continuum to a size of only 21± 1 AU
with an inclination angle of 56 2± ° at a P.A. 170 3= ± ° (see
Figure 1(c) and Table 1). Schaefer et al. (2009) used PdBI to

Figure 3. Panel (a) shows the deprojected 1.0 mm B6+B7 image of
HL Tau (see Section 3.1.3); the angular resolution is 38.6 19.3× mas (P.A .

20.7− ◦ ). Rings for which a full range of ellipse parameters could be fit are
labeled horizontally (solid and dashed lines), while the less distinct rings are
labeled vertically (dotted lines). Panels (b) and (c) show cross-cuts at P.A.

138= ° through the continuum peak of the 1.0 mm continuum and spectral
index images shown in Figures 2(e) and (f) (positive values of distance
correspond to the SE portion of Figure 2(e)). In panel (c) the gray region
delineates the statistical 1σ spectral index uncertainty; it does not account for
the absolute flux uncertainty. For the fully fitted rings, panels (b) and (c) show
dashed lines for the locations of dark rings and solid lines for bright rings. The
fitted offsets from the continuum peak (Table 2) have been taken into account.
Panel (d) shows the same cross-cut as panel (b) but on a Planck brightness
temperature (TB) scale. Panels (b) and (d) are shown on a log scale on the y-
axis. The dashed curve on panel (d) shows a representative power law for TB as
a function of radius with an exponent of −0.65 extending from the B1 peak; it
is not a fit.
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Figure 1. (a) and (b) show ALMA continuum images at 145 GHz (band 4) and 233 GHz (band 6), re-

spectively. The ellipse at the bottom-left corner in each panel shows the synthesized beam. (c) shows the

combined image of bands 4 and 6 with the MFS method. The inset indicates a close-up view (0.′′3× 0.′′3) for

emphasis of the central structure. The contour indicates 130, 140, and 150σ. (d) shows the spectral index

map derived from the MFS method.

(2012) and Andrews et al. (2016). The temperature profile models are chosen so that the observed

brightness temperature does not exceed the kinetic temperature. The assumed temperature profiles,

however, have no great impact on the following conclusions as shown in figure 3.
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Figure 2. (top) Radial profiles of the brightness temperature averaged over full azimuthal angle. The black
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from the standard deviation through the azimuthal averaging. The orange dashed lines indicate the assumed
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Fig. 3. Millimeter dust opacity for the adopted dust model. Left top panel: dust opacity at 1 mm as a function of amax for a grain size distribution
n(a) ∝ a−q between amin = 0.1 µm and amax. Different curves are for different values of q, as labelled. The dust grains adopted here are porous
composite spheres made of astronomical silicates (≈10% in volume), carbonaceous materials (≈20%) and water ice (≈30%; see text for the
references to the optical constants). Left bottom panel: β between 1 and 3 mm as a function of amax for the same grain distributions. Right panel:
dust opacity at 1 mm as function of β between 1 and 3 mm for the same grain distributions; different iso-amax curves for amax = 0.1, 1, 10 cm are
shown. In the plots the unit of measure for the dust opacity is cm2 per gram of dust.

in the midplane in a protoplanetary disk is much higher than in
the surface. At millimeter wavelengths, where the disk is mostly
optically thin to its own radiation, the midplane total emission
dominates over that of the surface (although the surface dust
plays a crucial role for the heating of the disk). As a conse-
quence, we can extract information from our analysis only on
the dust opacity of the midplane, and so when we consider the
dust opacity we will refer only to the midplane component for
the rest of the paper.

For the dust grains in the disk surface we assumed the same
chemical composition and shape as for the midplane grains,
while we assumed for their size distribution for amin and amax
values around 0.1 µm (the sub-mm SED is insensitive to these
values as long as amax in the surface is much lower than amax in
the midplane, as expected if dust settling is important).

Once the chemical composition and shape of the dust grains
in the midplane are set, the dust opacity law depends on amin,
amax and q. Considering a value of 0.1 µm for amin (the depen-
dence of the millimeter dust opacity from this parameter turns
out to be very weak), the model parameters for our analysis are
the stellar parameters (L⋆, Teff , M⋆), which have been set and
listed in Table 2, plus those of the disk (Σdust,1, p, Rout, q, amax),
or equivalently (Mdust, p, q, amax, Rout) where Mdust is the mass
of dust in the disk.

For reasons described in Sect. 4 it is convenient to approx-
imate the millimeter dust opacity law discussed so far in terms
of a power-law at millimeter wavelengths κ = κ1mm(λ/1 mm)−β,
with κ1 mm in units of cm2 per gram of dust. At a fixed value
of q the relations between κ1 mm, β and amax can be determined.
These are shown in Fig. 3 for q = 2.5, 3, 3.5, 4.

4. Results

The sub-mm/mm SED fits for all the objects in our sample
are reported in Fig. 46. As discussed in Testi et al. (2003) and

6 We did not include existing NIR and mid-IR data in our analysis be-
cause at these shorter wavelengths the disk emission is optically thick

Natta et al. (2004), the only quantities that can be constrained
by the sub-mm/mm SED are the millimeter dust opacity spec-
tral index β (in this paper calculated between 1 and 3 mm) and
the Mdust × κ1 mm product7. From the SED alone it is impos-
sible to constrain the value of the surface density exponent p,
since it is generally possible to fit the SED data with either
very flat (p = 0.5) or very steep (p = 2) surface density pro-
files. However, all available high angular resolution observa-
tions performed so far suggest that p ≤ 1.5 (e.g. Dutrey et al.
1996; Wilner et al. 2000; Kitamura et al. 2002; Testi et al. 2003;
Andrews & Williams 2007; Isella et al. 2009; Andrews et al.
2009).

The degeneracy of the SED on p and Rout has an impact onto
the derived uncertainties for β and Mdust × κ1 mm. Considering
both this degeneracy and uncertainties of the observational data,
the total absolute uncertainties are approximately 0.2−0.3 for β
and a factor of ≈ three and ≈ four for Mdust × κ1 mm for the spa-
tially resolved and unmapped disks respectively. These uncer-
tainties are mainly due to the adopted ranges for Rout (listed in
Table 4) and p between 0.5 and 1.5, whose values determine the
impact of the optically thick regions of the disk to the total emis-
sion, as explained in Sect. 3.

The estimates for β and Mdust×κ1mm obtained by our analysis
are reported in Table 5.

4.1. Spectral slopes and dust opacity index

Before analysing the values of β, which provide information on
the level of grain growth in the outer disk regions, it is impor-
tant to check whether our results could be affected by detection
biases: indeed, for a given flux at ∼1 mm, a disk with large

and thus depends on the properties of the dust grains located in the sur-
face layers of the inner disk regions. The aim of our analysis is instead
to probe the optically thin disk emission to investigate the dust proper-
ties in the disk midplane.
7 Note that according to the adopted disk model the midplane tempera-
ture is well constrained after fixing the stellar parameters and these two
quantities from the observed SED.
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dust opacity at 1 mm as function of β between 1 and 3 mm for the same grain distributions; different iso-amax curves for amax = 0.1, 1, 10 cm are
shown. In the plots the unit of measure for the dust opacity is cm2 per gram of dust.
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dominates over that of the surface (although the surface dust
plays a crucial role for the heating of the disk). As a conse-
quence, we can extract information from our analysis only on
the dust opacity of the midplane, and so when we consider the
dust opacity we will refer only to the midplane component for
the rest of the paper.

For the dust grains in the disk surface we assumed the same
chemical composition and shape as for the midplane grains,
while we assumed for their size distribution for amin and amax
values around 0.1 µm (the sub-mm SED is insensitive to these
values as long as amax in the surface is much lower than amax in
the midplane, as expected if dust settling is important).

Once the chemical composition and shape of the dust grains
in the midplane are set, the dust opacity law depends on amin,
amax and q. Considering a value of 0.1 µm for amin (the depen-
dence of the millimeter dust opacity from this parameter turns
out to be very weak), the model parameters for our analysis are
the stellar parameters (L⋆, Teff , M⋆), which have been set and
listed in Table 2, plus those of the disk (Σdust,1, p, Rout, q, amax),
or equivalently (Mdust, p, q, amax, Rout) where Mdust is the mass
of dust in the disk.

For reasons described in Sect. 4 it is convenient to approx-
imate the millimeter dust opacity law discussed so far in terms
of a power-law at millimeter wavelengths κ = κ1mm(λ/1 mm)−β,
with κ1 mm in units of cm2 per gram of dust. At a fixed value
of q the relations between κ1 mm, β and amax can be determined.
These are shown in Fig. 3 for q = 2.5, 3, 3.5, 4.

4. Results

The sub-mm/mm SED fits for all the objects in our sample
are reported in Fig. 46. As discussed in Testi et al. (2003) and

6 We did not include existing NIR and mid-IR data in our analysis be-
cause at these shorter wavelengths the disk emission is optically thick

Natta et al. (2004), the only quantities that can be constrained
by the sub-mm/mm SED are the millimeter dust opacity spec-
tral index β (in this paper calculated between 1 and 3 mm) and
the Mdust × κ1 mm product7. From the SED alone it is impos-
sible to constrain the value of the surface density exponent p,
since it is generally possible to fit the SED data with either
very flat (p = 0.5) or very steep (p = 2) surface density pro-
files. However, all available high angular resolution observa-
tions performed so far suggest that p ≤ 1.5 (e.g. Dutrey et al.
1996; Wilner et al. 2000; Kitamura et al. 2002; Testi et al. 2003;
Andrews & Williams 2007; Isella et al. 2009; Andrews et al.
2009).

The degeneracy of the SED on p and Rout has an impact onto
the derived uncertainties for β and Mdust × κ1 mm. Considering
both this degeneracy and uncertainties of the observational data,
the total absolute uncertainties are approximately 0.2−0.3 for β
and a factor of ≈ three and ≈ four for Mdust × κ1 mm for the spa-
tially resolved and unmapped disks respectively. These uncer-
tainties are mainly due to the adopted ranges for Rout (listed in
Table 4) and p between 0.5 and 1.5, whose values determine the
impact of the optically thick regions of the disk to the total emis-
sion, as explained in Sect. 3.

The estimates for β and Mdust×κ1mm obtained by our analysis
are reported in Table 5.

4.1. Spectral slopes and dust opacity index

Before analysing the values of β, which provide information on
the level of grain growth in the outer disk regions, it is impor-
tant to check whether our results could be affected by detection
biases: indeed, for a given flux at ∼1 mm, a disk with large

and thus depends on the properties of the dust grains located in the sur-
face layers of the inner disk regions. The aim of our analysis is instead
to probe the optically thin disk emission to investigate the dust proper-
ties in the disk midplane.
7 Note that according to the adopted disk model the midplane tempera-
ture is well constrained after fixing the stellar parameters and these two
quantities from the observed SED.
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a transition from a pre-planet building morphology to a post-
planet building structure (e.g., Strom et al. 1989). TW Hya,
with 0.55± 0.15 :M in stellar mass (Debes et al. 2013) and
more than 0.05 :M in disk mass (Bergin et al. 2013), is an ideal
example of transitional disks in that it is almost face-on (i = 7°;
Qi et al. 2004) and because of its close distance of 54± 6 pc
(Hipparcos; van Leeuwen 2007), is particularly accommodat-
ing to investigations of its geometrical structure with high
spatial resolution and sensitivity. Previous studies at optical,
near-IR, and millimeter/submillimeter wavelengths show the
radial surface brightness extending to ∼150–230 AU (Krist
et al. 2000; Weinberger et al. 2002; Apai et al. 2004; Qi
et al. 2004, 2006; Roberge et al. 2005; Andrews et al. 2012).
High contrast direct imaging with the Hubble Space Telescope
(HST) NICMOS coronagraph reveals a disk gap at 80 AU,
indicating the evolution of dust composition or the presence of
an embedded protoplanetary system (Debes et al. 2013). The
inner hole at ∼4 AU is observationally predicted from a flux
deficit at ∼2–20 μm in the spectral energy distribution (SED),
suggesting a deficit of material left around the central star.
Excess at ∼20–60 μm in the SED is probably due to emission
from the truncated inner edge of the outer disk (Calvet
et al. 2002). The existence of the inner disk is also supported
by interferometric observations and visibility model fitting of
the 7 mm continuum (Calvet et al. 2002; Hughes et al. 2007),
and recent modeling concludes that the disk does not have a
sharp edge at 4 AU (Menu et al. 2014).

In this Letter, we present a new H-band polarized intensity
(PI) image of TW Hya and the PI distribution ranging from 0″. 2
to 1″. 5 (corresponding to ∼11–81 AU) of the disk, including
the region closer to the central star than the region previously
observed by HST. A PI depression at ∼0″. 4 (∼20 AU),
probably caused by a gap in the disk, was detected. While
investigating the observed PI profile, we discuss the disk
morphological structure and the origin of the depression.

2. OBSERVATIONS AND DATA REDUCTION

We carried out H-band ( μ1.6 m) linear polarimetric
observations of TW Hya using the High Contrast Instrument
for the Subaru Next Generation Adaptive Optics (HiCIAO;
Tamura et al. 2006) with a dual-beam polarimeter at the Subaru
8.2 m telescope on 2011 March 24 and 2013 January 3. These
observations were part of the Strategic Explorations of
Exoplanets and Disks with Subaru (SEEDS; Tamura 2009)
project. Both of the observations were conducted with the same
instrument settings. The polarimetric observation mode
acquires o-rays and e-rays simultaneously, and images a field
of view 10″ × 20″ with a pixel scale of 9.50 mas/pixel.

The exposures were performed at four position angles (PAs)
of the half-wave plate, with a sequence of PA = 0°, 45°, 22◦. 5,
and 67◦. 5, to measure the Stokes parameters. The integration
time per wave plate position was set to 10–30 s during
observation to optimize the instrument according to the on-site
conditions. Three coadd modes were used to save overhead
time. The adaptive optics system (AO188; Hayano et al. 2008)
provided a mostly stable stellar point-spread function (PSF)
with an FWHM of 0″. 15 in the H-band. The adaptive optics
corrections on both observation dates functioned well and the
quality of the resultant images of both observations was almost
the same. We strictly selected only good quality data to
produce the best image. Low quality images were removed
prior to production of the final image, resulting in 13 good sets

with a total integration time for the PI image of 390 s. The data
sets were taken in Angular Differential Imaging (ADI) mode
with a net field rotation of 12°.
All unflagged data were corrected for field rotation and

integrated. The standard imaging method (Hinkley et al. 2009)
was applied to the polarimetric data, including corrections for
distortion and flat-fielding, using the Image Reduction and
Analysis Facility (IRAF32) as in previous SEEDS publications
(e.g., Hashimoto et al. 2011; Muto et al. 2012). Corrections for
instrumental polarization of the Nasmyth HiCIAO instrument
were applied with the Mueller-matrices technique, which
quantizes polarization characteristics (Joos et al. 2008). PI
was calculated from +Q U2 2 , where Q and U are orthogonal
linear polarizations, and the final PI profile was obtained after
applying 10 × 10 pixel smoothing to the entire disk.

3. RESULTS

The PI image in the H-band of the transitional disk around
TW Hya is presented in Figure 1. There is no discernible
misalignment in the polarization vector beyond =r 0″. 2 (which
will be the subject of later studies in this series), and to be
conservative, polarization measurements at radii more distant
than 0″. 2 from the central star are regarded as more accurate.
Shown in the PI image is a ring-like PI depression at r ∼ 0″. 4.

The observed PI profile is shown in Figure 2(a), revealing a
stair-like decline in PI with increasing distance from the central
star. We define three major step transitions as Zone 1 (0″. 2 ⩽ r
⩽ 0″. 4), Zone 2 (0″. 4 ⩽ r ⩽ 0″. 8), and Zone 3 (0″. 8 ⩽ r ⩽ 1″. 5),
and the PI profile is fitted at each zone with a simple power
law:µ g-r . The fitting results in Zones 1, 2, and 3 are shown in
red, green, and blue, with slopes in each zone of −1.39, −0.33,
and −2.65, respectively. The significant change in slope at
∼0″. 4 is interpreted as a transition of some physical property in

Figure 1. H-band PI image of TW Hya in ADI mode. North is up and east is to
the left. The dark filled circle at the center indicates a software mask
with r = 0″. 2.

32 IRAF is distributed by National Optical Astronomy Observatory, which is
operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.
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all azimuthal directions and is the subject of the remainder of
this Letter. The change in slope around 0″. 8 has already been
discussed in Krist et al. (2000) and Apai et al. (2004).

Figure 2(b) displays an azimuthal brightness profile at 0″. 2,
0″. 5, and 0″. 8 in radius. This figure shows the disk is almost
axisymmetric, with constant PI in all azimuthal directions,
although rms noise level increases at =r 0″. 2.

4. DISCUSSION

One of the interesting results in the observation is that the PI
profile has a stair-like shape. As shown in Figure 2(a), in Zone
1, the innermost part of the disk, the profile shows a shallow
slope of approximately −1.4, where the slope is expected to be
−2 in the case of a flared disk, or steeper in the case of a flat
geometry (Whitney & Hartmann 1992; Inoue et al. 2008). In
Zone 2, the profile appears almost flat, perhaps indicating that
temperature increases with radius. In Zone 3, the PI profile has
a steep value of approximately −2.65, which is darker than
expected. The observed PI profile reflects a radial distribution
of small dust particles and dust properties. In this section, we
discuss three possible explanations for the radial PI distribution
observed in the disk of TW Hya. These include (a) an unusual
radial distribution on the temperature, (b) the presence of a disk
gap induced by the presence of a low-mass planet, and (c) a
change in dust scale height due to grain growth.

4.1. The Radial Temperature Gradient

It is important to investigate the extent to which the shallow
slopes observed in Zones 1 and 2 could depend on temperature.
Generally, Inoue et al. (2008) shows that the observed intensity
of the scattered light (Iobs) from a disk with no complex
structures, such as a gap or cavity, can be expressed by

� bw q~I
L

πr4
( ), (1)obs 2

where �L is stellar luminosity, r is the distance from a central
star, w q( ) is the product of the albedo and polarization (a phase
function including polarization), θ is the scattering angle, and β

is the grazing angle, expressed by
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According to customary practice and precedents in past
works, we assume that Hs is linearly related to Hg by some
constant factor A in the case of a smoothly extended disk with
no gap (Kenyon et al. 1987; Chiang & Goldreich 1997), and
the relation can be described by
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where cs is the speed of sound, Ωk is the Keplerian angular
velocity, and Hg is the gas pressure scale height, respectively.
Considering the radial temperature distribution T r( ) has a form
of T r( ) µ -r q, where q is a power index, µ -c r q

s
2, and

µ -rΩk
3 2, we obtain

µ -H r . (6)q
s
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For Zone 1, with radial PI decreasing as -r 1.39, Equation (4)
implies Hs proportional to r1.61 and = -q 0.22. For Zone 2,
with radial PI decreasing as -r 0.33, Hs is proportional to r2.67

and = -q 2.34. These indicate that the temperature increases
with increasing r, which is difficult to explain by considering
only stellar radiation or the flared structure of the disk. One of
the reasons for the unexpected result is that the scattering
surface (Hs) is not simply related to temperature, as implied
from Equation (5). Such a result could be explained as the
existence of a gap, because the gap generates a sudden change

Figure 2. Polarized intensity profiles of the TW Hya disk in the H-band (left), and azimuthal brightness profile images at r = 0″. 2 (∼11 AU), 0″. 5 (∼27 AU), and 0″. 8
(∼43 AU), respectively (right). The error bars show 1σ. The numbers 1–3 in the left panel denote the three radial zones for which a separate polarized intensity slope
is fit.
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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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November 23 and 0.7 mm on the latter two executions. The
total on-target integration time was ∼2 hr.

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

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

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

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

3. RESULTS

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

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

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

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

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

2

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

HiCIAO ALMA

Resolution: 0.03 arcsecResolution: 0.15 arcsec

Akiyama et al. 2015 Andrews et al. 2016



Akimasa Kataoka (Heidelberg University), Japan-Germany Planet & Disk workshop, Ishigaki Island, Sep. 26-30, 2016 /25

• What physical mechanism does make this difference?

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

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

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

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

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

→
p (3, 4), where v→dust and

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

→
pgas ¼ 0

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

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

(blue) and 8.3 to 12 km s−1 (red), showing a sym-
metric gas disk with Keplerian rotation at an in-
clination i = 50°. The green background shows the
0.44-mm continuum. The position angle is indi-
cated in the upper right corner. (C) The Very Large
Telescope Imager and Spectrometer for the mid-
infrared (VISIR) 18.7-mm emission in orange con-
tours (36 to 120sVISIR levels in steps of 12sVISIR,
sVISIR = 0.2 Jy arc sec−2) and orange colors,
overlayed on the 0.44-mm continuum in green
colors and the 5s contour line in green. The VISIR
beam size is 0.48′′ in diameter and is indicated
with an orange circle in the bottom right corner.
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Fig. 1. Dust continuum map at 336 GHz (890 !m) for the disk of
HD 142527. The color scale shows the brightness temperature on
a logarithmic scale. The black contours denote Tb = 5, 10, 15, and
20 K, while the white one denotes the 5 " level. The size of the synthe-
sized beam is shown at the left corner of the image with a white ellipse
of 0:0039 ! 0:0034 (= 55 au ! 48 au) with a major-axis PA of 57ı.

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

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

Uncertainty associated with the absolute flux density is 10%.

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

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

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

3. Results

3.1. Continuum at 336 GHz

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

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

Fukagawa et al. 2013
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Figure 1. ALMA observations of dust and gas emission for the disks surrounding SAO 206462 (top row) and SR 21 (bottom row). Ellipses indicate beam sizes listed in
Table 1. Left panels: dust continuum emission (color scale) and dust brightness temperature (contours starting at 10 K, spaced by 5 K). Middle panels: 12CO J = 6–5
moment 0 map, contours start and are spaced by 3σ , where σ is the rms noise level in the map. Right panels: 12CO J = 6–5 moment 1 map, contours are spaced by
1 km s−1.
(A color version of this figure is available in the online journal.)

Table 1
Image Properties for Dust Continuum and Spectral Line Observations

Target R.A.a Deca Continuum Spectral Line

Sν
b rms Beam Beam RMSc Beam Beam

(J2000) (J2000) (Jy) (Jy beam−1) Size P.A. (Jy beam−1) Size P.A.

SAO 206462 15:15:48.448 −37:09:16.06 4.2 0.0020 0.′′27 × 0.′′19 53◦ 0.11 0.′′29 × 0.′′22 60◦

SR 21 16:27:10.281 −24:19:12.88 3.3 0.0011 0.′′29 × 0.′′18 −81◦ 0.07 0.′′32 × 0.′′20 −79◦

Notes.
a Phase center from the Roeser et al. (2010) catalog, including proper motion (epoch J2000).
b Flux density integrated inside aperture where emission is above 3×rms noise level.
c rms noise level in a 0.5 km s−1 channel.

SAO 206462 and SR 21, respectively. A total of 25 minutes
on-source time was obtained for both targets. Visibilities were
calibrated and imaged in CASA. Given the high signal-to-noise
ratio of these observations amplitude and phase self-calibration
was performed after standard phase referencing. Table 1 lists
observational properties of the continuum and spectral line
maps, obtained using Briggs weighting with a robust of 0.5.

3. OBSERVATIONAL RESULTS

We present maps of the dust and gas emission (12CO J =
6–5) in Figure 1. These observations resolve the structure of
each transitional disk, revealing for the first time the striking
morphology in the dust continuum emission for SAO 206462

and SR 21: a non-uniform ring with a bright asymmetry located
in the southwest for SAO 206462 and in the south for SR 21. The
integrated intensity map (moment 0) and the intensity-weighted
mean velocity map (moment 1) of 12CO J = 6–5 are presented
in the middle and right panels of Figure 1. In contrast with the
dust emission, the gaseous component from the 12CO moment
0 map appears to be quite compact and mostly symmetric.
However, significant emission (>3σ ) can be found at large radii
in the 12CO moment 1 map, just as with the dust emission. Since
emission from 12CO is most likely optically thick, it is not a good
tracer of depletion inside the cavity and other tracers must be
used (Bruderer 2013). However, a large depletion of the inner
disk (>106; Bruderer 2013) can give rise to the double-peaked
structure observed in the SAO 206462 moment 0 map. Further
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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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• If we can measure H2, of course 
that’s the best…  

• CO is used as a tracer of the gas 

• conversion: a factor of 3 lower 
than ISM.

How to measure dust and gas mass?
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Bulk Dust & Gas Masses
GAS FROM CO ISOTOPOLOGUES

 

C18
O 

13COHow material available for planet 
formation evolves with time → inputs 
for population synthesis models

DUST FROM SUB-MM CONTINUUM

Mdust =
F⌫d2

⌫B⌫(Tdust)

Single grain opacity  
(10 cm2 g−1 at 1000 GHz) 

Isothermal disk 
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Williams & Best (2014)

• Parametric disk models  
• Simple CO chemistry (freeze out + photodiss.) 
• Estimate Mgas to within factor of ~3

infrared mm continuum

Dust mass

Gas mass

• Flux (observed value) 

• distance (fixed) 

• Opacity (taken single value) 

• Temperature (assumed to be 
isothermal or related to L*)
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Figure 4. 13CO and C18O 3–2 line luminosities and associated gas masses (Section 5.2). Colored points show the WB14 model
grids, color-coded by gas mass. The two panels show di↵erent values for the [C18O]/[CO] isotopologue ratio, the ISM value
of 550 (left) and 3⇥ reduced abundance (right), to account for isotope-selective photodissociation. The 11 Lupus disks with
both lines detected are plotted as white circles and the 25 Lupus disks with only 13CO detections are plotted as black circles
with arrows indicating 3� upper limits on C18O. Error bars include both the statistical uncertainties (Table 3) and a 10% flux
calibration error. Stars show locations of the stacked non-detections (Section 5.3); error bars are roughly the size of the symbol.

pected given the undetected continuum, but the absence
of continuum emission is surprising given the sensitiv-
ity of the stacked image. We measured a mean signal
of 0.08 ± 0.06 mJy, which gives a 3� upper limit on the
average dust mass of individually undetected continuum
sources of ⇠6 Lunar masses (0.03 M�), comparable to
debris disk levels (Wyatt 2008). The stark contrast be-
tween the detected and undetected continuum sources
(see Figure 3, top panel) suggests that protoplanetary
disks evolve quickly to debris disk levels once disk clear-
ing begins (Alexander et al. 2014).
We then stacked the 24 sources detected in the contin-

uum and 13CO, but not C18O. We measured a continuum
mean signal of 45.25±0.20 mJy and a 13CO mean signal
of 586± 27 mJy km s�1 (Figure 5, upper left panel). In-
terestingly, the stacking also revealed a significant mean
signal for C18O of 132± 20 mJy km s�1 (Figure 5, lower
left panel). The stacked continuum flux corresponds to
M

dust

⇠ 19 M� and the stacked line fluxes correspond
to M

gas

⇠ 0.4 M
Jup

(Figure 4), giving an average gas-to-
dust ratio of only ⇠7 for sources detected in the contin-
uum and 13CO, but not C18O (Figure 3).
Finally, we stacked the 27 sources that were detected in

the continuum, but undetected in both 13CO and C18O.
We measured a continuum mean signal of 9.53 ± 0.13
mJy. The stacking revealed a significant mean signal
for 13CO (Figure 5, upper right panel), but not C18O
(Figure 5, lower right panel); the stacked gas fluxes were
54± 7 mJy km s�1 and 3± 8 mJy km s�1, respectively.
The continuum flux corresponds to M

dust

⇠ 4 M� while
the 13CO line flux and C18O upper limit correspond to

M
gas

. 0.2 M
Jup

(Figure 4), for an average gas-to-dust
ratio of .13 for disks detected in the continuum but un-
detected in both 13CO and C18O (Figure 3).

5.4. Transition Disks

Transition disks (TDs) are protoplanetary disks with
inner cavities and/or annular gaps in their dust and gas
distributions. TDs were initially identified by the mid-
IR deficits in their Spectral Energy Distributions (SEDs),
indicating a lack of warm micron-sized dust grains close
to the central star (see review in Espaillat et al. 2014).
Inner disk clearings and dust rings were later confirmed
with resolved mm continuum images (e.g., Andrews et al.
2011). TDs are now considered to be sites of ongoing disk
evolution, and their dust and gas distributions may be in
some cases signposts of embedded planets clearing gaps
in the disk (e.g., Pinilla et al. 2012; Pérez et al. 2014; van
der Marel et al. 2015, 2016a; Canovas et al. 2015)
Our ALMA continuum images show several Lupus

disks with signatures of inner dust cavities. Three disks
(2MASS J16083070-3828268, RY Lup, Sz 111) show
clearly resolved dust rings with cavity diameters of ⇠0.800

(⇠80 AU radius at 200 pc). 2MASS J16083070-3828268
and Sz 111 were previously recognized as TDs from the
mid-IR deficits in their SEDs (Meŕın et al. 2008). Al-
though RY Lup was not previously identified as a TD
by its SED (Manset et al. 2009), this is likely because
its strong 10 µm silicate emission feature, seen in its IRS
spectrum (Kessler-Silacci et al. 2006), washes out the
mid-IR dip in its broadband fluxes.
Three sources (Sz 100, Sz 123, 2MASS J16070854-

Williams and Best 2014,  Ansdell et al. 2016
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results of 
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introduced by theoretical evolutionary tracks, Figure 10 shows
that the ! Velorum cluster is in a similar evolutionary stage as the
other stellar groups with ages normally quoted as !5 Myr: the
k Orionis cluster (Barrado y Navascués et al. 2007; Dolan &
Mathieu 2002), the cluster NGC 2362 (Dahm & Hillenbrand
2007), and the Orion OB1b subassociation (Briceño et al. 2007;
Hernández et al. 2007b). We estimate an error of 1.5 Myr com-
paring the standard deviation in the color V " J for the member
sample (see x 3) to the standard deviation obtained using the
theoretical isochrones from Siess et al. (2000) with a reference
age of 5 Myr.

Figure 11 shows the disk frequencies of late-type stars (stars K
middle or later) with near-infrared disk emission in different stel-
lar groups, as a function of age (Hernández et al. 2005, 2007a;
Haisch et al. 2001). Using the number of members with V " J >
2:0 (!K5 or later) expected in our photometric sample (Fig. 3,
dashed histogram) and the disk detected in x 4.3, we calculated a
primordial disk frequency of 6% # 2%for the !Velorum cluster.
We include recent Spitzer results for the young stellar clusters
NGC 1333 (Gutermuth et al. 2008), NGC 2068/71(Flaherty &
Muzerolle 2008), Taurus (Hartmann et al. 2005), NGC 7129
(Gutermuth et al. 2004), Chameleons (Megeath et al. 2005),
Tr 37 and NGC 7160 (Sicilia-Aguilar et al. 2006), IC 348 (Lada
et al. 2006), NGC 2244 (Balog et al. 2007), NGC 2264 (Cieza
& Baliber 2007), " Ori (Hernández et al. 2007a), NGC 2362
(Dahm & Hillenbrand 2007), k Ori (Barrado y Navascués et al.
2007), Upper Scorpius (Carpenter et al. 2006), and Orion OB1b
and 25 Ori (Hernández et al. 2007b).

The disk frequencies decrease toward older ages with a time-
scale for primordial disk dissipation of !5 Myr. It is apparent
that the disk frequency found in the ! Velorum cluster is lower
than that found in young stellar populations with similar ages,
and comparable to the disk frequency in older stellar groups.

This could indicate that the low disk presence observed in the !
Velorum cluster is abnormal for its evolutionary stage, and envi-
ronmental effects, such as strong stellar winds and/or strong ra-
diation fields from the ! Velorum system, could provide the
physical mechanism for the low disk frequency.Moreover,!75%
of the disk-bearing stars in the ! Velorum cluster show IRAC
SED slopes smaller than the median values of other 5 Myr old
stellar groups plotted in Figure 10 suggesting that the disks of the
! Velorum cluster have a higher degree of dust settling. In par-
ticular, the median IRAC SED slopes for the disk population of
NGC 2362, the k Orionis cluster, the OB1b subassociation and
the ! Velorum cluster are "1.72, "1.60, "1.70, and "1.82, re-
spectively (with a typical error of 0.06).
Studying the young (2–3Myr) open cluster NGC 2244, Balog

et al. (2007) showed that high-mass stars (O-type stars) can affect
the primordial disks of lower mass members only if they are
within !0.5 pc of the high-mass star. We find similar results
for the ! Velorum cluster. Using the photometric members with
V " J > 3:5 (!M2 or later), we find a disk frequency of 4% #
3% at a projected distance of 0.25–1.0 pc; inside 0.25 pc the
central objects of the cluster contaminate the optical photometry
used to select photometric candidates (x 3). The closest primor-
dial disk is located at projected distance of !0.5 pc. At larger
projected distance (>1.0 pc), the disk frequency is larger (8% #
2%). This suggests that the relative fast dispersion of disks in the
! Velorum cluster is produced by the strong radiation fields and
strong stellar winds from the central objects. This result must still
be considered tentative given the small number of stars with
disks, which results in large errors in disk frequencies.
Alternatively, Figure 11 indicates that the disk frequency drops

rapidly at !5 Myr and the relative low frequency of disks ob-
served in the ! Velorum cluster could be explained if the cluster
is slightly older than 5 Myr. Additional studies of photometric
members presented in Table 1 are necessary to explain the disk
population found in ! Velorum cluster.

6. CONCLUSIONS

We have used the IRAC and MIPS instruments on board the
Spitzer Space Telescope to conduct a study of disks around the
! Velorum cluster. Since the central object is a binary system
consisting of the closest knownWolf-Rayet star and a high-mass
O star, a strong UVradiation field and stellar winds are present in
the cluster. Using optical photometry of X-ray sources (2XMM)
and members confirmed by spectroscopy (R. D. Jeffries et al.
2008, in preparation), 579 photometric candidates were selected
as possible members of the cluster. The level of contamination
by nonmembers depends on the V " J color range, showing the
highest level of contamination (!68%) at V " J ¼ 1:5–3.5,
where the field giant branch crosses the young stellar population.
Combining optical, 2MASS, and Spitzer data we have detected
infrared excess in 29 stars. One of the infrared excess stars is a
Be star.We report five debris disks aroundA-type stars, five debris
disks around solar-type stars (spectral type range F to early K)
and one solar-type star with infrared excess produced by a very
massive debris disks or by a primordial disk with a high degree
of dust settling. Seventeen disk-bearing low-mass stars (K5 or
later) were found in the cluster with a range of disk properties.
We classified these objects in three classes using the infrared ex-
cess at 5.8 #m and the SED slope ½8:0& " ½24&: nine Class II stars,
seven evolved disks star, and one pretransitional candidate. We
found that 76% of the stars bearing primordial disks have color
V " J > 4 (!later than M3.5), indicating a mass-dependent
timescale for disk dissipation in the ! Velorum cluster, similar

Fig. 11.—Fraction of stars with near-infrared disk emission as a function of
the age of the stellar group. Open circles represent the disk frequency for stars in
the T Tauri (TTS) mass range (!K5 or later), derived using JHKL observations:
NGC 2024 and Trapezium (Haisch et al. 2001), and Chameleon I (Gómez &
Kenyon 2001). Solid symbols represent the disk frequency calculated for stars
in the TTS mass range using Spitzer data (see text for references).

HERNÁNDEZ ET AL.1206 Vol. 686

Hernandez et al. 2007

disk fraction from IR excess
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Emission from the disc can be discerned from that of a back-
ground galaxy if the star is observed at a later epoch, following a
significant change of location due to its proper motion. Of all our
targets, only HD 115617 (61 Vir) exhibits a large proper motion of
(−1070.36, −1063.69) mas yr−1, enabling such a test within a rea-
sonable time-span, as shown in Wyatt et al. (2012). Another means
of discrimination is spatially resolved imaging, through which the
annular morphology of the emission would unequivocally indicate
a disc origin. In the millimetre, such studies of debris discs will be-
come more frequent with the high sensitivity provided by ALMA.

3.3 Dust mass evolution through the debris disc phase

Fig. 3 shows the measured dust masses of circumstellar discs during
the pre- and main-sequence evolution of low-mass stars. The stellar
masses of targets shown here span 0.2–3.3 M⊙. All measurements
are based on submillimetre and millimetre detections (850 µm–
2.6 mm) of optically-thin thermal dust emission from a large com-
pilation of literature data (see the caption of Fig. 3 for details).
For uniformity, we adopt a constant dust opacity of 1.7 cm2 g−1

(λ /850 µm) across all ages (Zuckerman & Becklin 1993). This is
a standard value adopted in most submillimetre papers. To convert
the flux to dust mass, we adopt average disc temperatures: 20 K for
T Tauri stars, 50 K for Herbig Ae stars and for each main-sequence
star we use a temperature corresponding to the blackbody fit to
the disc emission, i.e. the same method as applied in Section 3.1.
Optically thin to the stellar emission, the debris discs are heated

more efficiently and are consequently warmer than protoplanetary
discs. Using the above opacity and temperatures, we estimate the
dust masses from the observed (sub-)millimetre fluxes of all sources
shown in Fig. 3, using equation (1).

As can be seen in Fig. 3, the largest measured dust masses
for debris discs from 10 to more than 1000 Myr are around
Mm.s.(max) = 0.5 M⊕, irrespective of age. The observable, small
dust grains can originate from collisional evolution of dust and
stochastic processes. Although dust is continuously lost from de-
bris discs due to radiation pressure, the presence of massive and old
discs suggests the existence of a sufficient reservoir of large parti-
cles to feed the range of dust sizes observable in the millimetre dur-
ing 1000 Myr of exposure to direct stellar radiation. Observations
of debris discs are severely affected by a detection bias because
low-mass discs are only detectable around nearby, and therefore
older, stars in the sample (Wyatt 2008). This effect can be seen in
Fig. 3 where there are several targets at ages >500 Myr with derived
masses lower than 0.01 M⊕ but none around younger stars, since
such stars are more distant. This means that the decrease detected
in the lower envelope of disc masses with age is due to an observa-
tional bias and not an indication of disc mass evolution. Surveys of
debris discs in the (sub-)millimetre-wavelength regime are not yet
complete enough to statistically compare the incidence of the ob-
served massive (≈0.5 M⊕) debris discs across ages from 10 to above
1000 Myr, and investigate possible evolutionary trends in mass dis-
tribution. Nonetheless, it is possible that disc mass remains nearly
constant on the main sequence. The maximum mass of ≈0.5 M⊕

Figure 3. Dust masses of circumstellar discs derived based on observed (sub)millimetre fluxes towards pre-main-sequence and main-sequence stars. Obser-
vational limits corresponding to the sensitivity of a few mJy are shown with arrows: blue for 20 K discs around T Tauri stars and red for 50 K discs around
Herbig Ae stars. Fluxes used in this plot are literature values from: Jewitt (1994), Osterloh & Beckwith (1995), Sylvester et al. (1996), Sylvester, Dunkin &
Barlow (2001), Nuernberger, Chini & Zinnecker (1997), Nuernberger et al. (1998), Mannings & Sargent (1997, 2000), Holland et al. (1998, 2003), Greaves
et al. (1998, 2004, 2005, 2012), Wyatt et al. (2005), Sheret, Dent & Wyatt (2004), Piétu, Dutrey & Kahane (2003), Piétu et al. (2006), Carpenter et al. (2005),
Najita & Williams (2005), Williams & Andrews (2006), Lin et al. (2006), Matthews, Kalas & Wyatt (2007), Cieza et al. (2008), Roccatagliata et al. (2009),
Ricci et al. (2010a,b), Nilsson et al. (2010), and the detections presented here.
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• 89 disks observed (96% 
complete)  

• 62 continuum detections 

• 35 13CO detections 

• 11 C18O detections  

• 0.3" beam (50 AU) 

• 0.3 Mearth of dust 

Lupus survey
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Figure 2. 890 µm continuum images of the 61 Lupus disks detected in our ALMA Cycle 2 program (i.e., excluding Sz 82, which
was observed by Cleeves et al., in prep), ordered by decreasing continuum flux density (as reported in Table 2). Images are
200⇥200 and the typical beam size is shown in the first panel.

Ansdell et al., 2016
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Barenfeld et al., 2016

• 106 disks observed 

• continuum detections 

• 53 of 75 primordial disks 

• 5 of 31 debris/evolved disks  

•  12CO detections 

• 26 of 76 primordial disks  

• 0 of 31 debris/evolved disks 

• 0.34" beam (50 AU) 

• 0.1 Mearth of dust 

– 26 –

Fig. 3.— Images of the 0.88 mm continuum for the 58 primordial and debris/evolved transitional

disks detected (> 3�) in the Upper Sco sample. Each image is centered on the fitted position of

the source and is 300 ⇥ 300 in size.

Survey of Upper Sco
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Stellar mass - dust mass relation
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Fig. 7.— The Mdust−M∗ relation in four different regions: Taurus (green solid line), Lupus (red dot-dashed
line), Chamaeleon I (black dashed line), and Upper Sco (light blue dotted line). These relations are obtained
assuming a fixed dust temperature of 20K (see also Table 4). For Chamaeleon I we also plot the individual
dust disk masses. Note that the ∼10Myr-old Upper Sco has a steeper Mdust −M∗ relation than the other
star-forming regions.
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• Mdust ∝ M∗1.3−1.9  

• Taurus, Lupus, and 
Chamaeleon I (1-3 Myr) 
share the same relation  

• Upper Sco (5-11 Myr) has 
steeper relation

Pascucci et al., 2016
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• Lupus and Taurus (1-3 
Myr) share the same dust 
mass range 

• Lupus and Taurus (15 
Mearth) has 3× higher mass 
than Upper Sco (5 Mearth, 
5-11 Myr)

Dust mass of disks

15

10

and M⇤ fundamentally explains the correlation between
giant planet frequency and host star mass identified in
the exoplanet population (Endl et al. 2006; Johnson et al.
2007; Bonfils et al. 2013; Bowler et al. 2010). This is
because core growth is more e�cient both in higher-mass
disks (e.g., Thommes et al. 2008; Mordasini et al. 2012)
and around higher-mass stars (e.g., Kennedy & Kenyon
2008). Thus the sources in the upper right of Figure 6
are more likely to form giant planet cores before the gas
disk dissipates, allowing the cores to accrete substantial
gaseous envelopes and become gas giant planets.
Lupus disks also exhibit a large dispersion in M

dust

,
spanning ⇠2 orders of magnitude for a given M⇤. An-
drews et al. (2013) noted that the similarly large dis-
persion in Taurus is likely a consequence of the inherent
diversity in disk temperatures, dust opacities, and evo-
lutionary states across the region. The large dispersion
in Lupus may result from di↵erent environments and/or
evolutionary states across the Lupus I–IV clouds. To
test this, we re-derived the M

dust

vs. M⇤ correlation us-
ing only Lupus III sources; we chose Lupus III because it
contains the most sources in our sample and is more dis-
tant compared to the other clouds, thus possibly in a dif-
ferent environment. We found consistent slope (1.4±0.5)
and dispersion (1.1 ± 0.3) values to within errors, indi-
cating that the large dispersion in Lupus is an intrinsic
property of the disk population resulting from a range
of initial disk conditions (e.g., core angular momentum)
and hence planetary outcomes.
Because we estimated the gas mass of each disk in-

dependently from the dust (Section 5.2), we are able to
show for the first time that M

gas

and M⇤ may also be
correlated, as illustrated in Figure 7. We used the same
MC approach for assigning M⇤ values to the 20 obscured
sources without stellar masses, and again employed the
Cox proportional hazard test for censored data to evalu-
ate the significance of the correlation. We found a tenta-
tive positive correlation between M

gas

and M⇤ for Lupus
disks with a 0.01 probability of no correlation on average.
However, the significant number of gas upper limits, and
the large uncertainties on the gas mass estimates, means
this relation should be re-visited with higher-sensitivity
line observations that can provide more robust gas mass
detections and more sensitive upper limits. In particu-
lar, we note that the Cox proportional hazard test con-
siders upper limits but not measurement uncertainties.
If confirmed, this positive relation between M

gas

and M⇤
would further explain the positive correlation between
giant planet frequency and host star mass seen in the
exoplanet population.

6.2. Comparison to Other Regions

Sub-mm surveys of star-forming regions at di↵erent
ages provide the best available tool for probing dust mass
evolution, as sub-mm continuum emission can be directly
related to bulk dust mass (Section 5.1). This work pro-
vides a near-complete census of protoplanetary disks in
the young (⇠1–3 Myr) Lupus I–IV clouds with a dust
mass sensitivity of ⇠0.2–0.4 M� (Section 5.1), making
it an ideal baseline survey of early disk conditions. In
an e↵ort to understand disk evolution, we can compare
our Lupus dust mass distribution to those found in other
regions located in di↵erent environments or at di↵erent
stages of evolution. Only two other star-forming regions,

Figure 8. Dust mass cumulative distributions for Lupus,
Taurus, and Upper Sco disks around host stars with M⇤ >
0.1 M� (Section 6.2). The average dust masses for each re-
gion are given for reference. The distributions were calculated
using the Kaplan-Meier estimator to include upper limits and
the line widths indicate 1� confidence intervals.

Taurus and Upper Sco, have been surveyed in the sub-
mm with similar sensitivity and completeness. Taurus
has a similar age to Lupus (⇠1–2 Myr) and its Class II
disks were surveyed down to the brown-dwarf limit with
a dust mass sensitivity of ⇠2 M� (Andrews et al. 2013).
Upper Sco was recently surveyed in the sub-mm with
ALMA with a dust mass sensitivity of ⇠0.1 M� (Baren-
feld et al., submitted) and its older age (⇠5–10 Myr)
makes it an important point for comparison.
We calculated dust masses uniformly across each re-

gion, as described in Section 6.1, and considered only
sources withM⇤ > 0.1M�. Figure 8 shows the dust mass
cumulative distributions, calculated using the Kaplan-
Meier estimator in the ASURV package (Lavalley et al.
1992) to include upper limits. Lupus and Taurus have
consistent mean dust masses (15±3 M� and 15±2 M�,
respectively), while Upper Sco has a significantly lower
mean dust mass (5± 3 M�). We confirmed these results
using the two-sample tests in ASURV, which estimate
the probability that two samples of censored data have
the same parent distribution. We found probabilities of
0.87–0.98 for Lupus and Taurus, indicating statistically
similar dust mass distributions. We also found probabil-
ities of < 5 ⇥ 10�5 for Lupus and Upper Sco as well as
Taurus and Upper Sco, indicating statistically di↵erent
dust mass distributions.
When comparing the dust mass distributions of two

regions, it is important to confirm that they have compa-
rable stellar distributions due to the correlation between
M

dust

and M⇤ (e.g., Figure 6). We therefore employed
the aforementioned two-sample tests in ASURV to deter-
mine the probabilities of the samples being drawn from
the same parent population of stellar masses. We found
probabilities of 0.002–0.04 for Lupus and Taurus, 0.33-
0.97 for Lupus and Upper Sco, and 0.0001–0.0003 for
Taurus and Upper Sco.
Thus the dust mass distribution of Lupus is readily

comparable to that of Upper Sco in Figure 8, indicat-
ing that the mean dust mass in Lupus is 3⇥ higher than
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• Gas-to-dust ratio 
varies from 1 to 100 

• Typical g/d ratio is 
~10 (cf. ISM ~ 100) 

• Quick gas 
dissipation or CO 
depletion?
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Figure 3. Dust masses (top), gas masses (middle), and gas-to-dust ratios (bottom) for the continuum-detected sources in our
Lupus sample. Dust masses and associated uncertainties are from Table 2; error bars are smaller than the symbol size unless
shown. Gas masses and upper limits are taken from Table 3; error bars represent the range of possible gas masses, as described
in Section 5.2. Gas-to-dust ratios and error bars are directly derived from the dust masses and range of possible gas masses. Blue
points indicate detections and gray triangles indicate upper limits. Stars show the results of our stacking analysis (Section 5.3).

most cases much less than the Minimum Mass Solar Neb-
ula (MMSN). For disks with at least one line detection,
the inferred gas-to-dust ratios are also almost universally
below the ISM value of 100 (Figure 3, bottom panel).
The gas-to-dust ratio upper limits are poor for low-mass
disks with weak emission, but are more stringent for suf-
ficiently massive disks (M

dust

> 10 M�). These low gas
masses and low gas-to-dust ratios confirm the findings of
WB14, who presented a similar result for a small sample
of nine Class II disks around K/M-type sources in Tau-
rus. We discuss the implications and caveats of these
findings in Section 6.3.

5.3. Stacked Non-detections

We performed a stacking analysis to constrain the aver-
age dust and gas mass of individually undetected sources.

Before stacking, we centered each image on the expected
source location and scaled the flux to 200 pc. We then
measured flux densities in the stacked images using aper-
ture photometry as in Section 4.1. We confirmed that the
source locations were su�ciently accurate by measuring
the average o↵set of the detected sources from their phase
center: we found h�↵i = �0.1500 and h��i = �0.2200,
both smaller than the average beam size. Moreover, be-
cause the dispersion around the mean radial velocity of
Lupus I-IV sources is much smaller than the velocity
range over which we integrated the zero-moment maps
(Section 3), any velocity di↵erences among the gas non-
detections should have negligible e↵ects on the stacking.
We first stacked the 27 continuum non-detections, but

did not find a significant mean signal in the continuum,
13CO, or C18O stacks. The lack of line emission is ex-

Lupus survey

Ansdell et al., 2016
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Figure 3. Dust masses (top), gas masses (middle), and gas-to-dust ratios (bottom) for the continuum-detected sources in our
Lupus sample. Dust masses and associated uncertainties are from Table 2; error bars are smaller than the symbol size unless
shown. Gas masses and upper limits are taken from Table 3; error bars represent the range of possible gas masses, as described
in Section 5.2. Gas-to-dust ratios and error bars are directly derived from the dust masses and range of possible gas masses. Blue
points indicate detections and gray triangles indicate upper limits. Stars show the results of our stacking analysis (Section 5.3).

most cases much less than the Minimum Mass Solar Neb-
ula (MMSN). For disks with at least one line detection,
the inferred gas-to-dust ratios are also almost universally
below the ISM value of 100 (Figure 3, bottom panel).
The gas-to-dust ratio upper limits are poor for low-mass
disks with weak emission, but are more stringent for suf-
ficiently massive disks (M

dust

> 10 M�). These low gas
masses and low gas-to-dust ratios confirm the findings of
WB14, who presented a similar result for a small sample
of nine Class II disks around K/M-type sources in Tau-
rus. We discuss the implications and caveats of these
findings in Section 6.3.

5.3. Stacked Non-detections

We performed a stacking analysis to constrain the aver-
age dust and gas mass of individually undetected sources.

Before stacking, we centered each image on the expected
source location and scaled the flux to 200 pc. We then
measured flux densities in the stacked images using aper-
ture photometry as in Section 4.1. We confirmed that the
source locations were su�ciently accurate by measuring
the average o↵set of the detected sources from their phase
center: we found h�↵i = �0.1500 and h��i = �0.2200,
both smaller than the average beam size. Moreover, be-
cause the dispersion around the mean radial velocity of
Lupus I-IV sources is much smaller than the velocity
range over which we integrated the zero-moment maps
(Section 3), any velocity di↵erences among the gas non-
detections should have negligible e↵ects on the stacking.
We first stacked the 27 continuum non-detections, but

did not find a significant mean signal in the continuum,
13CO, or C18O stacks. The lack of line emission is ex-

Lupus survey

• 89 disks observed (96% complete)  

• 62 continuum detections 

• Stacking analysis of undetected sources → 
< 6 Lunar masses (0.03 Mearth)  

• Rapid disk dissipation once the 
dissipation begins?

• Gas-to-dust ratio 
varies from 1 to 100 

• Typical g/d ratio is 
~10 (cf. ISM ~ 100) 

• Quick gas 
dissipation or CO 
depletion?

*g/d is affected by 
grain growth 
(Tsukamoto et al. 
2016) See his talk

Ansdell et al., 2016
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• HD line : good tracer of gas mass 

• HD-measured gas mass > CO-
measured gas mass 

• CO freeze-out, photodissociation, or 
chemical depletion 

Gas mass measurement
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Mass measurements in protoplanetary disks 3

Fig. 1.— PACS spectra of our sample in the region around the HD line. The continuum (blue, dashed line) was determined by fitting a
first order polynomial to regions on either side of the feature (grey fill). The red arrow indicates the location of the HD line.

Fig. 2.— Gaussian line fits (red) to the continuum subtracted spectra (black). The FWHM and central wavelength were fixed at the
instrumental and theoretical values, respectively. The thicker red line indicates the region over which the RMS deviation of the residuals
is measured. The 1� uncertainty calculation is described in Section 2.

Bergin et al. 2013, McClure et al. 2016
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An old disk still capable of forming a planetary system
Edwin A. Bergin1, L. Ilsedore Cleeves1, Uma Gorti2,3, Ke Zhang4, Geoffrey A. Blake5, Joel D. Green6, Sean M. Andrews7,
Neal J. Evans II6, Thomas Henning8, Karin Öberg7, Klaus Pontoppidan9, Chunhua Qi7, Colette Salyk10 & Ewine F. van Dishoeck11,12

From the masses of the planets orbiting the Sun, and the abund-
ance of elements relative to hydrogen, it is estimated that when
the Solar System formed, the circumstellar disk must have had a
minimum mass of around 0.01 solar masses within about 100 astro-
nomical units of the star1–4. (One astronomical unit is the Earth–
Sun distance.) The main constituent of the disk, gaseous molecular
hydrogen, does not efficiently emit radiation from the disk mass
reservoir5, and so the most common measure of the disk mass is dust
thermal emission and lines of gaseous carbon monoxide6. Carbon
monoxide emission generally indicates properties of the disk sur-
face, and the conversion from dust emission to gas mass requires
knowledge of the grain properties and the gas-to-dust mass ratio,
which probably differ from their interstellar values7,8. As a result,
mass estimates vary by orders of magnitude, as exemplified by the
relatively old (3–10 million years) star TW Hydrae9,10, for which the
range is 0.0005–0.06 solar masses11–14. Here we report the detection
of the fundamental rotational transition of hydrogen deuteride
from the direction of TW Hydrae. Hydrogen deuteride is a good
tracer of disk gas because it follows the distribution of molecular
hydrogen and its emission is sensitive to the total mass. The detec-
tion of hydrogen deuteride, combined with existing observations
and detailed models, implies a disk mass of more than 0.05 solar
masses, which is enough to form a planetary system like our own.

Commonly used tracers of protoplanetary disk masses are thermal
emission from dust grains and rotational lines of carbon monoxide
(CO) gas. However, the methods by which these are detected rely on
unconstrained assumptions. The dust detection method has to assume
an opacity per gram of dust, and grain growth can change this value
drastically15. The gas mass is then calculated by multiplying the dust
mass by the gas-to-dust ratio, which is usually assumed to be ,100
from measurements of the interstellar medium16. The gas mass thus
depends on a large and uncertain correction factor. The alternative is
to use rotational CO lines as gas tracers, but their emission is optically
thick and therefore trace the disk surface temperature rather than the
midplane mass. The use of CO as a gas tracer thus leads to large dis-
crepancies between mass estimates for different models of TW Hya
(from 5|10{4M8 to 0:06M8, where M8 is the solar mass), even
though each matches a similar set of observations13,14.

Using the Herschel Space Observatory17 Photodetector Array
Camera and Spectrometer18, we robustly detected (9s) the lowest rota-
tional transition, J 5 1 R 0, of hydrogen deuteride (HD) in the closest
(D < 55 pc) and best-studied circumstellar disk around TW Hya
(Fig. 1). This star is older (3–10 Myr; refs 9, 10, 19) than most stars
with gas-rich circumstellar disks8. The abundance of deuterium atoms
relative to hydrogen is well characterized, via atomic electronic transi-
tions, to be xD 5 (1.5 6 0.1) 3 1025 in objects that reside within
,100 pc of the Sun20. Adding a hydrogen atom to each, to form H2

and HD, which is appropriate for much of the disk mass, provides an
HD abundance relative to H2 of xHD 5 3.0 3 1025. We combine the

HD data with existing molecular observations to set new constraints
on the disk mass within 100 AU, which is the most fundamental quan-
tity that determines whether planets can form. The disk mass also

1Department of Astronomy, University of Michigan, 500 Church Street, Ann Arbor, Michigan 48109, USA. 2SETI Institute, Mountain View, California 94043, USA. 3NASA Ames Research Center, Moffett Field,
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Figure 1 | Herschel detection of HD in the TW Hya protoplanetary disk.
a, The fundamental J 5 1 R 0 line of HD lies at ,112mm. On 20 November
2011, it was detected from the direction of the TW Hya disk at the 9s level. The
total integrated flux is (6.3 6 0.7) 3 10218 W m22. We also report a detection of
the warm disk atmosphere in CO J 5 23 R 22 with a total integrated flux of
(4.4 6 0.7) 3 10218 W m22. The J 5 1 R 0 line of HD was previously detected
by the Infrared Space Observatory in a warm gas cloud exposed to radiation
from nearby stars27. Other transitions have also been detected in shocked
regions associated with supernovae and outflows from massive stars28,29.
b, Simultaneous observations of HD J 5 2 R 1 are shown. For HD J 5 2 R 1,
we find a detection limit of ,8.0 3 10218 W m22 (3s). We also report a
detection of the OH 2P1/2 9/2 R 7/2 doublet near 55.94mm with an integrated
flux of (4.93 6 0.27) 3 10217 W m22. The spectra include the observed thermal
dust continuum of , 3.55 Jy at both wavelengths.
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TW Hya

HD measured CO measured

TW Hya > 5.0×10−2 Msun 4.7×10−4-6×10−2 Msun*

DM Tau 1.0-4.7×10−2 Msun 1.4×10−3 Msun*

GM Aur 2.5-20.4×10−2 Msun < 0.35×10−3 Msun*
*Thi et al. 2010, Gorti et al. 2011, Dutrey et al. 1996

HD line @ 112 µm 
observed with Hershel
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• Accretion rate from UV 
excess in VLT/X-Shooter  

• g/d is assumed to be 100 

• Consistent with the 
viscous accretion theory 

• Transition disks have 
lower Macc.

Macc(X-shooter) vs. Mdust (ALMA)
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C. F. Manara et al.: Evidence for a correlation between Ṁacc and Mdisk

Fig. 2. Logarithm of Lacc vs. logarithm of continuum emission normal-
ized to a distance of 150 pc. Symbols are as in Fig. 1.

Fig. 3. Logarithm of Ṁacc vs. logarithm of the disk mass derived from
CO emission. Symbols are as in Fig. 1. No correlation is found between
these quantities.

tests on the same targets after randomly displacing the values
of Mdisk,dust within a uniform distribution with size ±1 dex and
centered on the measured value to mimic the uncertainties. We
perform this test ten times, and the correlation is still present in
nine out of ten realizations. Then, we test the e↵ect of our as-
sumption of a single Tdust by modifying our Mdisk,dust values as-
suming Tdust / L

0.25
? (Andrews et al. 2010). The correlation be-

comes less robust, but still significant (r = 0.3, p-value= 0.03).
We conclude that there is a statistically significant relation be-
tween the logarithm of Ṁacc and the logarithm of Mdisk,dust. This
relation has a slope slightly smaller than unity.

The location of TDs in Fig. 4 is also highlighted. All but one
of the TDs are found to be below the best-fit relation in agree-
ment with, for example, Najita et al. (2015). This suggests they
have either lower Ṁacc, or larger disk mass, or a di↵erent gas-to-
dust ratio, than typical full disks.

Fig. 4. Logarithm of Ṁacc vs. logarithm of Mdisk= 100 · Mdisk,dust. Sym-
bols are as in Fig. 1. Also here, the best fit with the procedure by Kelly
(2007) overlaps with the least-squares best fit. The dashed lines repre-
sent di↵erent ratios of Mdisk/Ṁacc, as labeled.

3.2. Disk gas mass

The lower detection rates of CO lines than continuum emission
(AW16) implies that we only measure Mdisk,gas for a few objects.
Figure 3 reports the Ṁacc vs. Mdisk,gas plot.

We perform the same statistical tests as for the Ṁacc –
Mdisk,dust relation. We find no correlation between the logarithm
of Ṁacc and the logarithm of Mdisk,gas using the least-squares lin-
ear regression on the targets with measured Mdisk,gas (r = 0.2,
p-value = 0.3). When considering uncertainties on the measure-
ments we find a value for the correlation coe�cient of 0.5+0.4

�0.6,
and thus we find no correlation. We obtain the same statistically
insignificant value for the correlation coe�cient, which points
toward no correlation, even when we include the upper limits.
Finally, the Cox hazard test for censored data gives a probability
of 0.25 that the two quantities are not correlated. We then con-
clude that we do not detect any correlation between these two
quantities. The large number of upper limits compared to detec-
tion is probably a limiting factor in studying this relation and the
large error bars of the measurements are another limiting factor.
Deeper ALMA surveys of CO emission in protoplanetary disks
are needed to further study this relation. In Fig. 3, the TDs are
mixed with full disks.

4. Discussion

As mentioned in the Introduction, viscous evolution theory pre-
dicts that Ṁacc/ Mdisk/t⌫(Rout). The evolution of the surface den-
sity of the disk (⌃) can be analytically described provided that
the viscosity (⌫) is known (e.g., Pringle 1981; Lodato 2008).

As described by Jones et al. (2012), a similarity solution
(Mdisk / t

��) is reached for times much larger than the viscous
timescales under the simple assumptions ⌫ / R

n or ⌫ / ⌃m

R

n,
where R is the disk radius. By di↵erentiating this solution, one
obtains Ṁacc / �t

�(1+�) and thus it is possible to define the
“viscous disk age” as tdisk = Mdisk/Ṁacc = t/�. Measurements
of the decline of Ṁacc with time suggest that � ⇠ 0.5 (e.g.,
Hartmann et al. 1998; Sicilia-Aguilar et al. 2010). For viscously
evolving disks, this implies that the age of the objects should

L3, page 3 of 6

Manara et al. 2016
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1.Thermal emission from 
elongated dust grains aligned 
with magnetic field 

→ a probe of the magnetic 
field structure 

2.Self-scattering of thermal dust 
emission 

→ measuring the grain size at 
midplane

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

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

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

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

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

Fig. 12.—SED for four different viewing angles.When " ¼ 90 (i.e., for edge-on
disk), inner part of the disk (i.e., region close to the star) is invisible because it is
occulted by the outer part of the disk. Therefore, the SED truncates for k < 10 !m.
When " ¼ 0 (i.e., for face-on disk), the polarized emission is zero as expected,
because the assumed magnetic field configuration is perfectly azimuthal.
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where r is the orbital radius. The mass of the central star is
taken to be M1.9 :. The adopted values are 0.6 g cm0

2S = - ,
r 173d = AU, w 27d = AU, and h r19.8 AU 173 AUg

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

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

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

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

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

3.2. Polarization from Lopsided Protoplanetary Disks

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

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

Figure 8. Same as Figure 5, but for model A in the case of the lopsided protoplanetary disk. The object is optically thin everywhere.
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where r is the orbital radius. The mass of the central star is
taken to be M1.9 :. The adopted values are 0.6 g cm0

2S = - ,
r 173d = AU, w 27d = AU, and h r19.8 AU 173 AUg

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

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

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

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

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

3.2. Polarization from Lopsided Protoplanetary Disks

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

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

Figure 8. Same as Figure 5, but for model A in the case of the lopsided protoplanetary disk. The object is optically thin everywhere.
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Fig. 8. Selected re-emission maps for a wavelength of 1.3 mm and a distance of 100 pc. The maps are calculated for model D2G_e-4 (left) and
model D2G_e-2 (right). In these ideal re-emission maps, the turbulent structure in D2G_e-4 and the gap in D2G_e-2 are conserved.

4.2. Dead-zone edge versus a fully turbulent disk

In this section we compare the re-emission maps and simulated
ALMA observations of our fiducial model D2G_e-2 including
the dead-zone edge and model D2G_e-4, which is fully turbu-
lent. We focus on a single output after 410 inner orbits because
a comparison with other snapshots taken during 100 additional
inner orbits did not show any significant differences.

We explored which structures of the (dust) density distri-
bution were conserved in the re-emission maps. Our goal is to
identify the structures that are able to distingish between the two
models. First we focus on ideal re-emission maps and then con-
sider simulated observations with ALMA.

For the model D2G_e-4 the turbulent structure of the density
map is present in the re-emission map (see Fig. 8 left). It is very
interesting that model D2G_e-2 shows a ring of reduced bright-
ness at the exact position as the structure in the surface density
map (see Fig. 8 right). This gap structure at the same time marks
the edge of the dead zone. We note that the total re-emission
fluxes are different between the models because of the differ-
ent total dust mass as a consequence of the different dust-to-gas
mass ratios.

The next step was to probe whether it was feasible to trace
the structures in these re-emission maps with ALMA. Figure 9
presents the simulated observations for the disk models D2G_e-2
and D2G_e-4 for an object at a distance of 75 pc. Each plot in-
cludes the related synthesized beam size, the maximum baseline,
and the signal-to-noise ratio (S/N) σ. Furthermore, the figure il-
lustrates the dependence of the observational results on the ob-
serving wavelength and atmospheric conditions. It clearly shows
that it is possible to trace the gap located at the dead-zone edge
in model D2G_e-2with the distance- and wavelength-dependent
significance listed in Table 3. The value of the significance was
derived by comparing the (maximum) signal at the outer edge of
the gap and the signal at the gap center in the radial brightness
profile (see Fig. 10).

The 871 µm wavelength offers the potential of gap detections
with the highest significance (see Table 3). In particular, for ob-
jects at a distance of 140 pc a detection of a gap with >3σ is only
possible at this wavelength.

Additionally, Table 4 shows that the influence of the object
position on the significance of a gap detection is small as long

Table 3. Expected significance of gap detections in simulated
ALMA observations of model D2G_e-2.

λ [µm] 75 pc 100 pc 120 pc 140 pc
441 5.0σ 3.9σ 2.6σ 2.2σ
871 11.7σ 6.4σ 4.2σ 4.2σ
1303 7.7σ 4.8σ 3.3σ 2.4σ

as the object reaches a height of more than 40◦ above the hori-
zon. For model D2G_e-4 the variations of the density are too
low (<10% at the midplane) and limited to a too small area
(<1 × 1 AU2) to be traced in the simulated ALMA observa-
tions. A characteristic ring structure such as the gap in the disk
model D2G_e-2 is absent.

However, Fig. 10 also shows that the considered high-
angular submillimeter observations alone do not allow one to
constrain the origin of the gaps. Giant planets potentially also
open gaps in the disk density distribution (Goldreich & Tremaine
1979; Papaloizou & Lin 1984), which create a similar shape of
the radial brightness profile, as an example case shows in Fig. 10.
The disk with a planet is taken from Ruge et al. (2013) with a
planet-to-star mass ratio of 0.001. It also represents a simulated
ALMA observation.

Furthermore, we produced scattered-light images of the
two disk density models at a reference wavelength of 2.2 µm
(K band). They do not show any significant structure in the disk.
It is similar to the corresponding scattered-light map of the ini-
tial disk setup. Therefore a simple 2D disk model is able to ex-
plain the scattered-light appearance of both models. The rea-
son for this is the structure of the photosphere of the disk at
the selected wavelength. The disk becomes optically thick for
this wavelength already on a surface of the disk where the influ-
ence of turbulence and dead-zone edges is too low to be visible.
A similar case has been investigated in detail for planet-induced
gaps by Ruge et al. (2014).

4.3. Consequences of turbulence for gas line observations

CO gas line observations of circumstellar disks frequently find
broadened line profiles that cannot be explained by the ther-
mal velocity of the molecules itself (e.g., Guilloteau & Dutrey
1998; Piétu et al. 2007; Qi et al. 2004; Guilloteau et al. 2012).
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Fig. 4. Radial profiles of space and time averaged surface density (solid line), magnetic pressure (dashed line) and deviation of Keplerian rotation
(dotted line) for model D2G_e-2 (left) and model D2G_e-4 (right). The background contour color shows the space and time averaged value of the
Elsasser number. The red solid line and annotation show the region of super Keplerian rotating gas. At this location, large particles are getting
trapped.

Fig. 5. 3D plot of the toroidal magnetic field of models D2G_e-2 (left) and D2G_e-4 (right).

Fig. 6 (bottom right), shows that these large-scale structures cor-
relate with a minimum in vorticity. These structures could poten-
tially concentrate particles, similar to concentrations of particles
in fully ionized MRI turbulence (Dittrich et al. 2013).

Surface density and vorticity maps of model D2G_e-2 are
presented in Fig. 7 after 800 and 1045 inner orbits. Both outputs
show the clear gap and following jump in surface density, visible
between 50 and 80 AU. The structures are mostly axisymmetric,
with small azimuthal fluctuations of about 4%. In this model we
observe the formation of a large vortex inside the ring structure
at 60 AU (see Fig. 7 bottom), with a surface density enhance-
ment and a corresponding low-vorticity region. The radial extent
of the vortex is around 2 scale heights, which corresponds to a
radial extent of 10 AU at this location. The azimuthal extent is
around 10 H, corresponding to an extent of 50 AU. We tracked
two vortices in model D2G_e-2 with similar strength over the
full simulation. The first has a lifetime of around 40 local orbits
at 60 AU, starting after 350 inner orbits and lasting for 200 inner
orbits. The second cycle starts at around 850 and is still present
at the final output; see Fig. 7. The vorticity amplitude inside the

vortices is around−0.3 [Ω−1], which matches those generated by
the RWI (Meheut et al. 2012b, 2013).

We summarize that both models developed surface density
enhancements. In the fully turbulent model D2G_e-4 the en-
hancements are stronger, but with a smaller spatial extent than
for model D2G_e-2. In the fiducial model D2G_e-2 we observe
a gap followed by a bump in surface density. Inside the bump,
vortices are formed by the RWI with a lifetime of around 40 lo-
cal orbits.

4. Radiative transfer and simulated ALMA maps

The fiducial model showed the generation of a gap and bump
in surface density, visible as ring structures located at the outer
edge of the dead zone. The decrease and following enhancement
of the surface density emerges thanks to a zonal-flow-analog
structure, which is located at the transition between the MRI
dead and active zone. The model with a reduced dust amount
showed fully evolved turbulence. In this section we investigate
and compare these two model configurations when observed
with ALMA.
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Figure 1. The ring state: Self-consistent radiative transfer simulations of the polarized emission of aligned aspherical dust grains at
1.3mm (top row), and simulated ALMA observations (bottom row; CASA v5.4.2, band 6, configuration C40-5, 1.5h integration time;
minimal displayed polarization degree is 1%, i.e., the 3� level of ALMA) at three di↵erent disk orientations (left: face-on, center: 45�,
right edge-on). The color map shows the total (unpolarized) intensity which is overplotted by polarization vectors.The vectors are plotted
with the spatial resolution indicated by the beam size given as white ellipses. The toroidal magnetic field topology is traced by its
characteristic polarization structure in all of the three orientations in the simulated ALMA observation.

Figure 2. The vortex state: As in Fig. 1. The toroidal magnetic field topology is traced by its characteristic polarization structure in
both orientations in the simulated ALMA observation, while the vortex is clearly detected in the simulated ALMA observation of a
face-on disk.
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Figure 1. The ring state: Self-consistent radiative transfer simulations of the polarized emission of aligned aspherical dust grains at
1.3mm (top row), and simulated ALMA observations (bottom row; CASA v5.4.2, band 6, configuration C40-5, 1.5h integration time;
minimal displayed polarization degree is 1%, i.e., the 3� level of ALMA) at three di↵erent disk orientations (left: face-on, center: 45�,
right edge-on). The color map shows the total (unpolarized) intensity which is overplotted by polarization vectors.The vectors are plotted
with the spatial resolution indicated by the beam size given as white ellipses. The toroidal magnetic field topology is traced by its
characteristic polarization structure in all of the three orientations in the simulated ALMA observation.

Figure 2. The vortex state: As in Fig. 1. The toroidal magnetic field topology is traced by its characteristic polarization structure in
both orientations in the simulated ALMA observation, while the vortex is clearly detected in the simulated ALMA observation of a
face-on disk.
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SYNTHETIC IMAGES OF A FACE-ON TRANSITION DISK
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Pohl et al. 2016, submitted

● Reference model:

– 1 Myr of dust evolution

– Dust mixture (silicate, carbon, ice)

– λ = 870 μm (band 7), face-on disk (i = 0°)
~ 150 μm

t = 1 Myr

Pohl, Kataoka, et al., 2016

2.Self-scattering of thermal dust emission

• Polarization is emitted only from locations 
where amax = 150µm (λ=870 µm)  

• In a disk with a planet, three polarization 
rings are expected.
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• There are rings and lopsided disks. 

• Surveys show the disk evolution in Myr time scale 

• ALMA polarization as a new tool of measuring grain growth

Summary
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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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Figure 2. 890 µm continuum images of the 61 Lupus disks detected in our ALMA Cycle 2 program (i.e., excluding Sz 82, which
was observed by Cleeves et al., in prep), ordered by decreasing continuum flux density (as reported in Table 2). Images are
200⇥200 and the typical beam size is shown in the first panel.
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and M⇤ fundamentally explains the correlation between
giant planet frequency and host star mass identified in
the exoplanet population (Endl et al. 2006; Johnson et al.
2007; Bonfils et al. 2013; Bowler et al. 2010). This is
because core growth is more e�cient both in higher-mass
disks (e.g., Thommes et al. 2008; Mordasini et al. 2012)
and around higher-mass stars (e.g., Kennedy & Kenyon
2008). Thus the sources in the upper right of Figure 6
are more likely to form giant planet cores before the gas
disk dissipates, allowing the cores to accrete substantial
gaseous envelopes and become gas giant planets.
Lupus disks also exhibit a large dispersion in M

dust

,
spanning ⇠2 orders of magnitude for a given M⇤. An-
drews et al. (2013) noted that the similarly large dis-
persion in Taurus is likely a consequence of the inherent
diversity in disk temperatures, dust opacities, and evo-
lutionary states across the region. The large dispersion
in Lupus may result from di↵erent environments and/or
evolutionary states across the Lupus I–IV clouds. To
test this, we re-derived the M

dust

vs. M⇤ correlation us-
ing only Lupus III sources; we chose Lupus III because it
contains the most sources in our sample and is more dis-
tant compared to the other clouds, thus possibly in a dif-
ferent environment. We found consistent slope (1.4±0.5)
and dispersion (1.1 ± 0.3) values to within errors, indi-
cating that the large dispersion in Lupus is an intrinsic
property of the disk population resulting from a range
of initial disk conditions (e.g., core angular momentum)
and hence planetary outcomes.
Because we estimated the gas mass of each disk in-

dependently from the dust (Section 5.2), we are able to
show for the first time that M

gas

and M⇤ may also be
correlated, as illustrated in Figure 7. We used the same
MC approach for assigning M⇤ values to the 20 obscured
sources without stellar masses, and again employed the
Cox proportional hazard test for censored data to evalu-
ate the significance of the correlation. We found a tenta-
tive positive correlation between M

gas

and M⇤ for Lupus
disks with a 0.01 probability of no correlation on average.
However, the significant number of gas upper limits, and
the large uncertainties on the gas mass estimates, means
this relation should be re-visited with higher-sensitivity
line observations that can provide more robust gas mass
detections and more sensitive upper limits. In particu-
lar, we note that the Cox proportional hazard test con-
siders upper limits but not measurement uncertainties.
If confirmed, this positive relation between M

gas

and M⇤
would further explain the positive correlation between
giant planet frequency and host star mass seen in the
exoplanet population.

6.2. Comparison to Other Regions

Sub-mm surveys of star-forming regions at di↵erent
ages provide the best available tool for probing dust mass
evolution, as sub-mm continuum emission can be directly
related to bulk dust mass (Section 5.1). This work pro-
vides a near-complete census of protoplanetary disks in
the young (⇠1–3 Myr) Lupus I–IV clouds with a dust
mass sensitivity of ⇠0.2–0.4 M� (Section 5.1), making
it an ideal baseline survey of early disk conditions. In
an e↵ort to understand disk evolution, we can compare
our Lupus dust mass distribution to those found in other
regions located in di↵erent environments or at di↵erent
stages of evolution. Only two other star-forming regions,

Figure 8. Dust mass cumulative distributions for Lupus,
Taurus, and Upper Sco disks around host stars with M⇤ >
0.1 M� (Section 6.2). The average dust masses for each re-
gion are given for reference. The distributions were calculated
using the Kaplan-Meier estimator to include upper limits and
the line widths indicate 1� confidence intervals.

Taurus and Upper Sco, have been surveyed in the sub-
mm with similar sensitivity and completeness. Taurus
has a similar age to Lupus (⇠1–2 Myr) and its Class II
disks were surveyed down to the brown-dwarf limit with
a dust mass sensitivity of ⇠2 M� (Andrews et al. 2013).
Upper Sco was recently surveyed in the sub-mm with
ALMA with a dust mass sensitivity of ⇠0.1 M� (Baren-
feld et al., submitted) and its older age (⇠5–10 Myr)
makes it an important point for comparison.
We calculated dust masses uniformly across each re-

gion, as described in Section 6.1, and considered only
sources withM⇤ > 0.1M�. Figure 8 shows the dust mass
cumulative distributions, calculated using the Kaplan-
Meier estimator in the ASURV package (Lavalley et al.
1992) to include upper limits. Lupus and Taurus have
consistent mean dust masses (15±3 M� and 15±2 M�,
respectively), while Upper Sco has a significantly lower
mean dust mass (5± 3 M�). We confirmed these results
using the two-sample tests in ASURV, which estimate
the probability that two samples of censored data have
the same parent distribution. We found probabilities of
0.87–0.98 for Lupus and Taurus, indicating statistically
similar dust mass distributions. We also found probabil-
ities of < 5 ⇥ 10�5 for Lupus and Upper Sco as well as
Taurus and Upper Sco, indicating statistically di↵erent
dust mass distributions.
When comparing the dust mass distributions of two

regions, it is important to confirm that they have compa-
rable stellar distributions due to the correlation between
M

dust

and M⇤ (e.g., Figure 6). We therefore employed
the aforementioned two-sample tests in ASURV to deter-
mine the probabilities of the samples being drawn from
the same parent population of stellar masses. We found
probabilities of 0.002–0.04 for Lupus and Taurus, 0.33-
0.97 for Lupus and Upper Sco, and 0.0001–0.0003 for
Taurus and Upper Sco.
Thus the dust mass distribution of Lupus is readily

comparable to that of Upper Sco in Figure 8, indicat-
ing that the mean dust mass in Lupus is 3⇥ higher than

Barenfeld, et al. 2016, Andsell et al. 2016, Pascucci et al. 2016


