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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
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The, infrared, surveys, show, that, disks, are, very, common, initially,, found, around, about,
90%,of,young,stars,with,ages,<,1,Myr,,but,their,occurrence,decreases,with,time,such,that,
<5%,of,stars,have,disks,in,clusters,with,ages,>,5,Myr,(see,Figure,1).,,The,trend,can,be,fit,
with,an,exponential,and, implies,a,halfNlife,of,2,Myr., ,This, is,a,demanding,,but, just,about,
reachable,,constraint,on,core,accretion,models,(Hubickyj,,Bodenheimer,and,Lissauer,2005;,
DodsonNRobinson,et,al.,2008).,,There,are,,of,course,,many,unseen,steps,to,link,an,infrared,
detection,of,a,disk,with, the,birth,of,a,planet,and,cosmochemical,studies,of,meteorites, in,
the,Solar,System,inform,us,of,the,details,of,the,process.,

,,,,,,,,,,,,,,,,,,,,,,,,,, ,
Figure!1:,,The,detection,rate,of,circumstellar,disks,around,stars,in,clusters,of,different,ages,,
as, determined, from, short,wavelength, infrared, observations., , This, plot, is, based, on, that, in,
Hernandez, et, al., (2007),, and, updated, with, additional, data, sent, to, the, author, by, Jesus,
Hernandez,,shows,that,most,stars,have,infrared,excesses,indicative,of,disks,at,early,times,but,
that,few,do,beyond,about,5,Myr.,,The,yellow,line,shows,a,weighted,least,squares,exponential,
fit,to,the,data,and,has,an,eNfolding,time,of,2.8,Myr,,corresponding,to,a,halfNlife,of,2,Myr.,

,

Astronomical,observations,of,disks,at,longer,wavelengths,can,also,provide,critical,clues.,,
A,general,rule,of, thumb,is, that,observations,of,dust,particles,at,a,wavelength,λ,are,most,
sensitive, to,grain, sizes,with, size,a~λ., , ,NearNinfrared,wavelength,observations, therefore,
show, the,presence,of,micronNsized,dust,grains,,much,smaller, than, the, typical, laboratory,

Introduction (1)

Most young stars have disks

• T Tauri stars (≲2 M⊙)

• Herbig Ae/Be stars (2-8 M⊙)

• [contradictory evidence for stars 
>10 M⊙]

Disks last several Myr

• Inside-out clearing is rapid

Mdisk(gas+dust) ~ 10-3–10-1 M⊙

• Md/M*~0.01

AA49CH03-Williams ARI 14 July 2011 19:21
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Figure 5
The variation of protoplanetary disk mass with the mass of the central star. Upper limits are only shown at
the extremes of the stellar mass range, where no disks have been detected. The dashed diagonal line
delineates where the mass ratio is 1% and is close to the median of the detections. Almost all the disks
around stars with masses of M∗ = 0.04−10 M⊙ lie within the gray shaded area, ±1 dex, about the median.
The exceptions are O stars, where no disks are detected at (sub)millimeter wavelengths, indicating either
very short disk lifetimes or a different star-formation scenario.

Gravitational
instability model of
planet formation:
giant planets form very
rapidly (∼103 years)
through the
gravitational collapse
of perturbations in a
young, massive disk

4.6. Section Summary

! Disk masses are best measured from (sub)millimeter observations of thermal continuum
emission from dust. Substantial, and uncertain, corrections are required for the grain-size
distribution and gas-to-dust ratio.

! Assuming an ISM gas-to-dust ratio of 100 and ignoring the mass in bodies larger than 1 mm,
the median mass of protoplanetary disks around Class II YSOs with spectral types GKM is
5 MJup.

! Protoplanetary disks have power-law surface-density profiles with an exponential taper that
produces a soft edge anywhere from 20 to 200 AU from the star. The power-law index is
approximately −1, but is extrapolated and highly uncertain within the central ∼20 AU.

! Surface densities are generally below the threshold for gravitational instability, and velocity
profiles are Keplerian.

! Mid-IR through millimeter spectroscopy reveals a warm molecular layer with PDR-like
chemistry that is strongly dependent on the stellar luminosity and a cold midplane depleted
of molecules.

! From brown dwarfs to B stars, disk masses scale with the stellar mass. The median ratio is
about 1%, but there is a large dispersion, ±0.5 dex.

5. DISK LIFETIMES
One of the most fundamental parameters on disk evolution studies is the lifetime of the disk itself.
This is not only because it reflects the relevant timescale of the physical processes driving the
dissipation of the disk but also because it sets a limit on the time available for planet formation.
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Introduction (2)

Surface density ∝ R-(0.5–1),   
temperature ∝ R-(0.25–0.5)

• vertical hydrostatic scale 
height increases with radius; 
flaring if raised surface 
intercepts more stellar light

• inner disk wall can shadow 
part of disk around Herbig 
stars

Dullemond et al. (2007); Andrews et al. (2012)

– 16 –

Fig. 4.— A comparison of the model structures in Table 2 with observations of the dust continuum

emission from the TW Hya disk, including the 870µm visibility profile (top, with a zoomed-in view

of the emission on longer baselines in the middle) and SED (bottom). The similarity solution surface

density models (Eq. 2) are shown on the left, and the power-law models with sharp outer edges

(Eq. 3) are shown on the right. The model SEDs are essentially indistinguishable, but there are

clear differences in the 870 µm radial emission profiles. The overall best match to the continuum

emission is Model pC, which has a density gradient p = 0.75 and a sharp outer edge at r0 = 60AU

(for the similarity solution models, the best match is Model sC).
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Fig. 13.— Pictograms of the structure of a flaring protoplanetary disk, in dust (left) and gas (right).
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Introduction (3)

Three chemical zones

• cold midplane: most molecular species (ex. 
H2) frozen out

• intermediate height and inner disk: rich in 
molecules

• disk surface: molecules photodissociated

Henning & Semenov (2013)

tures become so low that molecules freeze out. The shielding is mostly provided by micron-sized

solid dust particles. Apart from chemical evolution, the disks are characterized by strong evolution

of the initially micron-sized dust particles towards pebbles and, finally, planets. This process has a

strong impact on the physical structure of the disks, and therefore on the chemistry.

Protoplanetary disks are a special class of accretion disks. Accretion is a mass flow caused by

the loss of potential energy due to frictional dissipation, which also leads to mechanical heating of

the gas. The velocity, temperature, and density structure of accretion disks can be described by the

conservation equations for energy, mass, and momentum. For a geometrically thin disk the time

evolution of the surface density Σ can be expressed in the form of a non-linear diffusion equation

with the viscosity ν as the regulating parameter of the diffusion process.69,70

Figure 2: Sketch of the physical and chemical structure of a ∼ 1−5 Myr old protoplanetary disk
around a Sun-like star.

The viscous stresses that are required for the evolution of accretion disks cannot be solely

provided by the molecular viscosity of the gas, which is many orders of magnitude too small to

have any considerable effect on mass and angular momentum transport. Instead, a “turbulent”

6



ALMA results



Radial drift of mm 
grains

Disk in mm continuum ≪ disk at µm, CO emission 

• radial drift of mm-sized grains (e.g., Birnstiel & 
Andrews 2014)

• already seen by SMA in IM Lup, Panić et al. (2009); 
TW Hya, Andrews et al. (2012)

HD163296
Orion 114-426  

  HD100546
    MWC480

    DM Tau
      ...

de Gregorio-Monsalvo et al. (2013); Bally et al. (2015)

HD163296

CO

dust
(contours)
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Fig. 2.— (Top): A closeup showing an F775W image from the Hubble Space Telescope

(Ricci et al. 2008) with contours of 856 µm dust continuum emission superimposed. Con-

tour levels are at 1, 2, 3, and 4 mJy beam�1. (Bottom): A closeup of the 114-426 disk

showing the H� image (blue) and the F775W image (green) from the Hubble Space Tele-

scope. The dust continuum emission at 856 µm is shown (red) superimposed on the HST

image. Contours of redshifted and blue-shifted CO J=3�2 absorption at VLSR = 7.13 km s�1

(cyan contours) and at VLSR = 9.24 km s�1(red contours), each in 0.42 km s�1 wide channels

are shown. Contour levels are at �0.2, �0.3, �0.4, �0.5, and �0.6, Jy beam�1.

Orion 114-426

dust



Continuous disks and 
disk with gaps

Some disks show 
continuous disk 
structure, well fit by 
one (or two) radial power 
laws 

Other disks show clear 
gaps in mm continuum 
(often already known to 
be ‘transitional disks’)

3
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Figure 1. (a) 880 µm continuum map of J1604-2130. The synthesized beam, shown at lower left, has a FWHM of 0.′′73×0.′′46, while
the wedge marks the conversion from color to surface brightness. The rms noise level is 0.18mJy beam−1. (b) Azimuthally averaged real
part of the correlated flux as a function of deprojected baseline length, calculated by assuming a disk inclination of 6◦ and a position angle
of -13◦(Mathews et al. 2012). (c) Azimuthally averaged imaginary part of the correlated flux as a function of deprojected baseline length.

over an extended region of the disk which contains a sig-
nificant fraction of the total flux.
In the second row of Figure. 2 we display the CO J

= 3-2 zeroth (a) and first (b) moment maps, the depro-
jected visibility profile (c) and the spatially integrated
spectrum (d). Similar to the continuum emission, the
CO J= 3-2 momentum zero map shows a double-lobed
morphology, which indicates an inner cavity in the CO
emission, but the peak-to-peak separation in CO (a pre-
liminary indication of the inner ring radius) is notice-
ably smaller than that of the continuum emission. The
CO emission is also more diffuse than the continuum,
extending to ∼290AU in radius. Fig. 2(c) displays the
deprojected CO visibility profile (integrated across the
line shape). Compared to the continuum, the null in the
visibility profile occurs at a longer baseline length and
the side lobes are less prominent, indicating a smoother
CO brightness distribution.
The CO J=3-2 moment zero map shows depressed

emission in the inner ∼0.′′3, which could in principal
be explained either by a depleted gas surface density or
temperature variations. We argue that temperature vari-
ation is unlikely to be the case here. Extremely cold
gas inside of 30 AU is physically implausible. For hot
gas inside this radius the resulting excitation can indeed
produce an optically thin J= 3-2 transition, but we do
not detect any CO rovibrational emission at 4.7 µm with
Keck NIRSPEC (probing gas temperature ! 300K, e.g.
Salyk et al. 2009). This rules out the possibility of a sig-
nificant high temperature CO reservoir in the inner disk.
Since CO and H2 can survive the intense UV radiation
in the cavities of transition disks down to a gas surface
density of 10−4 g cm−2 (Bruderer 2013), we assume CO
coexists with H2. We thus consider the most likely case
for the depressed CO emission is that the gas is largely
depleted inside the cavity.

4. MODELING ANALYSIS

The goal of this section is to model the continuum and
CO emission from the disk around J1604-2130. Because
of differences in optical depths, these two tracers probe
different regions of the disk. At the typical densities
of circumstellar disks, the millimeter-wave dust emission
is typically optically thin and therefore traces the dust

density and temperature in the disk mid-plane. In con-
trast, the CO emission is expected to be optically thick
and therefore traces the gas temperature at larger scale
heights. For this reason, we fit models to the dust and
CO observations in separate steps.
First, we construct a disk model that reproduces the

broadband SED composed of data from the literature
and the ALMA 880 µm continuum observations. This
enables us to constrain the dust mass surface density
and, through radiative transfer calculations, the mid-
plane temperature. Starting from the best fit model for
the dust continuum emission, we then fit the CO emis-
sion to constrain the parameters that mostly affect the
gas emission, such as the gas temperature and the com-
ponent of the gas velocity along the line-of-sight.

4.1. Dust emission: model description

We adopt a model for the mass surface density of the
dusty disk similar to that presented in Mathews et al.
(2012), which is briefly summarized here. In order to re-
produce the the disk SED and ALMA observations with
a minimum number of free parameters, we construct a
disk model composed of the three radially distinct regions
(see Figure 3). The outermost disk region, at R > Rcav,
is described by the similarity solution of a viscous ac-
cretion disk (Lynden-Bell & Pringle 1974) adopting the
parameterization of Isella et al. (2009),

Σ(R) = Σt
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where Rt is the radius at which the transition between
power law and exponential profiles occurs, Σt is the sur-
face density at Rt, and γ defines the slope of the surface
density profile. At Rgap < R < Rcav, the disk model has
a depleted dust region characterized by constant mass
surface density δ × Σ(Rcav), with δ <1. Finally, to ac-
count for the depressed infrared excess for λ <8 µm, the
disk region within Rgap is devoid of dust. The dust sur-
face density model is therefore defined as

Σdust(R) =

#

0, if R < Rgap

δ × Σ(Rcav), if Rgap ≤ R < Rcav

Σ(R), if R > Rcav

(2)
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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
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 Fig. 1. IRS 48 dust and gas obse rvations . 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 observations is 0.32" × 0.21" and is indicated with a white ellipse in the lower left 
corner. A) the 0.44 millimeter (685 GHz) continuum emission expressed both in flux density and 
 ���"�$�� "��"���  �!� ��$��� �&�����	���%�������� �����
���� ���#!� �!� ������"��� �%�����!���������!��  
B) The integrated CO 6-�����!!���� �$� � "��������!"� $�����"��!� ��� ���"�# !� ����	�������&CO levels, 
&CO = 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 
symmetric gas disk with Keplerian rotation at an inclination i = 50o. The green background 
shows the 0.44 millimeter continuum. The position angle is indicated in the upper right corner. 

2 Pérez et al.

Fig. 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 3�, where � 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.

TABLE 1
Image properties for dust continuum and spectral line observations.

Continuum Spectral line

Target R.A.a Deca S�
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 0.2700 ⇥ 0.1900 53� 0.11 0.2900 ⇥ 0.2200 60�

SR 21 16:27:10.281 �24:19:12.88 3.3 0.0011 0.2900 ⇥ 0.1800 -81� 0.07 0.3200 ⇥ 0.2000 -79�

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.

2. OBSERVATIONS AND CALIBRATION

Observations at 0.45 mm (690 GHz) of SAO 206462
and SR 21 were obtained during ALMA Cycle 0 be-
tween June-July 2012, with baselines ranging from 50 to
500m. Four spectral windows were configured to provide
1.875 GHz of bandwidth per polarization, 3840 channels
of 0.488 MHz width (⇥ 0.2 km s�1), for a total band-
width of 7.5 GHz in dual polarization, The bandpass
response was calibrated with 3C 279 observations, the
absolute flux scale was measured using Titan observa-
tions, and the phase and amplitude gains were tracked
by periodically observing J1427�4206 and J1625�2527
for SAO 206462 and SR 21 respectively. A total 25 min
on-source time was obtained for both targets. Visibil-
ities 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 south-west 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 com-
pact and mostly symmetric. However, significant emis-
sion (> 3�) can be found at large radii in the 12CO mo-
ment 1 map, just as with the dust emission. Since emis-
sion 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 analysis of these
CO observations will be deferred to a future publication.
We measured the disk position angle (PA) from the rota-
tion of the disk in the 12COmoment 1 map; the measured
PA East of North is ⇥ 62⇥ and ⇥ 16⇥ for SAO 206462 and
SR 21, respectively. Our derived PA is consistent with
measurements found in the literature. For SAO 206462
measurements from molecular gas (inside and outside the

Pérez et al. (2014); Casassus et al. (2013); van der Marel et al. (2013); 
Fukagawa et al. (2013)
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Dust and gas in HL Tau 5

Figure 4. Comparison between the ALMA image of HL Tau (left) with simulated observations of our disc model (right) at band 6 (continuum emission at 233
GHz). Note that the color bars are different. The white colour in the filled ellipse in the lower left corner indicates the size of the half-power contour of the
synthesized beam: (left) 0.035 arcsec × 0.022 arcsec, P.A. 11°; (right) 0.032 arcsec × 0.027 arcsec, P.A. 12°.

(iv) The dust density structures for grains withSt ! 10 (cm-size
and larger in our simulations; bottom centre and right panels of Fig.
3) show axisymmetric features that can be identified as waves ex-
cited by the embedded protoplanets (Goldreich & Tremaine 1980).
These waves can freely propagate across the dusty disc without be-
ing damped by dissipative phenomena (Rafikov 2002). The lower
drag makes these waves more visible since the drag effect on the
radial dust motion is negligible. We therefore suggest that the ax-
isymmetric perturbations in the ALMA images in the outer part of
the second and third planet orbits are generated by the lower cou-
pling of mm-particles. Further simulations with a steeper surface
density profile should be able to reproduce this.

There are many caveats to our results, and these are prelimi-
nary investigations. Nevertheless they illustrate that the ALMA ob-
servations of HL Tau can be understood from the interaction be-
tween dust, gas and planets in the disc.
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Table 2
Condensation temperatures of the major volatiles in disks

Species Ta

cond
Eb Cometary Abundance Ref

(K) (K) % of H2O

H2O 128 - 155 5165 100 1, 5
CO 23 - 28 890 0.4 - 30 1, 5
CO2 60 - 72 2605 2 - 30 1, 5
CH4 26 - 32 1000 0.4 - 1.6 2, 5
CH3OH 94 - 110 4355 0.2 - 7 1, 5
N2 12 - 15 520 · · · 2, 5
NH3 74 - 86 2965 0.2 - 1.4 1, 5
HCN 100 - 120 4170 0.1 - 0.6 3, 5
H2S 45 - 52 1800 0.1 - 0.6 4, 5

NH3·H2O 78 - 81 · · · · · · 6
H2S⋆ 77 - 80 · · · · · · 6
CH⋆

4
55 - 56 (69-72) · · · · · · 6,7

CO⋆ 45 - 46 (58-61) · · · · · · 6,7
N2

⋆ 41 - 43 (55-57) · · · · · · 6

Note. — a. Condensation temperature ranges for ices correspond-
ing to gas number densities of 1010- 1013cm−3, suitable for disk mid-
planes. * Condensation temperatures of clathrate hydrate formed from
hexagonal ice or hydrate under gas number densities of 1012- 1013cm−3.
The values in parentheses are for clathrates formed from amorphous ice.
References: (1) Mart́ın-Doménech et al. (2014), (2) Luna et al.
(2014), (3) Sandford & Allamandola (1993), (4) Hasegawa & Herbst
(1993), (5) Mumma & Charnley (2011), (6) Iro et al. (2003), (7)
Lunine & Stevenson (1985)

major carriers of N as predicted by chemical models of
disks (Schwarz & Bergin 2014). As a homonuclear di-
atomic, N2 cannot be directly measured in cometary co-
mae.
For “pure”(single component) ices we define the con-

densation temperature of species i as that where the ther-
mal desorption and accretion rates are equal, i.e.,

ni
ice × kidesorp = ni

gas × kiaccr , (4)

where kidesorp and kiaccr are calculated using the treatment
outlined in Woitke et al. (2009) and Walsh et al. (2010).
Besides pure ices, we also consider clathrate hydrates,

special forms of crystalline water ice in which gaseous
molecules can be trapped inside lattice cages of the ice.
At typical mid-plane disk pressures, abundant volatiles
such as methane, H2S, CO and N2 are expected to be
trapped in the form of clathrate hydrates before they
condense as pure ice species, given a sufficiently large
water ice surface area to which the vapor has access
(Lunine & Stevenson 1985). This interesting feature of
clathrate hydrates has been employed to explain the low
N/O elemental ratio observed in comets as compared to
that of the Sun’s photosphere (Iro et al. 2003), and the
existence of methane in Titan’s atmosphere (Lewis 1971).
A summary of the condensation temperatures of pure

ice species from such calculations is shown in Table 2,
along with the condensation temperatures of clathrate
hydrates from Lunine & Stevenson (1985) and Iro et al.
(2003). Our condensation temperatures are consistent
with the results of Pollack et al. (1991) over the same
pressure range. Table 2 shows that most of the clathrate
hydrates can be created at higher temperatures than
their pure ice condensates. The exceptions are NH3,
which has a very similar temperature for its hydrate and
pure ice forms, and CO2, which condenses as a pure frost
at higher temperatures than for which the clathrate is
stable.
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Figure 2. The expected condensation fronts in the disk mid-plane
of HL Tau. The shaded areas show the clathrate-hydrate (abbrevi-
ated as CL in the legend) condensation temperature ranges given
in Table 2, the vertical lines the mean condensation front radii.
The thick solid curve is the brightness temperature distribution of
the 0.87mm image, the thin curve the mid-plane temperature from
MFH. A black diamond denotes the condensation temperature of
pure CO2 frost, which is close to edge of the 63AU dip.

In Figure 2 we compare the dip radii with the expected
disk condensation front locations. We also plot the ob-
served brightness profile, which provides a rigorous lower
bound to the mid-plane dust temperature. This pro-
file would yield a water ice line at <4-5 AU, unresolved
by the ALMA SV data, with the NH3/ammonia-hydrate
condensation front near the 12 AU dip.
The actual physical temperature in this embedded disk

should be larger, however, especially in the case of opti-
cally thin dust emission or significant grain coagulation.
As a more detailed estimate of the HL Tau dust tem-
perature structure we follow Men’shchikov et al. (1999)
(MFH henceforth), who used two-dimensional radiative
transfer models to quantitatively match the available
spectral energy distribution, intensity, and linear po-
larization data on HL Tau from near IR to (sub)mm
wavelengths. Their best-fit model results in Tmid = 665
(r/AU)−0.6 K for the mid-plane temperature distribu-
tion. This is greater than that estimated from the ob-
served brightness distribution in the ALMA image, at all
radii. Interestingly, as Figure 2 shows the dips overlap
nicely with the condensation fronts of the most abundant
volatiles using the MFH profile: pure water condenses
around the 13AU dip, while pure NH3 or ammonia (and
hydrogen sulfide) hydrates condense around the 32AU
dip. At further distances, the condensation front of pure
CO2 and the onset of the CO and N2 clathrate hydrate
stability fields, from an amorphous water ice seed occur-
ring near the 63AU dip.

5. DUST PROPERTIES INSIDE THE DIPS

We have shown above that the most prominent dips in
the HL Tau images are remarkably close to the expected
condensation fronts of abundant volatiles. We now in-
vestigate the dust properties across these radii.
At (sub)mm wavelengths, the spectral index α of the

surface brightness (where Iν ∝ να) is a widely-used ob-
servable to characterize dust properties in protoplanetary
disks (Natta et al. 2007). For optically thin dust emis-

Zhang et al. (2015)
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FIG. 1.— Panel (a) shows an overview of the HL Tau region with red and blue colors mapped to the integrated intensity of the redshifted (7.25 to 20 km s−1)
and blueshifted (0.0 to 6.0 km s−1) 12CO (1-0), respectively. The ALMA 1.′′1 resolution 12CO (1-0) images (synthesized beam shown in the lower left) have
not been corrected for primary beam attenuation; the displayed field of view corresponds to the ∼ 15% power point. Green shows an HST R-band image (this
band includes stellar continuum, Hα, and [SII]). The darker diagonal stripe across the image (visible in some viewers) corresponds to a gap in the HST ACS
WFC detector. Panels (b) and (c) show zoomed in views of XZ Tau (A and B) and LkHα358, respectively. All three panels show ALMA 2.9 mm primary beam
corrected continuum contours overlaid in blue at 33×(4, 14,19) µJy beam−1 (the corresponding synthesized beam is shown in the lower left of panels (b) and (c),
also see Table 1). The HST image has been precessed to epoch 2014.83 using the proper motion derived in §3.1.1.

visibility data. Using baselines < 1000 m (∼ 0.′′2), we obtain
i = 46.2±0.2◦ and P.A.= 138.2±0.2◦ in good agreement with
past uv-plane estimates (Kwon et al. 2011; Guilloteau et al.
2011). However, the fantastic fidelity and angular resolution
afforded by the ALMA images allow us to go further, and ex-
plore the properties of the rings independently in the image-
plane.

3.1.3. Spatially Resolved Disk Geometry and Spectral Index
Upon visual inspection, one can plausibly identify seven

pairs of “bright" and “dark” rings in the 1.0 mm image, we
label these rings B1..B7 and D1...D7, respectively. As a first

step, we assumed that the rings trace circular orbits around
a common center position defined by the 1.0 mm continuum
peak position (see Table 1), and having the i and P.A. derived
in §3.1.2. Then using a cross-cut along the major axis of the
image, we determine approximate semi-major axes for the
fourteen rings. After overlaying these zeroth-order ellipses
on the image, it was apparent that while approximately cor-
rect, these are not a good fit to the rings in detail. To refine
the parameters, we defined a discrete set of points along each
zeroth-order ellipse, at a Nyquist sampled interval with re-
spect to the synthesized beam. Then the position of each point
was moved to the nearest local radial maximum (or minimum

ALMA Partnership, 
Brogan, et al. (2015)

CO emission 
traces cloud + 
protostellar 
envelope + 
outflow

Image also 
covers XZ Tau 
binary and 
LkHα358 disks



CO, 13CO & C18O ➛ M*,MCO,RCO

CO and its isotopes easily 
detected

• kinematics: M*

• outer radius of (molecular) 
gas

• disk gas mass estimate (if 
we believe models; Williams 
& Best 2015; Miotello et 
al. 2014)

• look carefully: a molecular 
disk wind!

terms, with the latter denoted as a constant velocity width ξ.
The physical structure of the model is fully characterized by six
free parameters, T{disk 10q = , q, Mco, rc, ξ, M*}.

For a given set of these structure parameters, the RADMC-3D
radiative transfer code was used to calculate the corresponding
molecular excitation levels (appropriately assuming LTE for
this transition; see Pavlyuchenkov et al. 2007) and ray-trace
synthetic model spectral images at high resolution (2.5 AU
pixels). To do so, we specified an additional set of parameters.
The disk inclination id is defined with respect to the rotation
axis, such that i 0d = corresponds to a face-on viewing
geometry with the rotation axis pointing toward the observer
(and the disk rotating counterclockwise), i 90d = is an edge-
on orientation, and i 180d = is again face-on but with the
rotation axis pointing away from the observer (and therefore an
apparent clockwise sense of rotation). The position angle φ
represents the projection of the angular momentum vector of
the disk onto the sky (as typical, oriented E of N). The disk
center is characterized by offsets (da, dd) relative to the phase
center. Along with the distance d and systemic velocity vsys,
there are six additional free parameters, i{obs dq = , φ, da, dd,
vsys, d}.

The end result is a set of high resolution model images that
specify the sky-projected CO J = 2–1 surface brightness as a
function of position and frequency for any set of parameters

{ diskq q= , obsq }. We then employed the FFTW algorithm
(Frigo & Johnson 2005) to Fourier transform these spectral
images, and then performed a band-limited interpolation of the
complex visibilities onto the same spatial frequencies (u, v)
sampled with ALMA (using the spheroidal gridding functions
advocated by Schwab 1984) to acquire a set of model
visibilities M ( )u v, q . To quantify the model quality given the
data Du v, , we computed a simple likelihood function

p D w D M( ) ( ) , (1)
u v

u v u v u v
,

, , ,
2q q= -

where wu v, are the visibility weights (determined from the
radiometer equation). Equation (1) is identical to a log-
likelihood function described by the sum of the standard 2c
values (real and imaginary) over all the observed spatial
frequencies and velocity channels. To explore the posterior
distribution of the model parameters, we employed the Markov

Chain Monte Carlo (MCMC) technique with a Metropolis–
Hastings (M–H) jump proposal.
We assumed uniform priors in all parameters except d, since

the ALMA data do not constrain the distance. A trigonometric
parallax for AK Sco is available from Hipparcos, although the
considerable optical variability is problematic: the original
catalog has d 144 25

38= -
+ pc (Perryman et al. 1997), but the van

Leeuwen (2007) revision argues for a closer value
(d 102 17

26= -
+ pc). Pecaut et al. (2012) measured a kinematic

parallax corresponding to d 144 12= pc. Recently, Antho-
nioz et al. (2015) combined astrometric and RV monitoring to
estimate d 141 7= pc. We adopted a Gaussian prior on d
based on the weighted average of these latter two measure-
ments, with mean 142 pc and 6s = pc.
After a few preliminary chains were run, we empirically

tuned the covariance of the M–H jumps to match the
morphology of the posterior distribution, yielding a more
efficient exploration of parameter space. To determine the final
posterior distributions, we ran multiple independent chains
using different initializations. After a conservative period of
burn-in, we computed the Gelman–Rubin statistic (Gelman
et al. 2013) for each parameter over the ensemble of chains to
assess convergence.6

The parameter values inferred from modeling the observed
spectral visibilities binned to 305 kHz (0.4 km s−1) resolution
are listed in Table 1. A trial fit of the data at the best available
(quasi-independent) spectral resolution of 122 kHz
(0.16 km s−1) recovered these same values. The disk structure
parameters are typical for similar Class II systems, although the
characteristic radius and mass are on the small side. Assuming
a standard CO/H2 abundance ratio (∼10−4), the total gas mass
would be ∼0.007 M:—roughly consistent with what would be
inferred from the continuum emission (e.g., Andrews
et al. 2013). The inferred total mass of the central binary is
2.49 ± 0.10 M:, where the uncertainty is dominated by the
distance prior. At a fixed d, the constraint can be framed as
M d* 0.01731 0.00015= M: pc−1; i.e., the formal precision
on the stellar mass is ∼1% for a δ-function prior on d. Figure 2
shows a direct comparison of the data and best-fit model in the
image plane, demonstrating (through the absence of significant

Figure 1. (a) Synthesized image of the 1.3 mm dust continuum emission. Contours start at 3σ and increase by factors of two. (b) The zeroth moment map (velocity-
integrated emission; contours) overlaid on the first moment map (intensity-weighted velocities; color scale) for the CO J = 2–1 emission. Contour levels start at 3σ
and increase in 10σ intervals. (c) and (d) The same as (b) for the 13CO and C18O J = 2–1 emission, respectively. Contours are spaced at 3σ intervals. The synthesized
beam is shown in the lower left of each panel.

6 The code used to perform the analysis described here is open source and
freely available under an MIT license at https://github.com/iancze/
JudithExcalibur.
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AK Sco (binary): 
M*=2.49±0.10 M⊙

A&A 555, A73 (2013)

Fig. 3. CO J = 2–1 intensity weighted velocity map of the blue shifted
wind from HD 163296. The purple circles show the 2012 positions of
the knots, the blue and red contours show the HCO+ J = 4–3 emission,
and the two dark cyan circles in the bottom left corner show the synthe-
sized beams of the observations, as in Fig. 2. The blue and red dashed
lines delineate the double corkscrew described in the text.

Fig. 4. CO J = 3–2 integrated intensity map of the blue shifted wind
from HD 163296. The colourscale shows the primary beam corrected
integrated intensity of the J = 3–2 emission The black, blue and red
circles and contours are the same as Fig. 2. The molecular counterpart to
HH knot A2 is more prominent in this image because we have corrected
for the fall-off in sensitivity as a function of distance from the pointing
centre.

smaller and larger arcs in Fig. 4 show where the Band 7 and
Band 6 primary beams are attenuated to 50%. The primary beam
corrected data extends to where the primary beam is attenuated
to 20% of its sensitivity at the pointing centre. The CO J = 3–2
emission in the vicinity of HH knot A2 is much more prominent
in this representation.

The differing morphology between the two CO transitions
may be explained by spatial filtering by the interferometer.
The Band 7 observations cannot detect structures larger than
about 8′′, while the Band 6 observations are sensitive to larger
scale structures (∼11′′). It is a combination of the higher exci-
tation conditions required for the J = 3–2 transition and the
spatial filtering which is causing the wind to appear clumpy
and compact in the Band 7 observations. We masked the short-
est baselines in the Band 6 data to match the largest angular
scales recoverable in the Band 7 data (8′′ at 230.5 GHz corre-
sponds to 16.6 kλ). In this filtered data, we find that the wind,
as traced by CO J = 2–1, appears clumpier, and peaks close
to the J = 3–2 emission. That the regions with the strongest

emission for two species are slightly different suggests that the
excitation of the two lines also plays a role in the morphology.

In the image plane (see Fig. 2), we do not detect the north-
ern redshifted gas. It is likely that the redshifted wind is filtered
out by the interferometer. This is evidenced by the redshifted
emission being detected in the Band 6 visibilities, but not the
Band 7 visibilities. The redshifted emission is filtered out on all
but the shortest two baselines (at ∼21 m). The next shortest base-
line is 27.5 m, and the short baseline sampling appears to be too
coarse to image the red lobe. Followup observations covering a
wider areas, and recovering larger scale structures are required
to confirm this hypothesis.

4. Discussion

Wassell et al. (2006) characterized the knots of HH 409 asso-
ciated with HD 163296. For knot A they suggest a proper mo-
tion of 0.′′49 yr−1. Using that proper motion, and extrapolating
to 2012, we find that knot A is well beyond the primary beam
of our observations. However, if we apply the proper motion of
knot A to knot A2, we find that it should have been approx-
imately 11′′ from the disk when our observations were taken.
Using a position angle of 42◦ (taken from Wassell et al. 2006),
this knot should be slightly ahead of the CO emission seen
in the primary beam corrected image of Fig. 4 as shown with
a purple circle. Note that this clump, at 11′′, is in the region
where the interferometer is only 20% as sensitive as it is at the
pointing centre. That a jet knot should be co-located with this
CO J = 3–2 emission feature suggests that the molecular emis-
sion is real despite being far from the pointing centre.

The observations of Sitko et al. (2008) showed a flare in 3 µm
emission coming from HD 163296 in 2002. If we assume that
this was a knot launching event, and assume this knot has the
same proper motion as HH knot A (0.′′49 yr−1), then, at the epoch
of our observations (10 years later), the ejecta should be 4.9′′
from the disk. This is the location of the leading edge of our
strongest CO J = 3–2 knot, which we named A3 (see Fig. 2).
It should be noted that an atomic HH knot from this flare would
have been obscured by the coronograph of the 2004 observations
of Wassell et al. (2006), but that subsequent observations should
show the atomic knot emission (see for instance, Günther et al.
2013; and Ellerbroek et al., in prep.).

Based on the emission morphologies shown in Figs. 2 and 3,
we suggest that the 12CO emission is primarily tracing the disk
wind coming from HD 163296. The morphology of the emis-
sion, and its velocity structure suggests that this is a disk wind,
and not an entrained outflow from the jet. That there appears
to be two arms to the wind argues against entrainment because
it is unlikely that a single knot can produce two velocity com-
ponents (like those highlighted by dashed lines in Fig. 3). If
the CO were entrained material, there is no explanation for the
highly blue shifted material at the end of the bluest arm of the
observable wind, since there is no HH knot ahead of it which
could have entrained that gas. In the area around the knots,
the molecular gas in the wind is being heated by the jet; either
from the warm shocks, or directly from the jet heating the dust.
Because the temperature is elevated, smaller amounts of gas ap-
pear brighter. This means that compact and bright knots of CO
will appear in the larger scale wind. In the case of CO J = 3–2,
the larger scale wind is resolved out by the interferometer, but
the bright and compact knots of heated gas are still detectable.
The CO J = 2–1 emission is also quite bright in this region.
Note that the enhanced CO emission is slightly closer to the disk
(i.e. upstream) than the expected position of the knots in 2012,

A73, page 4 of 6

HD163296

disk
blue-
shifted 
CO

– 16 –

11.6 11.5 11.4 11.3 11.2 11.1 5:35:11.0

24
.0

25
.0

26
.0

-5
:2

4:
27

.0
28

.0
29

.0

R.A. (J2000)

D
ec

. (
J2

00
0)

11.6 11.5 11.4 11.3 11.2 11.1 5:35:11.0

24
.0

25
.0

26
.0

-5
:2

4:
27

.0
28

.0
29

.0

R.A. (J2000)

D
ec

. (
J2

00
0)

Fig. 2.— (Top): A closeup showing an F775W image from the Hubble Space Telescope

(Ricci et al. 2008) with contours of 856 µm dust continuum emission superimposed. Con-

tour levels are at 1, 2, 3, and 4 mJy beam�1. (Bottom): A closeup of the 114-426 disk

showing the H� image (blue) and the F775W image (green) from the Hubble Space Tele-

scope. The dust continuum emission at 856 µm is shown (red) superimposed on the HST

image. Contours of redshifted and blue-shifted CO J=3�2 absorption at VLSR = 7.13 km s�1

(cyan contours) and at VLSR = 9.24 km s�1(red contours), each in 0.42 km s�1 wide channels

are shown. Contour levels are at �0.2, �0.3, �0.4, �0.5, and �0.6, Jy beam�1.

Orion 114-426: 
M*~0.4 M⊙



CO freeze out

Mid-plane freeze-out of CO 
traced in channel maps

• (also: 13CO, C18O)

de Gregorio-Monsalvo et al. (2013)

de Gregorio-Monsalvo et al.: ALMA observations of HD 163296 disk structure
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Fig. 3. Channel maps of the CO(3–2) emission in HD 163296 from 3.19 to 8.23 km s−1. The spectral resolution is 0.21 km s−1 and
the rms per channel is 14mJy beam−1.

right panel) that there is a layer of hot gas at the surface of the
disk, significantly hotter than the dust, for radii smaller than 50–
80AU. MCFOST does not calculate the gas temperature, but we
can verify easily that the model CO surface brightness profile is
a good match to the data when using Tgas = 1.5Tdust for a radius
<80AU, and Tgas = Tdust elsewhere. This is the model shown in
Fig. 2, where the resulting change in the brightness profile, after
convolution by the synthesized beam, is shown to match the ob-
served profile. In this slightly modified model, the same value of
gamma = 0.9 is used for the CO gas disk, and the extra emission
is coming only from the increased in gas temperature at small
radii, with no impact on the outer disk surface brightness profile.

4.2. Origin of the different surface brightness profiles

Coronagraphic imaging with the Hubble Space Telescope to-
ward HD 163296 revealed a scattered light disk with an outer
radius that extends to at least 450AU (Grady et al., 2000). This
suggests sub-micron dust particles responsible for scattered light
remain coupled to the gas, while larger particles (∼ 100 µm or
larger) responsible for the 850 µm emission are concentrated
in a smaller radius closer to the central star. One plausible ex-

planation for the clear difference in the radial distributions of
millimeter-sized dust grains and CO gas is a combination of
grain growth and inward migration. It is known that grain growth
occurs in this disk, as reported by Isella et al. (2007) based on the
slope of the dust opacity law in the interval 0.87-7mm. Related
to the inward migration, models predict the gas drag to be more
efficient in intermediate size dust particles, with small grains
remaining coupled to the gas (as seen in scattered light) and
boulders following marginally perturbed Keplerian orbits (e.g.
Barrière-Fouchet et al. 2005). Models predict a sharp cut-off of
the sub-millimeter continuum emission when both grain growth
and inward migration are considered (e.g. Laibe et al. 2008), in
agreement with our observations. A similar case of dusty com-
pact disk with a sharp outer edge smaller than the CO gaseous
disk has been reported by Andrews et al. (2012) for TW Hya.

Radial dust migration, expected to occur in disks massively,
is an important ingredient for the evolution of disks and the for-
mation of planets. Nevertheless it remains a phenomenon that is
poorly constrained by observations. More efforts are needed to
identify new sources like TW Hya and HD 163296 to better un-
derstand and characterise the physical processes leading to these
more compact continuum disks at sub-millimeter wavelengths.
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Fig. 4. CO(3–2) representative channel emission maps in HD 163296, primary beam corrected. The spectral resolution is 0.21 km
s−1 and the rms per channel is 14 mJy beam−1. The synthesized beam size is represented in the lower-right in each panel. The white
solid and dotted lines represent the front and the back gas disk surface respectively. The insert at bottom-left of each panel shows a
zoomed-down model at the corresponding velocity (i.e. the size is the same, the scale is different).

Table 1. Parameter space explored by the presented analysis

Parameter Description Min-Max Step Best value
Rc [AU] Critical Radius 110 − 140 5 125
γ Index of the surface density gradient 0 − 2 0.1 0.1, 0.9a
TCOf r [K] CO freeze-out temperature 10 − 40 5 20
dVturb [km s−1] Turbulent velocity width 0 − 0.3 0.05 0.1
H0 at 1 AU [AU] Scale height 0.03 − 0.1 0.01 0.07
β Flaring angle index 1.0 − 1.21 0.06 1.12

Notes. (a) γ = 0.1 is the best value for the continuum data, and γ = 0.9 for the CO spectral line data.

4.3. The vertical structure of HD 163296

The CO(3–2) channel maps unveil clearly for the first time
at sub-millimeter frequencies the vertical structure of a flared
gaseous disk (see Fig 3). In Fig 4 we have plotted four repre-
sentative channel maps that show bright CO emission from the
front disk surface, as well as similar but fainter and apparently
rotated emission from the rear disk surface. This “two-layer” ef-
fect was predicted theoretically by Semenov et al. (2008) and it
arises because the disk is tilted, the CO(3–2) is optically thick
and its emission is close to the disk surface, where the flaring
effect is more prominent.

In order to reproduce the spatial and kinematic pattern ob-
served in the CO channel maps the CO gas model derived in
the previous section was used, with γ = 0.9 and without the
extra heated CO layer in the center. Because there is an intrin-
sic vertical temperature gradient calculated in the disk (with the
midplane being colder) two-layer channel maps are produced
naturally, with lower intensity CO emission coming from the
midplane compared to the surfaces. However, without further
changes to the model, these two-layer channel maps do not pro-
duce enough contrast, enough difference in surface brightness
between the midplane and the surface layers, even when con-
volved by the proper beam. Also, the two surface layers appeared
slightly too close to one another. Both effects are suggesting the
need for a geometrically thicker disk and/or a larger vertical tem-
perature gradient.

In order to improve the match between modeled and ob-
served channel maps, we fine-tuned the CO model slightly by
exploring a set of values of CO freeze-out temperature, non-
thermal turbulence velocity, scale height and flaring power. A
summary of the parameter space explored is shown in Table 1.

First, we analyzed the effect of the variation of the freeze-out
temperature in the patterns in the channel maps. The contrast be-

tween the warmer upper layers and the colder midplane can be
increased by directly removing CO gas from the midplane. This
can be done for example when the temperature is low enough
that CO ice is produced, removing CO from the gas phase. To
mimic the effect of freeze-out in the midplane, we set the CO gas
abundance to zero wherever Tgas = Tdust is below a critical value.
Based on the initial value of 19 K adopted by Qi et al. (2011), a
range of higher and lower values were explored. In particular a
range of freeze-out temperatures from 10 to 40 K were exam-
ined. The best match is obtained for 20 K, similar to the value
obtained by Qi et al. (2011). For 20 K, the layer where CO is re-
moved in our model has a vertical extend of 15 AU (at 200 AU
radius), and it affects mostly the outer disk midplane. This pro-
vides direct evidence for CO freeze-out close to the disk mid-
plane in HD 163296 (see also Mathews et al. 2013 submitted).
Freezing-out CO gas improves the match between the model and
the observations.

Then the effect of turbulence was also estimated by varying
the non-thermal velocity component of the line width. Values
similar to those estimated in other disks (e.g. Hughes et al. 2011)
were considered. In particular, values between 0 to 0.3 km s−1

were explored and compared with the spatial extent of the
emission in a given channel. The best match is obtained for
0.1 km s−1. This is slightly less than the value of 0.3 km s−1

suggested for the upper layers of the disk in HD 163296 by
Hughes et al. (2011) for the CO(3-2) line as well, although a
significant uncertainty is attached to this number. In our calcu-
lations, values higher than 0.2 km s−1 smear out the emission
patterns too much in each channel.

The apparent separation between the two layers of CO emis-
sion in the channel maps is a function of the system’s inclina-
tion and geometry (thickness) of the disk. The inclination is well
known, as derived from the observations. The geometry of the
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‘Gaps’ contain gas

Gaps seen in mm-continuum are not 
devoid of gas

• reduced gas surface density

• fits with continued accretion

• fits with models of gap opening 
and trapping of mm grains

The Astrophysical Journal, 798:85 (12pp), 2015 January 10 Perez et al.

Figure 1. Moment maps carbon monoxide isotopologues 12CO, 13CO and C18OJ = 2–1. North is up, east is left. Left: moment zero; continuum subtracted integrated
line emission, considering flux contribution from all channels from −0.8 to +7.8 km s−1, in units of Jy beam−1 km s−1. Continuum at 230 GHz is shown in contours.
The 12CO map shows the large extent of the molecular line emission, the north–south asymmetry is due to foreground absorption. 13CO and C18O show a central
cavity. The noise level for all intensity maps is about 1σ = 11 mJy per beam. Center: first moment showing the velocity map. Right: second moment, showing the
velocity dispersion of the emitting gas. Color scale is linear. The coordinates origin is set to the center of the disk and it is marked with a cross. The synthesized beam
is shown in the lower left corner. The dashed ellipse in the moment 2 map is a fit by inspection of the dust-continuum horseshoe border. The ellipse shows that there
is a difference in dispersion of the gas under the horseshoe, with respect to the south counterpart of the disk.

as previously reported in Casassus et al. (2013b) at 345 GHz. The
contours delineate the dust-depleted cavity, with a radius of ∼1′′

and a contrast of ∼25 between the northeastern maximum and
the southwestern minimum, slightly shallower than the contrast
of 30 reported at 345 GHz (Casassus et al. 2013b; Fukagawa
et al. 2013). The 13CO integrated intensity map (Figure 1) shows
a disk cavity and a bright outer disk. The outer disk is at least
a factor of two brighter than the inner cavity in 13CO. This is a

lower limit since the gap edge is naturally convoluted with the
CLEAN beam, smoothing out the sharpness of the gap wall.

The velocity dispersion map of 12CO shows an increment
in the width of the emission line profile under the horseshoe-
shaped continuum (see dashed ellipse in Figure 1 upper right).
This wider emission line can also be seen in the 13CO dispersion
map (middle right panel), which is less affected by foreground
absorption.
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Disk kinematics

Deviations hint at:

• Local surface density or 
temperature enhancements?

• Warp in inner disk?

Rosenfeld et al. (2012)

– 14 –

Fig. 5.— CO position-velocity diagrams constructed from a cut along the disk major axis (P.A. =

151◦) for the data and the fiducial, hot, non-Keplerian, and warped models described in §3.3. For

reference to gauge the extent of the line wings, the 5σ brightness level is marked with a contour.

disk viewing geometry, we constructed models for the TW Hya CO emission lines as before. The

resulting parameter values for a representative warped model are included in Table 2; synthetic

observations of the models are compared with the data in Figures 4 and 5.

Models that include a modest warp, with i0 ≈ 8◦ at r0 = 5AU and a gradient y = 0.15,

provide an excellent match with the ALMA data for both CO emission lines, reproducing well the

observed line wings and emission morphology near the systemic velocity. Like the non-Keplerian
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N2H+

50 AU 100 AU

CO snow line

• N2H+ traces the CO snow line

• formation: N2 + H3+ ➛ N2H+ + H2

• competes with CO + H3+ ➛ HCO+ + H2

• destruction: N2H+ + CO ➛ HCO+ + N2

• bottom line: N2H+ avoids regions with abundant CO

Qi et al. (2013, in prep.)

TW Hya HD163296



Two paths for 
deuteration (1)
Two deuteration path ways

• ≲21 K: H3+ + HD ⇄ H2D+ + H2 + ΔE

• competes with H3+ + CO ➛ HCO+ + H2

• H2D+ + CO ➛ DCO+ + H2

• up to ~70 K: CH3+ + HD ⇄ CH2D+ + H2 + ΔE

• CH2D+ + O ➛ DCO+ + H2

• CH2D+ + ... ➛ CH4D+ + CO ➛ DCO+ + CH4

• CH2D+ + ... ➛ ... ➛ DCN

Parise et al. (200(); Öberg et al. (2012); Favre et al. (2015)

DCO+ enhanced 
below ~20 K

DCO+ and DCN 
enhanced up to 

~70 K



Two paths for 
deuteration (2)

• DCN forms via warm deuteration

• N2D+ only traces cold deuteration

• DCO+ forms via both paths

Öberg et al. (2012); Mathews et al. (2013); Salinas, Hogerheijde et al. (in prep.)
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Figure 1. Integrated images of the TW Hya disk in (left) DCN J = 3–2 emission
(ALMA science verification) and (right) DCO+ J = 3–2 emission (SMA data
from Qi et al. 2008). The contour levels are at 50%, 75%, and 90% of the peak
value. The cross marks the peak of the continuum emission, which locates the
position of the central star.
(A color version of this figure is available in the online journal.)

2. SPATIALLY RESOLVED OBSERVATIONS OF DCN
AND DCO+ TOWARD TW HYA

TW Hya was observed on 2011 April 20 and 23 in ALMA
band 6 as a part of ALMA science verification. The calibrated
visibilities and CLEANed reference images were released
and made available to the public in 2011 August.4 These
observations include the DCN J = 3–2 line at 217.238 GHz,
which was acquired with a channel spacing of 0.16 km s−1

(resampled to 0.2 km s−1) and synthesized beam size 2.′′8 × 2.′′3,
with an rms of 12 mJy beam−1 in the line-free channels. These
data are comparable in resolution to the previous observations
of Qi et al. (2008), with a noise level 14 times better for the
ALMA data compared to the SMA observations.

Figure 1 displays the integrated DCN 3–2 emission toward
TW Hya. The DCN emission is peaked on the TW Hya stellar
position and spatially compact, barely resolved with the ALMA
beam. For comparison, Figure 1 shows the integrated DCO+

3–2 emission, which does not peak at the stellar position and
appears more extended. Using the DCO+ velocity channel maps,
especially the peanut-shaped central one that provides strict
constraints on the DCO+ radial distribution, Qi et al. (2008)
demonstrated that the DCO+ column density increases with
distance from the central star out to 90 AU. Since the excitation
characteristics of the DCN and DCO+ J = 3–2 lines are
similar, the differences in the Figure 1 images suggest different
abundance distributions. In particular, DCN appears to be more
abundant in the inner (warmer) disk regions compared to DCO+.

3. THE DCN RADIAL PROFILE

To constrain the radial distribution of the DCN column
density, we use the same methods as Qi et al. (2008) to
model observations of DCO+, HCO+, and HCN emission from
TW Hya. First, we adopt a physical structure of the TW Hya
disk with density and temperature distributions from Qi et al.
(2004, 2006). Second, we assume that DCN exists in a disk layer
with vertical boundaries given by the best-fit values for HCN
in Qi et al. (2008); the boundaries of DCN are not very well
determined from the present data and chemical models predict
a similar vertical distribution of DCN and HCN (Willacy 2007).
Third, we model the DCN column density in this layer as a power
law, N10 × (r/10)α , where N10 is the column density at 10 AU, r
is the distance from the star in AU, and α is the power-law index.

4 https://almascience.nrao.edu/almadata/sciver/TWHyaBand6/

Figure 2. Best-fit radial column density distributions of DCN in the disk around
TW Hya from 10 to 100 AU for a falling power law (α = −2, thick line), a
rising power law (α = 2, dashed line), and a constant (α = 0, dotted line).

Based on the DCN data, the model is cut off at 100 AU, which
is in agreement with previous models of DCO+ and HCN. For
HCN and DCO+, Qi et al. (2008) found α ∼ −1 and α ∼ 2,
respectively. We therefore tested models of DCN column density
with three different values of power-law index, α = −1, 0, and 2,
to investigate if the DCN distribution can be modeled similarly
to DCO+, or if it can be better described by a flat or decreasing
function of radius. A more detailed characterization of the shape
of the DCN radial profile requires higher spatial resolution than
currently available.

For each power-law model, we optimize N10 by minimizing
the χ2 value, the weighted differences between the observed
and modeled complex visibilities. The techniques are described
in detail in Qi et al. (2008), and the best-fit models are
shown in Figures 2 and 3. Unlike the DCO+, the DCN J =
3–2 line is complicated by hyperfine structure. The central
DCN line quartet at 217.23863 GHz is separated by 0.23 MHz
(0.32 km s−1) from a singlet at 217.23840 GHz,5 with 22% of
the intensity of the quartet. This is close enough in frequency
and strong enough in relative intensity to affect the shape and
strength of emission in the channel maps. We use the Monte
Carlo radiative transfer code RATRAN (Hogerheijde & van der
Tak 2000), taking into account the DCN hyperfine structure, to
produce model visibilities that are sampled at the appropriate
spatial frequencies for comparison with the ALMA data. The
relative population of the hyperfine levels are assumed to be in
LTE, and the relative optical depth of the hyperfine transitions
including line overlap is accounted for accurately.

Figure 3 shows a comparison between the observed DCN
J = 3–2 line channel maps and the best-fit models for power-
law indices α = −1, 0, and 2. The model with α = −1 clearly
provides the best fit to the data, as models with α = 0 and
α = 2 underestimate the emission in the line wings, show
offsets from the observed peaks, and appear more elongated in
the central channel than the data. Note that the peanut-shaped
feature in the systemic velocity channel map of DCN Model 3
is not as obvious as for DCO+ (Qi et al. 2008) because of the
blending of DCN hyperfine components. The better fit of the
model with a negative power index is reflected in the χ2 values
of the models, which increase from 2296194 for Model 1, to

5 http://spec.jpl.nasa.gov/
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Öberg et al. (submitted)

The influence of 
radiation

IM Lup shows a double ring in DCO+

• traces CO in outer disk re-
appearing in the gas-phase: 
heating by ISRF

MWC 480 has extended CN vs HCN

• photodissociation of HCN by 
(inter)stellar UV

Figure 5: Channel maps for the transitions CN J = 7/2 - 5/2, F = 7/2 - 5/2 and F = 5/2 - 3/2
for MWC 480. The overlaying contours in white are 3, 5, 7, 9 and 11� for a standard deviation of
the background of 0.0110 Jy beam�1. The last two images are the moment 1 and moment 0 map
respectively. The beam size for the images is beam of 0.500⇥ 0.500. The contours for the moment 0
map are 3, 5, 7, 10 and 15 � for an RMS of 0.015 Jy beam�1.
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Organic molecules

Detection of cyanides in MWC480: 
CH3CN, HC3N, (and HCN)

H2CO ubiquitous (HD163296, DM Tau)

• no trace yet of CH3OH. Where did 
the methanol go?

Öberg et al. (2015); Loomis et al. (in prep.); Carney, Hogerheijde et al. (in prep.)
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The comet-like composition of a protoplanetary disk
as revealed by complex cyanides
Karin I. Öberg1, Viviana V. Guzmán1, Kenji Furuya2, Chunhua Qi1, Yuri Aikawa3, Sean M. Andrews1, Ryan Loomis1

& David J. Wilner1

Observations of comets and asteroids show that the solar nebula
that spawned our planetary system was rich in water and organic
molecules. Bombardment brought these organics to the young Earth’s
surface1. Unlike asteroids, comets preserve a nearly pristine record
of the solar nebula composition. The presence of cyanides in comets,
including 0.01 per cent of methyl cyanide (CH3CN) with respect to
water, is of special interest because of the importance of C–N bonds
for abiotic amino acid synthesis2. Comet-like compositions of sim-
ple and complex volatiles are found in protostars, and can readily
be explained by a combination of gas-phase chemistry (to form, for
example, HCN) and an active ice-phase chemistry on grain surfaces
that advances complexity3. Simple volatiles, including water and HCN,
have been detected previously in solar nebula analogues, indicating
that they survive disk formation or are re-formed in situ4–7. It has
hitherto been unclear whether the same holds for more complex
organic molecules outside the solar nebula, given that recent observa-
tions show a marked change in the chemistry at the boundary between
nascent envelopes and young disks due to accretion shocks8. Here we
report the detection of the complex cyanides CH3CN and HC3N (and
HCN) in the protoplanetary disk around the young star MWC 480.
We find that the abundance ratios of these nitrogen-bearing organ-
ics in the gas phase are similar to those in comets, which suggests an
even higher relative abundance of complex cyanides in the disk ice.
This implies that complex organics accompany simpler volatiles in
protoplanetary disks, and that the rich organic chemistry of our solar
nebula was not unique.

MWC 480 is a Herbig Ae star with an estimated stellar mass of 1.8
solar masses (M[)9 in the Taurus star-forming region at a distance of
140 pc. The star is surrounded by a 0.18 6 0.1 M[ protoplanetary disk;
this is an order of magnitude more massive than the 0.01 M[minimum-
mass solar nebula, the lowest possible mass of the solar nebula that could
have produced the Solar System10,11. Compared to disks around solar-
type stars, the MWC 480 disk is 2–3 times warmer at a given radius12,13

and is exposed to levels of ultraviolet radiation orders of magnitude
higher. Despite these environmental differences, the composition and
abundance of volatiles in the MWC 480 disk appear largely similar to
those in disks around solar-type stars, except for a lower abundance of
cold (temperature T , 20 K) chemistry tracers in the outer disk14,15.
The inner disk chemistry of MWC 480 has not been studied, but Herbig
Ae and T Tauri disks are observed to have different volatile composi-
tions close to their stars16.

Using the Atacama Large Millimeter/submillimeter Array (ALMA),
we detected two rotational emission lines of CH3CN from the MWC 480
protoplanetary disk (the 140–130 line at 5s, and the 141–131 line at 3.5s,
with each energy level characterized by the quantum numbers J and K,
the total angular momentum and projection of the angular momentum
along the molecular symmetry axis, respectively). We also detected emis-
sion lines from the N-bearing carbon chain HC3N, and from the 13C
isotopologue of HCN. We targeted the 13C isotopologue rather than
the more abundant H12CN because the latter is optically thick and
therefore a poor tracer of the HCN abundance. Figure 1 shows the spatially
resolved line detections together with a dust continuum emission map,
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Figure 1 | ALMA detections of simple and complex cyanides in the
MWC 480 protoplanetary disk. a, 1.1 mm emission (black contours are
3s 1 s 3 2[1,2,…]). b–d, Integrated emission of H13CN (b), HC3N (c) and
CH3CN (d) lines (colour: see colour scale on the right). Black contours are
[3,4,5,7,10]s. e–g, As b–d, but for 2 km s21 velocity bins around the source

mean velocity, displaying the disk rotation. Positions are relative to the
continuum phase centre (marked with a cross) at right ascension (a) 04 h
58 min 45.94 s and declination (d) 129u 509 38.40. The synthesized beam is
shown in the bottom left corner of each panel.
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Conclusions and 
outlook
ALMA offers high sensitivity and high resolution for 
disk studies

• grains grow and drift inward; gaps open

• molecular emission understood in terms of freeze out, 
photodissociation ⇔ formation of trace species

• gas motions combine with asymmetries in density / 
abundance / temperature ➛ kinematic signatures

• earliest disk stages finally accessible

☛ Detailed understanding of individual objects

☛ Population studies of selected aspects


