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ALMA observations of dust in disks
• ALMA has shown remarkably detailed structure of mm-continuum emission


• mm-sized grains collect in rings, separated by gaps


• and in general have drifted inward relative to the gas extent

HL Tau: ALMA Partnership et al. (2015); HD163286: Isella et al. (2016); HD169142: Fedele, Canrey, Hogerheijde et al. (2017) 
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Although CO emits across 
entire disk, CO is often 
under-abundant by factors 
up to 100, even after taking 
into account freeze out and 
photodissociation. This is 
true even in the inner disk 
where T>Tevap
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Chemistry in the disk

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

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)
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1. Can we use chemistry to find snow lines?
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N2H+ as frozen-CO a tracer
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Gas-phase CO inhibits formation 
of N2H+ and rapidly destroys any 
N2H+ present.


Gas-phase N2H+ means:  
no CO in the gas.
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N2H+ and N2D+ in HD163296
• HD163296: d~120 pc, Mstar~2.5 Msun

V. N. Salinas et al.: Di↵erent deuteration regimes in the disk around HD 163296

Fig. 1. Integrated intensity maps of DCO+, N2D+, and DCN with (lower panels) and without (upper panels) a Keplerian mask as explained in
Appendix A. The resulting synthesized beams of 000.53⇥ 000.42 for DCO+ and DCN, and 000.50 ⇥ 000.39 for N2D+ using natural weighting are shown
at the lower left of each map. Contours are 1� levels, where � is estimated as the rms of an emission free region in the sky.

Table 1. Summary of our line observations.

Line transition Frequency Integrated intensity Beam Channel rms
(GHz) (mJy km s�1) (mJy/beam)

DCO+ J = 3�2 216.112 1270.45 ± 5.8 000.53 ⇥ 000.42 3.25
DCN J = 3�2 217.238 104.4 ± 5.6 000.53 ⇥ 000.42 3.11
N2D+ J = 3–2 231.321 61.6 ± 7.5 000.50 ⇥ 000.39 3.37

Notes. Line parameters of CLEAN images using natural weighting. The velocity integrated fluxes and their respective errors are calculated with a
Keplerian mask as explained in Appendix A.

species using the values of the velocity integrated line inten-
sities from Table 1. In general, our estimates do not di↵er by
more than a factor of 2 within the excitation temperature ranges.
Table 3 shows estimated disk-averaged Df values for each of our
species using the disk-averaged column densities from Table 2.
We take the velocity integrated flux values of past line detections
of H13CO+ J = 3�2 (620 mJy beam�1 km s�1), H13CN J = 3�2
(170 mJy beam�1 km s�1) (Huang et al. 2017), N2H+ J = 3�2
(520 mJy beam�1 km s�1) (Qi et al. 2015), and Eq. (1) to de-
rive disk-average column densities assuming a 12C/13C ratio of
69 (Wilson 1999). The 12C/13C ratio can vary in disks between
di↵erent C-bearing species (Woods & Willacy 2009). Higher or

lower 12C/13C ratios for these species change Df linearly. These
Df values are only lower limits as the species might not be spa-
tially colocated.

4. Parametric modeling
4.1. Deuterium chemistry

The D/H ratio is specially useful to constrain the physical con-
ditions of protoplanetary disks since an enhancement in this
ratio is a direct consequence of the energy barrier of the re-
actions that deuterate simple molecules. We can distinguish
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Flower (1999) based on HCO+ collisional rates with H2 and the
molecular data files are retrieved from the Leiden Atomic and
Molecular Database (Schöier et al. 2005).

Figure 2 compares the observed N2H
+ emission map with

the best-fit model (Table 2). See Table 3 of Qi et al. (2011) for
other related disk model parameters, including disk inclination
and orientation. The best-fit model matches the observations
very well: the residual image shows no significant emission
above the 3σ level. Based on this model, the N2H

+ column
density is 2.6 ± 0.1 × 1011 cm−2 at 100 AU and the power-law
index is −0.7. The most important parameter in the model fit is
Rin, since it is associated with the CO snow line location. We
find Rin = 90 6

8
-
+ AU. Note that this radius is 65 AU interior to

the CO snow line location estimated by Qi et al. (2011). The
N2H

+ inner edge corresponds to a midplane temperature of
25 K in the underlying model of the disk structure.

3.2. C18O Constraints on the CO Snow Line

The CO snow line location that would be implied by the
N2H

+ inner ring edge is in clear conflict with the value derived
by Qi et al. (2011), which was based on modeling the 13CO line
emission. Here we (re-)analyze the spatially resolved CO
isotopologue emission from the HD 163296 disk using the
same model framework as outlined above and ALMA archival
13CO and C18O data.

As a first step we repeated the analysis presented in Qi et al.
(2011) using the new 13CO J = 2−1 data from ALMA, with
substantially improved sensitivity (Qi et al. 2011 used
Submillimeter Array observations). Doing so, we recover the
best-fit model presented by Qi et al. (2011), with a CO snow
line at 155 AU. Next, we tried to fit the new ALMA C18O
J = 2−1 data using the same model structure and CO snow line
location, but with the fractional abundance of C18O as a free
parameter. Figure 3 (top panels) demonstrates that such a
model cannot fit the C18O data very well. The model with a
155 AU snow line systematically overpredicts the C18O
emission interior to 155 AU and underpredicts it at larger
radii, regardless of the level of CO depletion, indicating that
there is no sharp drop in the CO abundance at 155 AU.
Compared to 13CO, C18O should be less affected by opacity
effects and therefore provide a more direct constraint on the CO
column density profile.

The failure of the model to reproduce the C18O emission
morphology with a fixed 155 AU snow line suggests that 13CO
emission is not a robust tracer of CO depletion by freeze-out.
One possible explanation of this discrepancy is that the 13CO
line is optically thick out to ∼155 AU; the apparent 155 AU
snow line inferred by Qi et al. (2011) actually reflects the
transition to optically thin emission, with a pronounced
intensity drop without a corresponding column density
decrease. In order to maintain high 13CO optical depths at
such large radii, there must be some midplane gas-phase CO
abundance exterior to the CO snow line. Qi et al. (2011)
assumed complete freeze-out of CO whenever the temperature
is below a critical value. However, non-thermal desorption
mechanisms (e.g., UV photodesorption) can maintain a
relatively large CO fraction in the gas phase (Öberg
et al. 2008) at the low densities present in the outer disk.
The C18O isotopologue is expected to be ∼8× less abundant

than 13CO, and therefore its emission morphology is much less
likely to be affected by these opacity effects. To explore its
ability to constrain the CO snow line, we repeated the analysis
methodology described by Qi et al. (2011), but now with both
the CO freeze-out temperature (TCO) and the CO freeze-out
fraction (depletion factor; FCO) as free parameters (while fixing
the surface boundary σs as 0.79 to keep the problem
computationally tractable). The lower boundary (toward mid-
plane) is still governed by TCO, and the abundance of CO drops
substantially when T < TCO but not to 0, i.e., no complete
freeze-out of CO. We find a best-fit TCO = 25–26 K, which
occurs at a radius of 85–90 AU for the adopted disk structure.
The best-fit C18O abundance is 9 × 10−8, corresponding to
CO abundance of 5 × 10−5 assuming an abundance ratio of
CO/C18O = 550, and the depletion factor is about 5. The
depletion factor depends on the detailed thermal and non-
thermal desorption processes of CO ice across the disk.
However, in this model approach, it is fit as a constant and the
value of the depletion factor doesn’t affect the derived value of
TCO or the location of the CO snow line RCO in our model fit.
The bottom panel of Figure 3 shows the C18O column density
profile of the best-fit model compared with the original Qi et al.
(2011) model. In this model, the optical depth of 13CO J = 2−1
is about unity at around 155 AU (with 13CO column density
around 7× 1016 cm−1 assuming 13CO/C18O is around 8),
where dashed blue ellipses mark the transition from optically
thick to thin for 13CO J = 2−1 emission. The match of the

Figure 2. N2H
+ 3 − 2 observations, simulated observations of the best-fit N2H

+ model, and the imaged residuals, calculated from the visibilities. The red ellipse
marks the best-fit inner radius of the N2H

+ ring at 90 AU, the CO snow line in the disk midplane. The residual shows also the contours in steps of 3σ. The integrated
line emission scale is shown to the right of the upper right panel. Synthesized beams are drawn in the bottom left corner of each panel.
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planetesimals by concentrating solid particles and prevent-
ing them from accreting onto the star [18,19]. In the last
case, a circular gap is expected when a forming planet is
orbiting in a disk. The orbital radius and mass of the planet
can be inferred from the location and shape of this gap [17].
For HL Tau, it has been suggested that the observed ringed
structure is due to the presence of Saturn-mass planets
orbiting at several tens of A.U. from the central star [20].
This implies that giant planets can form on much shorter
time scales, and at much larger distances from the central
star, than predicted by current planet formation models [6].
The initial results of ALMA observations are promising

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

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

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

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

PRL 117, 251101 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
16 DECEMBER 2016
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Fig. 1. Integrated intensity maps of DCO+, N2D+, and DCN with (lower panels) and without (upper panels) a Keplerian mask as explained in
Appendix A. The resulting synthesized beams of 000.53⇥ 000.42 for DCO+ and DCN, and 000.50 ⇥ 000.39 for N2D+ using natural weighting are shown
at the lower left of each map. Contours are 1� levels, where � is estimated as the rms of an emission free region in the sky.

Table 1. Summary of our line observations.

Line transition Frequency Integrated intensity Beam Channel rms
(GHz) (mJy km s�1) (mJy/beam)

DCO+ J = 3�2 216.112 1270.45 ± 5.8 000.53 ⇥ 000.42 3.25
DCN J = 3�2 217.238 104.4 ± 5.6 000.53 ⇥ 000.42 3.11
N2D+ J = 3–2 231.321 61.6 ± 7.5 000.50 ⇥ 000.39 3.37

Notes. Line parameters of CLEAN images using natural weighting. The velocity integrated fluxes and their respective errors are calculated with a
Keplerian mask as explained in Appendix A.

species using the values of the velocity integrated line inten-
sities from Table 1. In general, our estimates do not di↵er by
more than a factor of 2 within the excitation temperature ranges.
Table 3 shows estimated disk-averaged Df values for each of our
species using the disk-averaged column densities from Table 2.
We take the velocity integrated flux values of past line detections
of H13CO+ J = 3�2 (620 mJy beam�1 km s�1), H13CN J = 3�2
(170 mJy beam�1 km s�1) (Huang et al. 2017), N2H+ J = 3�2
(520 mJy beam�1 km s�1) (Qi et al. 2015), and Eq. (1) to de-
rive disk-average column densities assuming a 12C/13C ratio of
69 (Wilson 1999). The 12C/13C ratio can vary in disks between
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Flower (1999) based on HCO+ collisional rates with H2 and the
molecular data files are retrieved from the Leiden Atomic and
Molecular Database (Schöier et al. 2005).

Figure 2 compares the observed N2H
+ emission map with

the best-fit model (Table 2). See Table 3 of Qi et al. (2011) for
other related disk model parameters, including disk inclination
and orientation. The best-fit model matches the observations
very well: the residual image shows no significant emission
above the 3σ level. Based on this model, the N2H

+ column
density is 2.6 ± 0.1 × 1011 cm−2 at 100 AU and the power-law
index is −0.7. The most important parameter in the model fit is
Rin, since it is associated with the CO snow line location. We
find Rin = 90 6
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+ AU. Note that this radius is 65 AU interior to

the CO snow line location estimated by Qi et al. (2011). The
N2H

+ inner edge corresponds to a midplane temperature of
25 K in the underlying model of the disk structure.

3.2. C18O Constraints on the CO Snow Line

The CO snow line location that would be implied by the
N2H

+ inner ring edge is in clear conflict with the value derived
by Qi et al. (2011), which was based on modeling the 13CO line
emission. Here we (re-)analyze the spatially resolved CO
isotopologue emission from the HD 163296 disk using the
same model framework as outlined above and ALMA archival
13CO and C18O data.

As a first step we repeated the analysis presented in Qi et al.
(2011) using the new 13CO J = 2−1 data from ALMA, with
substantially improved sensitivity (Qi et al. 2011 used
Submillimeter Array observations). Doing so, we recover the
best-fit model presented by Qi et al. (2011), with a CO snow
line at 155 AU. Next, we tried to fit the new ALMA C18O
J = 2−1 data using the same model structure and CO snow line
location, but with the fractional abundance of C18O as a free
parameter. Figure 3 (top panels) demonstrates that such a
model cannot fit the C18O data very well. The model with a
155 AU snow line systematically overpredicts the C18O
emission interior to 155 AU and underpredicts it at larger
radii, regardless of the level of CO depletion, indicating that
there is no sharp drop in the CO abundance at 155 AU.
Compared to 13CO, C18O should be less affected by opacity
effects and therefore provide a more direct constraint on the CO
column density profile.

The failure of the model to reproduce the C18O emission
morphology with a fixed 155 AU snow line suggests that 13CO
emission is not a robust tracer of CO depletion by freeze-out.
One possible explanation of this discrepancy is that the 13CO
line is optically thick out to ∼155 AU; the apparent 155 AU
snow line inferred by Qi et al. (2011) actually reflects the
transition to optically thin emission, with a pronounced
intensity drop without a corresponding column density
decrease. In order to maintain high 13CO optical depths at
such large radii, there must be some midplane gas-phase CO
abundance exterior to the CO snow line. Qi et al. (2011)
assumed complete freeze-out of CO whenever the temperature
is below a critical value. However, non-thermal desorption
mechanisms (e.g., UV photodesorption) can maintain a
relatively large CO fraction in the gas phase (Öberg
et al. 2008) at the low densities present in the outer disk.
The C18O isotopologue is expected to be ∼8× less abundant

than 13CO, and therefore its emission morphology is much less
likely to be affected by these opacity effects. To explore its
ability to constrain the CO snow line, we repeated the analysis
methodology described by Qi et al. (2011), but now with both
the CO freeze-out temperature (TCO) and the CO freeze-out
fraction (depletion factor; FCO) as free parameters (while fixing
the surface boundary σs as 0.79 to keep the problem
computationally tractable). The lower boundary (toward mid-
plane) is still governed by TCO, and the abundance of CO drops
substantially when T < TCO but not to 0, i.e., no complete
freeze-out of CO. We find a best-fit TCO = 25–26 K, which
occurs at a radius of 85–90 AU for the adopted disk structure.
The best-fit C18O abundance is 9 × 10−8, corresponding to
CO abundance of 5 × 10−5 assuming an abundance ratio of
CO/C18O = 550, and the depletion factor is about 5. The
depletion factor depends on the detailed thermal and non-
thermal desorption processes of CO ice across the disk.
However, in this model approach, it is fit as a constant and the
value of the depletion factor doesn’t affect the derived value of
TCO or the location of the CO snow line RCO in our model fit.
The bottom panel of Figure 3 shows the C18O column density
profile of the best-fit model compared with the original Qi et al.
(2011) model. In this model, the optical depth of 13CO J = 2−1
is about unity at around 155 AU (with 13CO column density
around 7× 1016 cm−1 assuming 13CO/C18O is around 8),
where dashed blue ellipses mark the transition from optically
thick to thin for 13CO J = 2−1 emission. The match of the

Figure 2. N2H
+ 3 − 2 observations, simulated observations of the best-fit N2H

+ model, and the imaged residuals, calculated from the visibilities. The red ellipse
marks the best-fit inner radius of the N2H

+ ring at 90 AU, the CO snow line in the disk midplane. The residual shows also the contours in steps of 3σ. The integrated
line emission scale is shown to the right of the upper right panel. Synthesized beams are drawn in the bottom left corner of each panel.
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planetesimals by concentrating solid particles and prevent-
ing them from accreting onto the star [18,19]. In the last
case, a circular gap is expected when a forming planet is
orbiting in a disk. The orbital radius and mass of the planet
can be inferred from the location and shape of this gap [17].
For HL Tau, it has been suggested that the observed ringed
structure is due to the presence of Saturn-mass planets
orbiting at several tens of A.U. from the central star [20].
This implies that giant planets can form on much shorter
time scales, and at much larger distances from the central
star, than predicted by current planet formation models [6].
The initial results of ALMA observations are promising

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

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

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

FIG. 1. ALMA images of the HD 163296 disk emission recorded in 1.3 mm dust continuum (top left), 12CO (top middle), 13CO
(bottom left), and C18O (bottom middle) J ¼ 2 − 1 line emission. The angular resolution of the observations, 0.2200 × 0.1400, is indicated
by the filled white ellipse in the continuum image. The dashed ellipses in the CO maps indicate the locations of the dark rings seeing in
the continuum map. Azimuthally averaged profiles, normalized to the peak intensities, are shown in the right panels. They are calculated
by averaging on elliptical annuli with a position angle of 132°, an eccentricity of 0.7, and a width equal to 1=4 of the angular resolution
of the observations. The error bars are calculated by dividing the root mean square noise of the observations (see Table I in
the Supplemental Material [26]) by the square root of the number of independent beams in each annulus. The vertical lines indicate the
position of the dark (D) and bright (B) rings observed in the continuum map. The horizontal bar in the top right panel indicates the
angular resolution of the observations.
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Fig. 1. Integrated intensity maps of DCO+, N2D+, and DCN with (lower panels) and without (upper panels) a Keplerian mask as explained in
Appendix A. The resulting synthesized beams of 000.53⇥ 000.42 for DCO+ and DCN, and 000.50 ⇥ 000.39 for N2D+ using natural weighting are shown
at the lower left of each map. Contours are 1� levels, where � is estimated as the rms of an emission free region in the sky.

Table 1. Summary of our line observations.

Line transition Frequency Integrated intensity Beam Channel rms
(GHz) (mJy km s�1) (mJy/beam)

DCO+ J = 3�2 216.112 1270.45 ± 5.8 000.53 ⇥ 000.42 3.25
DCN J = 3�2 217.238 104.4 ± 5.6 000.53 ⇥ 000.42 3.11
N2D+ J = 3–2 231.321 61.6 ± 7.5 000.50 ⇥ 000.39 3.37

Notes. Line parameters of CLEAN images using natural weighting. The velocity integrated fluxes and their respective errors are calculated with a
Keplerian mask as explained in Appendix A.

species using the values of the velocity integrated line inten-
sities from Table 1. In general, our estimates do not di↵er by
more than a factor of 2 within the excitation temperature ranges.
Table 3 shows estimated disk-averaged Df values for each of our
species using the disk-averaged column densities from Table 2.
We take the velocity integrated flux values of past line detections
of H13CO+ J = 3�2 (620 mJy beam�1 km s�1), H13CN J = 3�2
(170 mJy beam�1 km s�1) (Huang et al. 2017), N2H+ J = 3�2
(520 mJy beam�1 km s�1) (Qi et al. 2015), and Eq. (1) to de-
rive disk-average column densities assuming a 12C/13C ratio of
69 (Wilson 1999). The 12C/13C ratio can vary in disks between
di↵erent C-bearing species (Woods & Willacy 2009). Higher or

lower 12C/13C ratios for these species change Df linearly. These
Df values are only lower limits as the species might not be spa-
tially colocated.

4. Parametric modeling
4.1. Deuterium chemistry

The D/H ratio is specially useful to constrain the physical con-
ditions of protoplanetary disks since an enhancement in this
ratio is a direct consequence of the energy barrier of the re-
actions that deuterate simple molecules. We can distinguish
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Flower (1999) based on HCO+ collisional rates with H2 and the
molecular data files are retrieved from the Leiden Atomic and
Molecular Database (Schöier et al. 2005).

Figure 2 compares the observed N2H
+ emission map with

the best-fit model (Table 2). See Table 3 of Qi et al. (2011) for
other related disk model parameters, including disk inclination
and orientation. The best-fit model matches the observations
very well: the residual image shows no significant emission
above the 3σ level. Based on this model, the N2H

+ column
density is 2.6 ± 0.1 × 1011 cm−2 at 100 AU and the power-law
index is −0.7. The most important parameter in the model fit is
Rin, since it is associated with the CO snow line location. We
find Rin = 90 6

8
-
+ AU. Note that this radius is 65 AU interior to

the CO snow line location estimated by Qi et al. (2011). The
N2H

+ inner edge corresponds to a midplane temperature of
25 K in the underlying model of the disk structure.

3.2. C18O Constraints on the CO Snow Line

The CO snow line location that would be implied by the
N2H

+ inner ring edge is in clear conflict with the value derived
by Qi et al. (2011), which was based on modeling the 13CO line
emission. Here we (re-)analyze the spatially resolved CO
isotopologue emission from the HD 163296 disk using the
same model framework as outlined above and ALMA archival
13CO and C18O data.

As a first step we repeated the analysis presented in Qi et al.
(2011) using the new 13CO J = 2−1 data from ALMA, with
substantially improved sensitivity (Qi et al. 2011 used
Submillimeter Array observations). Doing so, we recover the
best-fit model presented by Qi et al. (2011), with a CO snow
line at 155 AU. Next, we tried to fit the new ALMA C18O
J = 2−1 data using the same model structure and CO snow line
location, but with the fractional abundance of C18O as a free
parameter. Figure 3 (top panels) demonstrates that such a
model cannot fit the C18O data very well. The model with a
155 AU snow line systematically overpredicts the C18O
emission interior to 155 AU and underpredicts it at larger
radii, regardless of the level of CO depletion, indicating that
there is no sharp drop in the CO abundance at 155 AU.
Compared to 13CO, C18O should be less affected by opacity
effects and therefore provide a more direct constraint on the CO
column density profile.

The failure of the model to reproduce the C18O emission
morphology with a fixed 155 AU snow line suggests that 13CO
emission is not a robust tracer of CO depletion by freeze-out.
One possible explanation of this discrepancy is that the 13CO
line is optically thick out to ∼155 AU; the apparent 155 AU
snow line inferred by Qi et al. (2011) actually reflects the
transition to optically thin emission, with a pronounced
intensity drop without a corresponding column density
decrease. In order to maintain high 13CO optical depths at
such large radii, there must be some midplane gas-phase CO
abundance exterior to the CO snow line. Qi et al. (2011)
assumed complete freeze-out of CO whenever the temperature
is below a critical value. However, non-thermal desorption
mechanisms (e.g., UV photodesorption) can maintain a
relatively large CO fraction in the gas phase (Öberg
et al. 2008) at the low densities present in the outer disk.
The C18O isotopologue is expected to be ∼8× less abundant

than 13CO, and therefore its emission morphology is much less
likely to be affected by these opacity effects. To explore its
ability to constrain the CO snow line, we repeated the analysis
methodology described by Qi et al. (2011), but now with both
the CO freeze-out temperature (TCO) and the CO freeze-out
fraction (depletion factor; FCO) as free parameters (while fixing
the surface boundary σs as 0.79 to keep the problem
computationally tractable). The lower boundary (toward mid-
plane) is still governed by TCO, and the abundance of CO drops
substantially when T < TCO but not to 0, i.e., no complete
freeze-out of CO. We find a best-fit TCO = 25–26 K, which
occurs at a radius of 85–90 AU for the adopted disk structure.
The best-fit C18O abundance is 9 × 10−8, corresponding to
CO abundance of 5 × 10−5 assuming an abundance ratio of
CO/C18O = 550, and the depletion factor is about 5. The
depletion factor depends on the detailed thermal and non-
thermal desorption processes of CO ice across the disk.
However, in this model approach, it is fit as a constant and the
value of the depletion factor doesn’t affect the derived value of
TCO or the location of the CO snow line RCO in our model fit.
The bottom panel of Figure 3 shows the C18O column density
profile of the best-fit model compared with the original Qi et al.
(2011) model. In this model, the optical depth of 13CO J = 2−1
is about unity at around 155 AU (with 13CO column density
around 7× 1016 cm−1 assuming 13CO/C18O is around 8),
where dashed blue ellipses mark the transition from optically
thick to thin for 13CO J = 2−1 emission. The match of the

Figure 2. N2H
+ 3 − 2 observations, simulated observations of the best-fit N2H

+ model, and the imaged residuals, calculated from the visibilities. The red ellipse
marks the best-fit inner radius of the N2H

+ ring at 90 AU, the CO snow line in the disk midplane. The residual shows also the contours in steps of 3σ. The integrated
line emission scale is shown to the right of the upper right panel. Synthesized beams are drawn in the bottom left corner of each panel.
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planetesimals by concentrating solid particles and prevent-
ing them from accreting onto the star [18,19]. In the last
case, a circular gap is expected when a forming planet is
orbiting in a disk. The orbital radius and mass of the planet
can be inferred from the location and shape of this gap [17].
For HL Tau, it has been suggested that the observed ringed
structure is due to the presence of Saturn-mass planets
orbiting at several tens of A.U. from the central star [20].
This implies that giant planets can form on much shorter
time scales, and at much larger distances from the central
star, than predicted by current planet formation models [6].
The initial results of ALMA observations are promising

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

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

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

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

Fig. 1. Integrated intensity maps of DCO+, N2D+, and DCN with (lower panels) and without (upper panels) a Keplerian mask as explained in
Appendix A. The resulting synthesized beams of 000.53⇥ 000.42 for DCO+ and DCN, and 000.50 ⇥ 000.39 for N2D+ using natural weighting are shown
at the lower left of each map. Contours are 1� levels, where � is estimated as the rms of an emission free region in the sky.

Table 1. Summary of our line observations.

Line transition Frequency Integrated intensity Beam Channel rms
(GHz) (mJy km s�1) (mJy/beam)

DCO+ J = 3�2 216.112 1270.45 ± 5.8 000.53 ⇥ 000.42 3.25
DCN J = 3�2 217.238 104.4 ± 5.6 000.53 ⇥ 000.42 3.11
N2D+ J = 3–2 231.321 61.6 ± 7.5 000.50 ⇥ 000.39 3.37

Notes. Line parameters of CLEAN images using natural weighting. The velocity integrated fluxes and their respective errors are calculated with a
Keplerian mask as explained in Appendix A.

species using the values of the velocity integrated line inten-
sities from Table 1. In general, our estimates do not di↵er by
more than a factor of 2 within the excitation temperature ranges.
Table 3 shows estimated disk-averaged Df values for each of our
species using the disk-averaged column densities from Table 2.
We take the velocity integrated flux values of past line detections
of H13CO+ J = 3�2 (620 mJy beam�1 km s�1), H13CN J = 3�2
(170 mJy beam�1 km s�1) (Huang et al. 2017), N2H+ J = 3�2
(520 mJy beam�1 km s�1) (Qi et al. 2015), and Eq. (1) to de-
rive disk-average column densities assuming a 12C/13C ratio of
69 (Wilson 1999). The 12C/13C ratio can vary in disks between
di↵erent C-bearing species (Woods & Willacy 2009). Higher or

lower 12C/13C ratios for these species change Df linearly. These
Df values are only lower limits as the species might not be spa-
tially colocated.

4. Parametric modeling
4.1. Deuterium chemistry

The D/H ratio is specially useful to constrain the physical con-
ditions of protoplanetary disks since an enhancement in this
ratio is a direct consequence of the energy barrier of the re-
actions that deuterate simple molecules. We can distinguish
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planetesimals by concentrating solid particles and prevent-
ing them from accreting onto the star [18,19]. In the last
case, a circular gap is expected when a forming planet is
orbiting in a disk. The orbital radius and mass of the planet
can be inferred from the location and shape of this gap [17].
For HL Tau, it has been suggested that the observed ringed
structure is due to the presence of Saturn-mass planets
orbiting at several tens of A.U. from the central star [20].
This implies that giant planets can form on much shorter
time scales, and at much larger distances from the central
star, than predicted by current planet formation models [6].
The initial results of ALMA observations are promising

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

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

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

FIG. 1. ALMA images of the HD 163296 disk emission recorded in 1.3 mm dust continuum (top left), 12CO (top middle), 13CO
(bottom left), and C18O (bottom middle) J ¼ 2 − 1 line emission. The angular resolution of the observations, 0.2200 × 0.1400, is indicated
by the filled white ellipse in the continuum image. The dashed ellipses in the CO maps indicate the locations of the dark rings seeing in
the continuum map. Azimuthally averaged profiles, normalized to the peak intensities, are shown in the right panels. They are calculated
by averaging on elliptical annuli with a position angle of 132°, an eccentricity of 0.7, and a width equal to 1=4 of the angular resolution
of the observations. The error bars are calculated by dividing the root mean square noise of the observations (see Table I in
the Supplemental Material [26]) by the square root of the number of independent beams in each annulus. The vertical lines indicate the
position of the dark (D) and bright (B) rings observed in the continuum map. The horizontal bar in the top right panel indicates the
angular resolution of the observations.
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Flower (1999) based on HCO+ collisional rates with H2 and the
molecular data files are retrieved from the Leiden Atomic and
Molecular Database (Schöier et al. 2005).

Figure 2 compares the observed N2H
+ emission map with

the best-fit model (Table 2). See Table 3 of Qi et al. (2011) for
other related disk model parameters, including disk inclination
and orientation. The best-fit model matches the observations
very well: the residual image shows no significant emission
above the 3σ level. Based on this model, the N2H

+ column
density is 2.6 ± 0.1 × 1011 cm−2 at 100 AU and the power-law
index is −0.7. The most important parameter in the model fit is
Rin, since it is associated with the CO snow line location. We
find Rin = 90 6

8
-
+ AU. Note that this radius is 65 AU interior to

the CO snow line location estimated by Qi et al. (2011). The
N2H

+ inner edge corresponds to a midplane temperature of
25 K in the underlying model of the disk structure.

3.2. C18O Constraints on the CO Snow Line

The CO snow line location that would be implied by the
N2H

+ inner ring edge is in clear conflict with the value derived
by Qi et al. (2011), which was based on modeling the 13CO line
emission. Here we (re-)analyze the spatially resolved CO
isotopologue emission from the HD 163296 disk using the
same model framework as outlined above and ALMA archival
13CO and C18O data.

As a first step we repeated the analysis presented in Qi et al.
(2011) using the new 13CO J = 2−1 data from ALMA, with
substantially improved sensitivity (Qi et al. 2011 used
Submillimeter Array observations). Doing so, we recover the
best-fit model presented by Qi et al. (2011), with a CO snow
line at 155 AU. Next, we tried to fit the new ALMA C18O
J = 2−1 data using the same model structure and CO snow line
location, but with the fractional abundance of C18O as a free
parameter. Figure 3 (top panels) demonstrates that such a
model cannot fit the C18O data very well. The model with a
155 AU snow line systematically overpredicts the C18O
emission interior to 155 AU and underpredicts it at larger
radii, regardless of the level of CO depletion, indicating that
there is no sharp drop in the CO abundance at 155 AU.
Compared to 13CO, C18O should be less affected by opacity
effects and therefore provide a more direct constraint on the CO
column density profile.

The failure of the model to reproduce the C18O emission
morphology with a fixed 155 AU snow line suggests that 13CO
emission is not a robust tracer of CO depletion by freeze-out.
One possible explanation of this discrepancy is that the 13CO
line is optically thick out to ∼155 AU; the apparent 155 AU
snow line inferred by Qi et al. (2011) actually reflects the
transition to optically thin emission, with a pronounced
intensity drop without a corresponding column density
decrease. In order to maintain high 13CO optical depths at
such large radii, there must be some midplane gas-phase CO
abundance exterior to the CO snow line. Qi et al. (2011)
assumed complete freeze-out of CO whenever the temperature
is below a critical value. However, non-thermal desorption
mechanisms (e.g., UV photodesorption) can maintain a
relatively large CO fraction in the gas phase (Öberg
et al. 2008) at the low densities present in the outer disk.
The C18O isotopologue is expected to be ∼8× less abundant

than 13CO, and therefore its emission morphology is much less
likely to be affected by these opacity effects. To explore its
ability to constrain the CO snow line, we repeated the analysis
methodology described by Qi et al. (2011), but now with both
the CO freeze-out temperature (TCO) and the CO freeze-out
fraction (depletion factor; FCO) as free parameters (while fixing
the surface boundary σs as 0.79 to keep the problem
computationally tractable). The lower boundary (toward mid-
plane) is still governed by TCO, and the abundance of CO drops
substantially when T < TCO but not to 0, i.e., no complete
freeze-out of CO. We find a best-fit TCO = 25–26 K, which
occurs at a radius of 85–90 AU for the adopted disk structure.
The best-fit C18O abundance is 9 × 10−8, corresponding to
CO abundance of 5 × 10−5 assuming an abundance ratio of
CO/C18O = 550, and the depletion factor is about 5. The
depletion factor depends on the detailed thermal and non-
thermal desorption processes of CO ice across the disk.
However, in this model approach, it is fit as a constant and the
value of the depletion factor doesn’t affect the derived value of
TCO or the location of the CO snow line RCO in our model fit.
The bottom panel of Figure 3 shows the C18O column density
profile of the best-fit model compared with the original Qi et al.
(2011) model. In this model, the optical depth of 13CO J = 2−1
is about unity at around 155 AU (with 13CO column density
around 7× 1016 cm−1 assuming 13CO/C18O is around 8),
where dashed blue ellipses mark the transition from optically
thick to thin for 13CO J = 2−1 emission. The match of the

Figure 2. N2H
+ 3 − 2 observations, simulated observations of the best-fit N2H

+ model, and the imaged residuals, calculated from the visibilities. The red ellipse
marks the best-fit inner radius of the N2H

+ ring at 90 AU, the CO snow line in the disk midplane. The residual shows also the contours in steps of 3σ. The integrated
line emission scale is shown to the right of the upper right panel. Synthesized beams are drawn in the bottom left corner of each panel.
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Fig. 1. Top-left: integrated intensity map of the DCO+ J = 3 � 2 line from 5.4–8.8 km s�1 after applying a Keplerian mask to the image cube. The
synthesized beam and AU scale are shown in the lower corners. Top-right: DCO+ J = 3 � 2 integrated intensity map overlaid with white marking
the model inner dust cavity, the inner dust ring (R1, hatched), the dust gap, and the outer dust ring (R2, hatched). The synthesized beam and AU
scale are shown in the lower corners. Bottom-left: velocity-weighted coordinate map of the DCO+ J = 3 � 2 line, clipped at 3.5�. Solid black
contours show the 233 GHz/1.3 mm emission at 7.0 ⇥ 10�5 Jy beam�1 (1�) ⇥ [5, 50, 200]. The synthesized beam and AU scale are shown in the
lower corners. Bottom-right: disk-integrated spectrum of the DCO+ J = 3 � 2 line before Keplerian masking, Hanning smoothed to 0.17 km s�1

channels. The horizontal dashed black line indicates the continuum-subtracted spectral baseline. The vertical red line shows the systemic velocity
at 6.9 km s�1.

DCO+ image. We instead use a Keplerian mask to improve the
signal-to-noise ratio of the DCO+ integrated intensity image,
thus retaining the high spatial resolution. We also present exten-
sive modeling of the DCO+ emission to explore the sensitivity of
the emission to the disk physical conditions. Table 1 summarizes
the observational parameters for the DCO+ J = 3 � 2 emission
in this work.

3. Results

The DCO+ J = 3 � 2 line in the disk around HD 169142
was readily detected and imaged at 0.3700 ⇥ 0.2300 [43⇥
27 AU at 117 pc] spatial resolution, with beam PA = –74.8�.
The systemic velocity is 6.9 km s�1 (Fedele et al. 2017). The
spectrum shown in Fig. 1 was extracted from the original
self-calibrated, continuum-subtracted CLEAN image. The right
ascension and declination axes of the image cube are collapsed

over a circular region with radius 1.7500 centered on the source
position.

To enhance the S/N of the DCO+ emission maps and radial
profile, a mask in right ascension, declination, and velocity
was applied to the original image cube data, following Carney
et al. (2017) and Salinas et al. (2017). The mask is based on
the velocity profile of a rotating disk, which is assumed to
be Keplerian around a central stellar mass of M = 1.65 M�
(Blondel & Djie 2006). A subset of pixels are identified in each
velocity channel where the pixel Keplerian velocity matches
the Doppler-shifted line velocity. Pixels with velocities that do
not match the Keplerian rotational profile criteria are masked.
Appendix B shows the DCO+ J = 3 � 2 channel maps with
the Keplerian mask outline visible as the blue contours. To
obtain the integrated line flux for DCO+ J = 3 � 2 reported in
Table 1, the spectrum was extracted from the image cube after
applying the Keplerian mask and integrated over the velocity
range 5.4–8.8 km s�1.
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Fig. 1. (Left) ALMA 1.3 mm continuum map with Briggs weighting, robust= 0.5. (Center) Overlaid with the position and size of the inner dust
cavity and gap, and the position of the L0-band point-like feature. (Right) NaCo H-band polarimetric di↵erential image (Quanz et al. 2013).

di↵erent weighting schemes, Briggs (Briggs 1995), uniform and
superuniform (Table 1). In the remaining paper we adopt the
first (which provides the minimum rms). For the lines, clean
imaging was made with natural weighting. Data reduction was
performed with the Common Astronomy Software Applications
(casa, McMullin et al. 2007).

4. Results

The 1.3 mm continuum and all the three CO isotopolog lines
are readily detected. Figures 1–3 show the dust continuum map,
the line-integrated intensity maps, and the radial profiles, re-
spectively. The channel maps of the three lines are presented in
Figs. A.1–A.3 in the appendix.

4.1. Dust continuum emission

The 1.3 mm continuum map (Fig. 1) and the radial profile
(Fig. 3) reveal a double-ring structure in the dust distribution
with an inner cavity ⇠000.17 in radius and a dust gap between
⇠000.28�000.48, confirming the earlier findings of Osorio et al.
(2014). The dust continuum emission drops steeply beyond
000.64. The di↵erent structures are highlighted in Fig. 1 (center
panel) along with the position of the point-like L0-band emis-
sion (Biller et al. 2014; Reggiani et al. 2014). The radial profile
(Fig. 3) is shown at two di↵erent position angles, PA = 5� (ma-
jor axis) and PA = 95� (minor axis). Along the minor axis, the
continuum is slightly asymmetric, with the west side brighter
than the east side. The flux di↵erence between the two sides is
⇠17 mJy (⇠2.5�).

The ALMA continuum map shows some similarities with
the H-band polarimetric di↵erential imaging (PDI, Quanz et al.
2013; Momose et al. 2015). The NaCo H-band PDI image is
shown in Fig. 1, and Fig. 4 shows the radial intensity profile.
The position and size of the inner dust ring and gap are consistent
between both wavelength ranges. In the outer disk, the ALMA
continuum emission is clearly more compact than the H-band
emission (Fig. 4).

The dearth of dust continuum emission inside the inner dust
cavity and the dust gap together with the similarities between
the H-band PDI and the dust continuum emission suggest that

the cavity and the gap are due to a substantial depletion of dust
particles. An upper limit to the dust mass inside the gap can be
estimated from the rms of the continuum flux density (Table 1).
With the assumption of optically thin emission, the dust mass is
(e.g., Roccatagliata et al. 2009)

Mdust,gap =
S ⌫,gap d2

k⌫ B⌫ (Tdust,gap)
, (1)

where S ⌫,gap (Jy) is the upper limit on the flux density, d (cm)
the distance, k⌫ = 2 (cm2 g�1) the mass absorption coe�cient at
230 GHz (Beckwith et al. 1990), Tdust,gap (K) the dust tempera-
ture inside the gap and B⌫ (Jy sr�1) the Planck function. We as-
sume Tdust,gap = 50 K (see Fig. 5). The flux density upper limit
is computed by adopting a constant flux of 2.1⇥ 10�4 Jy beam�1

(i.e., 3 ⇥ rms) over the entire gap area. This corresponds to a
dust mass 3� upper limit of ⇠0.3 M�. With the same assump-
tions, the dust mass upper limit inside the cavity (assuming
Tdust,cavity = 150 K, Fig. 5) is ⇠10�2 M�.

4.2. CO isotopolog emission

The integrated-intensity maps (Fig. 2) and the radial profile
(Fig. 3) of the three CO isotopologs show di↵erent intensity dis-
tributions: the 12CO emission is centrally concentrated with most
of the line intensity originating within a ⇠000.20 radius; the peak
of the 13CO emission corresponds to that of 12CO, but with a sec-
ondary ring-like structure farther out in the disk; in the case of
C18O, the emission map shows an inner (weak) ring centered on
⇠000.1�000.2 and a (strong) outer ring peaking at ⇠000.55 with a tail
up to ⇠100.7. The gas emission is more extended than the dust con-
tinuum emission (Fig. 3). Moreover, the H-band scattered-light
emission in the outer disk follows the same intensity distribution
as that of 12CO.

The positions of the two C18O peaks are spatially coincident
with the location of the dust rings. Along the disk minor axis, the
C18O is slightly asymmetric, with the west side brighter than the
east side (similar to the continuum asymmetry). The flux di↵er-
ence between the two peaks is ⇠18 mJy (⇠3�). The line emis-
sion maps are consistent with a disk inclination of 13� and a
position angle of the disk major axis of 5�.
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Fig. 2. (Top) Integrated intensity maps (natural weighting) of 12CO (left), 13CO (center), and C18O (right) J = 2�1, (bottom) overlaid with the dust
rings structure.

The di↵erent radial distributions of the emission from the
three isotopologs is readily explained by an optical depth e↵ect
because the J = 2�1 transition of the three species has di↵er-
ent ⌧, with ⌧(12CO) > ⌧(13CO) > ⌧(C18O). The optically thick
12CO emission is mostly sensitive to the gas temperature, and
as a consequence, its line intensity peaks toward the central hot-
ter region of the disk. As the optical depth decreases, the line
emission is less sensitive to the gas temperature and more sensi-
tive to the gas column density. This is clear from the distribution
of 13CO and C18O: in the first case, the emission is less peaked
(than 12CO) toward the central region, and it also shows a sec-
ondary peak (ring-shaped) in the outer colder disk. Finally, the
optically thin C18O emission mostly originates in the outer disk,
which shows a clear ring-like structure. The ring-like shape seen
in the 13CO and C18O emission map is spatially coincident with
the outer dust ring.

4.3. Disk surface density

The spatial distribution of the emission of the three isotopologs
provides direct insight into the gas content in the disk: the strong
centrally peaked 12CO emission indicates gas inside the dust gap
and the dust cavity. On the other hand, the line intensity map
of 13CO and in particular C18O implies a substantial drop in
gas surface density by a factor �gas on the order of ⇠100 inside
the dust gap and cavity (see Sect. 5). The similar intensity pro-
files of the scattered light and 12CO emission in the outer disk
is a strong indication that the small dust grains are dynamically

and thermally coupled to the gas in the outermost layers of the
disk. The intensity drop in the inner disk is also clearly vis-
ible in the individual channel maps shown in Figs. A.1–A.3
in the appendix

The significance of the asymmetric emission along the minor
axis (continuum and C18O) is low (.3�), and more observations
are needed to confirm this structure.

5. Analysis

In this section the ALMA observations of the 1.3 mm contin-
uum and of the three CO isotopologs are compared with thermo-
chemical disk model simulations. The goal is to quantify the de-
crease in dust and gas in the cavity and gap that we identified in
the images.

5.1. Disk model description

The simulations presented here were generated using the
thermo-chemical disk code dali (Dust and Lines, Bruderer et al.
2012; Bruderer 2013). In this example, dali takes as input a
Te↵ = 8400 K blackbody radiation field to simulate the stellar
spectrum and a power-law surface density structure with an ex-
ponential tail

⌃gas(R) = ⌃c

 
R
Rc

!��
exp

"
�

 
R
Rc

!2��#
, (2)

A72, page 4 of 14

Fedele, Carney, Hogerheijde et al. (2017); Carney,  Fedele, Hogerheijde et al. (2018)



DAN-II meeting • Leiden • 28 November 2018

DCO+ in HD169142
• HD169142: d~120 pc, Mstar~ 1.7 Msun

M. T. Carney et al.: DCO+ in HD 169142

�2�1012
�� [��]

�2

�1

0

1

2

�
�

[��
]

100AU

DCO+ 3 � 2

0

5

10

15

20

m
Jy

/b
ea

m
km

/s

Fig. 1. Top-left: integrated intensity map of the DCO+ J = 3 � 2 line from 5.4–8.8 km s�1 after applying a Keplerian mask to the image cube. The
synthesized beam and AU scale are shown in the lower corners. Top-right: DCO+ J = 3 � 2 integrated intensity map overlaid with white marking
the model inner dust cavity, the inner dust ring (R1, hatched), the dust gap, and the outer dust ring (R2, hatched). The synthesized beam and AU
scale are shown in the lower corners. Bottom-left: velocity-weighted coordinate map of the DCO+ J = 3 � 2 line, clipped at 3.5�. Solid black
contours show the 233 GHz/1.3 mm emission at 7.0 ⇥ 10�5 Jy beam�1 (1�) ⇥ [5, 50, 200]. The synthesized beam and AU scale are shown in the
lower corners. Bottom-right: disk-integrated spectrum of the DCO+ J = 3 � 2 line before Keplerian masking, Hanning smoothed to 0.17 km s�1

channels. The horizontal dashed black line indicates the continuum-subtracted spectral baseline. The vertical red line shows the systemic velocity
at 6.9 km s�1.

DCO+ image. We instead use a Keplerian mask to improve the
signal-to-noise ratio of the DCO+ integrated intensity image,
thus retaining the high spatial resolution. We also present exten-
sive modeling of the DCO+ emission to explore the sensitivity of
the emission to the disk physical conditions. Table 1 summarizes
the observational parameters for the DCO+ J = 3 � 2 emission
in this work.

3. Results

The DCO+ J = 3 � 2 line in the disk around HD 169142
was readily detected and imaged at 0.3700 ⇥ 0.2300 [43⇥
27 AU at 117 pc] spatial resolution, with beam PA = –74.8�.
The systemic velocity is 6.9 km s�1 (Fedele et al. 2017). The
spectrum shown in Fig. 1 was extracted from the original
self-calibrated, continuum-subtracted CLEAN image. The right
ascension and declination axes of the image cube are collapsed

over a circular region with radius 1.7500 centered on the source
position.

To enhance the S/N of the DCO+ emission maps and radial
profile, a mask in right ascension, declination, and velocity
was applied to the original image cube data, following Carney
et al. (2017) and Salinas et al. (2017). The mask is based on
the velocity profile of a rotating disk, which is assumed to
be Keplerian around a central stellar mass of M = 1.65 M�
(Blondel & Djie 2006). A subset of pixels are identified in each
velocity channel where the pixel Keplerian velocity matches
the Doppler-shifted line velocity. Pixels with velocities that do
not match the Keplerian rotational profile criteria are masked.
Appendix B shows the DCO+ J = 3 � 2 channel maps with
the Keplerian mask outline visible as the blue contours. To
obtain the integrated line flux for DCO+ J = 3 � 2 reported in
Table 1, the spectrum was extracted from the image cube after
applying the Keplerian mask and integrated over the velocity
range 5.4–8.8 km s�1.
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Fig. 1. (Left) ALMA 1.3 mm continuum map with Briggs weighting, robust= 0.5. (Center) Overlaid with the position and size of the inner dust
cavity and gap, and the position of the L0-band point-like feature. (Right) NaCo H-band polarimetric di↵erential image (Quanz et al. 2013).

di↵erent weighting schemes, Briggs (Briggs 1995), uniform and
superuniform (Table 1). In the remaining paper we adopt the
first (which provides the minimum rms). For the lines, clean
imaging was made with natural weighting. Data reduction was
performed with the Common Astronomy Software Applications
(casa, McMullin et al. 2007).

4. Results

The 1.3 mm continuum and all the three CO isotopolog lines
are readily detected. Figures 1–3 show the dust continuum map,
the line-integrated intensity maps, and the radial profiles, re-
spectively. The channel maps of the three lines are presented in
Figs. A.1–A.3 in the appendix.

4.1. Dust continuum emission

The 1.3 mm continuum map (Fig. 1) and the radial profile
(Fig. 3) reveal a double-ring structure in the dust distribution
with an inner cavity ⇠000.17 in radius and a dust gap between
⇠000.28�000.48, confirming the earlier findings of Osorio et al.
(2014). The dust continuum emission drops steeply beyond
000.64. The di↵erent structures are highlighted in Fig. 1 (center
panel) along with the position of the point-like L0-band emis-
sion (Biller et al. 2014; Reggiani et al. 2014). The radial profile
(Fig. 3) is shown at two di↵erent position angles, PA = 5� (ma-
jor axis) and PA = 95� (minor axis). Along the minor axis, the
continuum is slightly asymmetric, with the west side brighter
than the east side. The flux di↵erence between the two sides is
⇠17 mJy (⇠2.5�).

The ALMA continuum map shows some similarities with
the H-band polarimetric di↵erential imaging (PDI, Quanz et al.
2013; Momose et al. 2015). The NaCo H-band PDI image is
shown in Fig. 1, and Fig. 4 shows the radial intensity profile.
The position and size of the inner dust ring and gap are consistent
between both wavelength ranges. In the outer disk, the ALMA
continuum emission is clearly more compact than the H-band
emission (Fig. 4).

The dearth of dust continuum emission inside the inner dust
cavity and the dust gap together with the similarities between
the H-band PDI and the dust continuum emission suggest that

the cavity and the gap are due to a substantial depletion of dust
particles. An upper limit to the dust mass inside the gap can be
estimated from the rms of the continuum flux density (Table 1).
With the assumption of optically thin emission, the dust mass is
(e.g., Roccatagliata et al. 2009)

Mdust,gap =
S ⌫,gap d2

k⌫ B⌫ (Tdust,gap)
, (1)

where S ⌫,gap (Jy) is the upper limit on the flux density, d (cm)
the distance, k⌫ = 2 (cm2 g�1) the mass absorption coe�cient at
230 GHz (Beckwith et al. 1990), Tdust,gap (K) the dust tempera-
ture inside the gap and B⌫ (Jy sr�1) the Planck function. We as-
sume Tdust,gap = 50 K (see Fig. 5). The flux density upper limit
is computed by adopting a constant flux of 2.1⇥ 10�4 Jy beam�1

(i.e., 3 ⇥ rms) over the entire gap area. This corresponds to a
dust mass 3� upper limit of ⇠0.3 M�. With the same assump-
tions, the dust mass upper limit inside the cavity (assuming
Tdust,cavity = 150 K, Fig. 5) is ⇠10�2 M�.

4.2. CO isotopolog emission

The integrated-intensity maps (Fig. 2) and the radial profile
(Fig. 3) of the three CO isotopologs show di↵erent intensity dis-
tributions: the 12CO emission is centrally concentrated with most
of the line intensity originating within a ⇠000.20 radius; the peak
of the 13CO emission corresponds to that of 12CO, but with a sec-
ondary ring-like structure farther out in the disk; in the case of
C18O, the emission map shows an inner (weak) ring centered on
⇠000.1�000.2 and a (strong) outer ring peaking at ⇠000.55 with a tail
up to ⇠100.7. The gas emission is more extended than the dust con-
tinuum emission (Fig. 3). Moreover, the H-band scattered-light
emission in the outer disk follows the same intensity distribution
as that of 12CO.

The positions of the two C18O peaks are spatially coincident
with the location of the dust rings. Along the disk minor axis, the
C18O is slightly asymmetric, with the west side brighter than the
east side (similar to the continuum asymmetry). The flux di↵er-
ence between the two peaks is ⇠18 mJy (⇠3�). The line emis-
sion maps are consistent with a disk inclination of 13� and a
position angle of the disk major axis of 5�.
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Fig. 2. (Top) Integrated intensity maps (natural weighting) of 12CO (left), 13CO (center), and C18O (right) J = 2�1, (bottom) overlaid with the dust
rings structure.

The di↵erent radial distributions of the emission from the
three isotopologs is readily explained by an optical depth e↵ect
because the J = 2�1 transition of the three species has di↵er-
ent ⌧, with ⌧(12CO) > ⌧(13CO) > ⌧(C18O). The optically thick
12CO emission is mostly sensitive to the gas temperature, and
as a consequence, its line intensity peaks toward the central hot-
ter region of the disk. As the optical depth decreases, the line
emission is less sensitive to the gas temperature and more sensi-
tive to the gas column density. This is clear from the distribution
of 13CO and C18O: in the first case, the emission is less peaked
(than 12CO) toward the central region, and it also shows a sec-
ondary peak (ring-shaped) in the outer colder disk. Finally, the
optically thin C18O emission mostly originates in the outer disk,
which shows a clear ring-like structure. The ring-like shape seen
in the 13CO and C18O emission map is spatially coincident with
the outer dust ring.

4.3. Disk surface density

The spatial distribution of the emission of the three isotopologs
provides direct insight into the gas content in the disk: the strong
centrally peaked 12CO emission indicates gas inside the dust gap
and the dust cavity. On the other hand, the line intensity map
of 13CO and in particular C18O implies a substantial drop in
gas surface density by a factor �gas on the order of ⇠100 inside
the dust gap and cavity (see Sect. 5). The similar intensity pro-
files of the scattered light and 12CO emission in the outer disk
is a strong indication that the small dust grains are dynamically

and thermally coupled to the gas in the outermost layers of the
disk. The intensity drop in the inner disk is also clearly vis-
ible in the individual channel maps shown in Figs. A.1–A.3
in the appendix

The significance of the asymmetric emission along the minor
axis (continuum and C18O) is low (.3�), and more observations
are needed to confirm this structure.

5. Analysis

In this section the ALMA observations of the 1.3 mm contin-
uum and of the three CO isotopologs are compared with thermo-
chemical disk model simulations. The goal is to quantify the de-
crease in dust and gas in the cavity and gap that we identified in
the images.

5.1. Disk model description

The simulations presented here were generated using the
thermo-chemical disk code dali (Dust and Lines, Bruderer et al.
2012; Bruderer 2013). In this example, dali takes as input a
Te↵ = 8400 K blackbody radiation field to simulate the stellar
spectrum and a power-law surface density structure with an ex-
ponential tail

⌃gas(R) = ⌃c
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Fig. 1. Top-left: integrated intensity map of the DCO+ J = 3 � 2 line from 5.4–8.8 km s�1 after applying a Keplerian mask to the image cube. The
synthesized beam and AU scale are shown in the lower corners. Top-right: DCO+ J = 3 � 2 integrated intensity map overlaid with white marking
the model inner dust cavity, the inner dust ring (R1, hatched), the dust gap, and the outer dust ring (R2, hatched). The synthesized beam and AU
scale are shown in the lower corners. Bottom-left: velocity-weighted coordinate map of the DCO+ J = 3 � 2 line, clipped at 3.5�. Solid black
contours show the 233 GHz/1.3 mm emission at 7.0 ⇥ 10�5 Jy beam�1 (1�) ⇥ [5, 50, 200]. The synthesized beam and AU scale are shown in the
lower corners. Bottom-right: disk-integrated spectrum of the DCO+ J = 3 � 2 line before Keplerian masking, Hanning smoothed to 0.17 km s�1

channels. The horizontal dashed black line indicates the continuum-subtracted spectral baseline. The vertical red line shows the systemic velocity
at 6.9 km s�1.

DCO+ image. We instead use a Keplerian mask to improve the
signal-to-noise ratio of the DCO+ integrated intensity image,
thus retaining the high spatial resolution. We also present exten-
sive modeling of the DCO+ emission to explore the sensitivity of
the emission to the disk physical conditions. Table 1 summarizes
the observational parameters for the DCO+ J = 3 � 2 emission
in this work.

3. Results

The DCO+ J = 3 � 2 line in the disk around HD 169142
was readily detected and imaged at 0.3700 ⇥ 0.2300 [43⇥
27 AU at 117 pc] spatial resolution, with beam PA = –74.8�.
The systemic velocity is 6.9 km s�1 (Fedele et al. 2017). The
spectrum shown in Fig. 1 was extracted from the original
self-calibrated, continuum-subtracted CLEAN image. The right
ascension and declination axes of the image cube are collapsed

over a circular region with radius 1.7500 centered on the source
position.

To enhance the S/N of the DCO+ emission maps and radial
profile, a mask in right ascension, declination, and velocity
was applied to the original image cube data, following Carney
et al. (2017) and Salinas et al. (2017). The mask is based on
the velocity profile of a rotating disk, which is assumed to
be Keplerian around a central stellar mass of M = 1.65 M�
(Blondel & Djie 2006). A subset of pixels are identified in each
velocity channel where the pixel Keplerian velocity matches
the Doppler-shifted line velocity. Pixels with velocities that do
not match the Keplerian rotational profile criteria are masked.
Appendix B shows the DCO+ J = 3 � 2 channel maps with
the Keplerian mask outline visible as the blue contours. To
obtain the integrated line flux for DCO+ J = 3 � 2 reported in
Table 1, the spectrum was extracted from the image cube after
applying the Keplerian mask and integrated over the velocity
range 5.4–8.8 km s�1.
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Fig. 1. (Left) ALMA 1.3 mm continuum map with Briggs weighting, robust= 0.5. (Center) Overlaid with the position and size of the inner dust
cavity and gap, and the position of the L0-band point-like feature. (Right) NaCo H-band polarimetric di↵erential image (Quanz et al. 2013).

di↵erent weighting schemes, Briggs (Briggs 1995), uniform and
superuniform (Table 1). In the remaining paper we adopt the
first (which provides the minimum rms). For the lines, clean
imaging was made with natural weighting. Data reduction was
performed with the Common Astronomy Software Applications
(casa, McMullin et al. 2007).

4. Results

The 1.3 mm continuum and all the three CO isotopolog lines
are readily detected. Figures 1–3 show the dust continuum map,
the line-integrated intensity maps, and the radial profiles, re-
spectively. The channel maps of the three lines are presented in
Figs. A.1–A.3 in the appendix.

4.1. Dust continuum emission

The 1.3 mm continuum map (Fig. 1) and the radial profile
(Fig. 3) reveal a double-ring structure in the dust distribution
with an inner cavity ⇠000.17 in radius and a dust gap between
⇠000.28�000.48, confirming the earlier findings of Osorio et al.
(2014). The dust continuum emission drops steeply beyond
000.64. The di↵erent structures are highlighted in Fig. 1 (center
panel) along with the position of the point-like L0-band emis-
sion (Biller et al. 2014; Reggiani et al. 2014). The radial profile
(Fig. 3) is shown at two di↵erent position angles, PA = 5� (ma-
jor axis) and PA = 95� (minor axis). Along the minor axis, the
continuum is slightly asymmetric, with the west side brighter
than the east side. The flux di↵erence between the two sides is
⇠17 mJy (⇠2.5�).

The ALMA continuum map shows some similarities with
the H-band polarimetric di↵erential imaging (PDI, Quanz et al.
2013; Momose et al. 2015). The NaCo H-band PDI image is
shown in Fig. 1, and Fig. 4 shows the radial intensity profile.
The position and size of the inner dust ring and gap are consistent
between both wavelength ranges. In the outer disk, the ALMA
continuum emission is clearly more compact than the H-band
emission (Fig. 4).

The dearth of dust continuum emission inside the inner dust
cavity and the dust gap together with the similarities between
the H-band PDI and the dust continuum emission suggest that

the cavity and the gap are due to a substantial depletion of dust
particles. An upper limit to the dust mass inside the gap can be
estimated from the rms of the continuum flux density (Table 1).
With the assumption of optically thin emission, the dust mass is
(e.g., Roccatagliata et al. 2009)

Mdust,gap =
S ⌫,gap d2

k⌫ B⌫ (Tdust,gap)
, (1)

where S ⌫,gap (Jy) is the upper limit on the flux density, d (cm)
the distance, k⌫ = 2 (cm2 g�1) the mass absorption coe�cient at
230 GHz (Beckwith et al. 1990), Tdust,gap (K) the dust tempera-
ture inside the gap and B⌫ (Jy sr�1) the Planck function. We as-
sume Tdust,gap = 50 K (see Fig. 5). The flux density upper limit
is computed by adopting a constant flux of 2.1⇥ 10�4 Jy beam�1

(i.e., 3 ⇥ rms) over the entire gap area. This corresponds to a
dust mass 3� upper limit of ⇠0.3 M�. With the same assump-
tions, the dust mass upper limit inside the cavity (assuming
Tdust,cavity = 150 K, Fig. 5) is ⇠10�2 M�.

4.2. CO isotopolog emission

The integrated-intensity maps (Fig. 2) and the radial profile
(Fig. 3) of the three CO isotopologs show di↵erent intensity dis-
tributions: the 12CO emission is centrally concentrated with most
of the line intensity originating within a ⇠000.20 radius; the peak
of the 13CO emission corresponds to that of 12CO, but with a sec-
ondary ring-like structure farther out in the disk; in the case of
C18O, the emission map shows an inner (weak) ring centered on
⇠000.1�000.2 and a (strong) outer ring peaking at ⇠000.55 with a tail
up to ⇠100.7. The gas emission is more extended than the dust con-
tinuum emission (Fig. 3). Moreover, the H-band scattered-light
emission in the outer disk follows the same intensity distribution
as that of 12CO.

The positions of the two C18O peaks are spatially coincident
with the location of the dust rings. Along the disk minor axis, the
C18O is slightly asymmetric, with the west side brighter than the
east side (similar to the continuum asymmetry). The flux di↵er-
ence between the two peaks is ⇠18 mJy (⇠3�). The line emis-
sion maps are consistent with a disk inclination of 13� and a
position angle of the disk major axis of 5�.
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Fig. 2. (Top) Integrated intensity maps (natural weighting) of 12CO (left), 13CO (center), and C18O (right) J = 2�1, (bottom) overlaid with the dust
rings structure.

The di↵erent radial distributions of the emission from the
three isotopologs is readily explained by an optical depth e↵ect
because the J = 2�1 transition of the three species has di↵er-
ent ⌧, with ⌧(12CO) > ⌧(13CO) > ⌧(C18O). The optically thick
12CO emission is mostly sensitive to the gas temperature, and
as a consequence, its line intensity peaks toward the central hot-
ter region of the disk. As the optical depth decreases, the line
emission is less sensitive to the gas temperature and more sensi-
tive to the gas column density. This is clear from the distribution
of 13CO and C18O: in the first case, the emission is less peaked
(than 12CO) toward the central region, and it also shows a sec-
ondary peak (ring-shaped) in the outer colder disk. Finally, the
optically thin C18O emission mostly originates in the outer disk,
which shows a clear ring-like structure. The ring-like shape seen
in the 13CO and C18O emission map is spatially coincident with
the outer dust ring.

4.3. Disk surface density

The spatial distribution of the emission of the three isotopologs
provides direct insight into the gas content in the disk: the strong
centrally peaked 12CO emission indicates gas inside the dust gap
and the dust cavity. On the other hand, the line intensity map
of 13CO and in particular C18O implies a substantial drop in
gas surface density by a factor �gas on the order of ⇠100 inside
the dust gap and cavity (see Sect. 5). The similar intensity pro-
files of the scattered light and 12CO emission in the outer disk
is a strong indication that the small dust grains are dynamically

and thermally coupled to the gas in the outermost layers of the
disk. The intensity drop in the inner disk is also clearly vis-
ible in the individual channel maps shown in Figs. A.1–A.3
in the appendix

The significance of the asymmetric emission along the minor
axis (continuum and C18O) is low (.3�), and more observations
are needed to confirm this structure.

5. Analysis

In this section the ALMA observations of the 1.3 mm contin-
uum and of the three CO isotopologs are compared with thermo-
chemical disk model simulations. The goal is to quantify the de-
crease in dust and gas in the cavity and gap that we identified in
the images.

5.1. Disk model description

The simulations presented here were generated using the
thermo-chemical disk code dali (Dust and Lines, Bruderer et al.
2012; Bruderer 2013). In this example, dali takes as input a
Te↵ = 8400 K blackbody radiation field to simulate the stellar
spectrum and a power-law surface density structure with an ex-
ponential tail

⌃gas(R) = ⌃c
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CO across the disk, coincident 
with rings, and extending 

beyond outer ring: radial drift 
of dust (Fedele et al. 2017)
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Fig. 1. Top-left: integrated intensity map of the DCO+ J = 3 � 2 line from 5.4–8.8 km s�1 after applying a Keplerian mask to the image cube. The
synthesized beam and AU scale are shown in the lower corners. Top-right: DCO+ J = 3 � 2 integrated intensity map overlaid with white marking
the model inner dust cavity, the inner dust ring (R1, hatched), the dust gap, and the outer dust ring (R2, hatched). The synthesized beam and AU
scale are shown in the lower corners. Bottom-left: velocity-weighted coordinate map of the DCO+ J = 3 � 2 line, clipped at 3.5�. Solid black
contours show the 233 GHz/1.3 mm emission at 7.0 ⇥ 10�5 Jy beam�1 (1�) ⇥ [5, 50, 200]. The synthesized beam and AU scale are shown in the
lower corners. Bottom-right: disk-integrated spectrum of the DCO+ J = 3 � 2 line before Keplerian masking, Hanning smoothed to 0.17 km s�1

channels. The horizontal dashed black line indicates the continuum-subtracted spectral baseline. The vertical red line shows the systemic velocity
at 6.9 km s�1.

DCO+ image. We instead use a Keplerian mask to improve the
signal-to-noise ratio of the DCO+ integrated intensity image,
thus retaining the high spatial resolution. We also present exten-
sive modeling of the DCO+ emission to explore the sensitivity of
the emission to the disk physical conditions. Table 1 summarizes
the observational parameters for the DCO+ J = 3 � 2 emission
in this work.

3. Results

The DCO+ J = 3 � 2 line in the disk around HD 169142
was readily detected and imaged at 0.3700 ⇥ 0.2300 [43⇥
27 AU at 117 pc] spatial resolution, with beam PA = –74.8�.
The systemic velocity is 6.9 km s�1 (Fedele et al. 2017). The
spectrum shown in Fig. 1 was extracted from the original
self-calibrated, continuum-subtracted CLEAN image. The right
ascension and declination axes of the image cube are collapsed

over a circular region with radius 1.7500 centered on the source
position.

To enhance the S/N of the DCO+ emission maps and radial
profile, a mask in right ascension, declination, and velocity
was applied to the original image cube data, following Carney
et al. (2017) and Salinas et al. (2017). The mask is based on
the velocity profile of a rotating disk, which is assumed to
be Keplerian around a central stellar mass of M = 1.65 M�
(Blondel & Djie 2006). A subset of pixels are identified in each
velocity channel where the pixel Keplerian velocity matches
the Doppler-shifted line velocity. Pixels with velocities that do
not match the Keplerian rotational profile criteria are masked.
Appendix B shows the DCO+ J = 3 � 2 channel maps with
the Keplerian mask outline visible as the blue contours. To
obtain the integrated line flux for DCO+ J = 3 � 2 reported in
Table 1, the spectrum was extracted from the image cube after
applying the Keplerian mask and integrated over the velocity
range 5.4–8.8 km s�1.
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Fig. 1. (Left) ALMA 1.3 mm continuum map with Briggs weighting, robust= 0.5. (Center) Overlaid with the position and size of the inner dust
cavity and gap, and the position of the L0-band point-like feature. (Right) NaCo H-band polarimetric di↵erential image (Quanz et al. 2013).

di↵erent weighting schemes, Briggs (Briggs 1995), uniform and
superuniform (Table 1). In the remaining paper we adopt the
first (which provides the minimum rms). For the lines, clean
imaging was made with natural weighting. Data reduction was
performed with the Common Astronomy Software Applications
(casa, McMullin et al. 2007).

4. Results

The 1.3 mm continuum and all the three CO isotopolog lines
are readily detected. Figures 1–3 show the dust continuum map,
the line-integrated intensity maps, and the radial profiles, re-
spectively. The channel maps of the three lines are presented in
Figs. A.1–A.3 in the appendix.

4.1. Dust continuum emission

The 1.3 mm continuum map (Fig. 1) and the radial profile
(Fig. 3) reveal a double-ring structure in the dust distribution
with an inner cavity ⇠000.17 in radius and a dust gap between
⇠000.28�000.48, confirming the earlier findings of Osorio et al.
(2014). The dust continuum emission drops steeply beyond
000.64. The di↵erent structures are highlighted in Fig. 1 (center
panel) along with the position of the point-like L0-band emis-
sion (Biller et al. 2014; Reggiani et al. 2014). The radial profile
(Fig. 3) is shown at two di↵erent position angles, PA = 5� (ma-
jor axis) and PA = 95� (minor axis). Along the minor axis, the
continuum is slightly asymmetric, with the west side brighter
than the east side. The flux di↵erence between the two sides is
⇠17 mJy (⇠2.5�).

The ALMA continuum map shows some similarities with
the H-band polarimetric di↵erential imaging (PDI, Quanz et al.
2013; Momose et al. 2015). The NaCo H-band PDI image is
shown in Fig. 1, and Fig. 4 shows the radial intensity profile.
The position and size of the inner dust ring and gap are consistent
between both wavelength ranges. In the outer disk, the ALMA
continuum emission is clearly more compact than the H-band
emission (Fig. 4).

The dearth of dust continuum emission inside the inner dust
cavity and the dust gap together with the similarities between
the H-band PDI and the dust continuum emission suggest that

the cavity and the gap are due to a substantial depletion of dust
particles. An upper limit to the dust mass inside the gap can be
estimated from the rms of the continuum flux density (Table 1).
With the assumption of optically thin emission, the dust mass is
(e.g., Roccatagliata et al. 2009)

Mdust,gap =
S ⌫,gap d2

k⌫ B⌫ (Tdust,gap)
, (1)

where S ⌫,gap (Jy) is the upper limit on the flux density, d (cm)
the distance, k⌫ = 2 (cm2 g�1) the mass absorption coe�cient at
230 GHz (Beckwith et al. 1990), Tdust,gap (K) the dust tempera-
ture inside the gap and B⌫ (Jy sr�1) the Planck function. We as-
sume Tdust,gap = 50 K (see Fig. 5). The flux density upper limit
is computed by adopting a constant flux of 2.1⇥ 10�4 Jy beam�1

(i.e., 3 ⇥ rms) over the entire gap area. This corresponds to a
dust mass 3� upper limit of ⇠0.3 M�. With the same assump-
tions, the dust mass upper limit inside the cavity (assuming
Tdust,cavity = 150 K, Fig. 5) is ⇠10�2 M�.

4.2. CO isotopolog emission

The integrated-intensity maps (Fig. 2) and the radial profile
(Fig. 3) of the three CO isotopologs show di↵erent intensity dis-
tributions: the 12CO emission is centrally concentrated with most
of the line intensity originating within a ⇠000.20 radius; the peak
of the 13CO emission corresponds to that of 12CO, but with a sec-
ondary ring-like structure farther out in the disk; in the case of
C18O, the emission map shows an inner (weak) ring centered on
⇠000.1�000.2 and a (strong) outer ring peaking at ⇠000.55 with a tail
up to ⇠100.7. The gas emission is more extended than the dust con-
tinuum emission (Fig. 3). Moreover, the H-band scattered-light
emission in the outer disk follows the same intensity distribution
as that of 12CO.

The positions of the two C18O peaks are spatially coincident
with the location of the dust rings. Along the disk minor axis, the
C18O is slightly asymmetric, with the west side brighter than the
east side (similar to the continuum asymmetry). The flux di↵er-
ence between the two peaks is ⇠18 mJy (⇠3�). The line emis-
sion maps are consistent with a disk inclination of 13� and a
position angle of the disk major axis of 5�.
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Fig. 2. (Top) Integrated intensity maps (natural weighting) of 12CO (left), 13CO (center), and C18O (right) J = 2�1, (bottom) overlaid with the dust
rings structure.

The di↵erent radial distributions of the emission from the
three isotopologs is readily explained by an optical depth e↵ect
because the J = 2�1 transition of the three species has di↵er-
ent ⌧, with ⌧(12CO) > ⌧(13CO) > ⌧(C18O). The optically thick
12CO emission is mostly sensitive to the gas temperature, and
as a consequence, its line intensity peaks toward the central hot-
ter region of the disk. As the optical depth decreases, the line
emission is less sensitive to the gas temperature and more sensi-
tive to the gas column density. This is clear from the distribution
of 13CO and C18O: in the first case, the emission is less peaked
(than 12CO) toward the central region, and it also shows a sec-
ondary peak (ring-shaped) in the outer colder disk. Finally, the
optically thin C18O emission mostly originates in the outer disk,
which shows a clear ring-like structure. The ring-like shape seen
in the 13CO and C18O emission map is spatially coincident with
the outer dust ring.

4.3. Disk surface density

The spatial distribution of the emission of the three isotopologs
provides direct insight into the gas content in the disk: the strong
centrally peaked 12CO emission indicates gas inside the dust gap
and the dust cavity. On the other hand, the line intensity map
of 13CO and in particular C18O implies a substantial drop in
gas surface density by a factor �gas on the order of ⇠100 inside
the dust gap and cavity (see Sect. 5). The similar intensity pro-
files of the scattered light and 12CO emission in the outer disk
is a strong indication that the small dust grains are dynamically

and thermally coupled to the gas in the outermost layers of the
disk. The intensity drop in the inner disk is also clearly vis-
ible in the individual channel maps shown in Figs. A.1–A.3
in the appendix

The significance of the asymmetric emission along the minor
axis (continuum and C18O) is low (.3�), and more observations
are needed to confirm this structure.

5. Analysis

In this section the ALMA observations of the 1.3 mm contin-
uum and of the three CO isotopologs are compared with thermo-
chemical disk model simulations. The goal is to quantify the de-
crease in dust and gas in the cavity and gap that we identified in
the images.

5.1. Disk model description

The simulations presented here were generated using the
thermo-chemical disk code dali (Dust and Lines, Bruderer et al.
2012; Bruderer 2013). In this example, dali takes as input a
Te↵ = 8400 K blackbody radiation field to simulate the stellar
spectrum and a power-law surface density structure with an ex-
ponential tail

⌃gas(R) = ⌃c

 
R
Rc

!��
exp

"
�

 
R
Rc

!2��#
, (2)
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2. Are simple organics present in the disk gas?



DAN-II meeting • Leiden • 28 November 2018

A&A proofs: manuscript no. AFGL4176_Oct2018_v2

Fig. 2: Full model (red), i.e., the sum of synthetic spectra, for all species detected towards AFGL 4176 in the spectral window
centred at 256.3 GHz. Frequencies are shifted to the rest velocity of the region. The data are shown in black.

3.1. Upper limit on the column density of glycolaldehyde

A number of transitions of glycolaldehyde are covered by the
data although only three of these lines, one of which is blended,
are considered detected. These lines have signal-to-noise ratios
of approximately four. The remaining lines identified as likely to
be due to glycolaldehyde, five in total, are detected with signal-
to-noise ratios of between two and three and are therefore not
included in the line list in Table 2. Due to the generally low
signal-to-noise of the glycolaldehyde lines, we report an upper
limit column density for this species. The upper limit is derived
based on the two unblended lines and assumes an excitation tem-
perature of 200 K. The column density upper limit is §1.1ˆ1016

cm´2, equivalent to §0.2% with respect to methanol.
The formation pathway of glycolaldehyde has recently been

investigated in the laboratory by Chuang et al. (2017). They find
that the relative abundance of this and other complex species,
can be used as a diagnostic tool to derive the processing history
of the ice in which the species formed. In particular, the ratio of
glycolaldehyde to ethylene glycol provides a good handle on dis-
tinguishing ices processed purely by atom-addition (hydrogena-
tion), ices processed purely by UV irradiation or ice processed
by both. In the case of AFGL 4176, the ratio of glycolaldehyde
to ethylene glycol is §0.4. This ratio is consistent with relative
abundances of the species formed in experiments where ice ana-
logues are exposed to both UV irradiation and hydrogenation.

3.2. Isotopologues with only blended lines

Three isotopologues of HC3N and one of CH3CN are detected
towards AFGL 4176, although only through blended lines. For
completeness, these isotopologues are included in the full model.
Since no column density and excitation temperature can be de-
rived from the blended lines these are adopted from the iso-
topologues for which unblended lines are detected. That is, for
HC13CCN the column density derived for HCC13CN is adopted,
while for vibrationally excited H13CCCN and HC13CCN the
column density derived for vibrationally excited HCC13CN is
adopted. In the case of CH13

3 CN, the column density derived for
the main isotopologue has been corrected by the 12C/13C ratio

of 60. The isotopologues and the adopted column densities and
excitation temperatures are listed in Table 3. It should be noted
that no lines of either H13CCCN, 13CH3CN or CH3C15N, were
covered by the data. A couple of transitions of vibrationally ex-
cited CH13

3 CN are within the data range but since these are all
weak and highly blended they could not be modelled.

3.3. Spatial distribution of selected species

Two line maps are produced for each of the species for which
five or more unblended lines are detected. The imaged lines are
chosen so that both high and low upper state energy transitions
are represented, in order to investigate whether these occupy dif-
ferent spatial regions. Also, only lines which are relatively iso-
lated, that is to say whose peak frequency is separated by at least
3 km s´1 from neighbouring peaks, are imaged. This is done in
order to minimise line confusion. After suitable lines have been
identified for each species, the zero- and first-moment maps, that
is the velocity integrated intensity map and intensity-weighted
velocity map, respectively, are produced. The spatial extent of
each species is determined by fitting a 2D Gaussian to the zero-
moment maps. As a representative sample of these maps, the
lines of CH3OH, NH2CHO and CH3C2H are shown in Fig. 3;
maps for the remaining species are presented in Appendix D.

There are no large di↵erences between the spatial distri-
bution of O- and N-bearing species. Except for CH3C2H, all
species have emission peaks near the position of the continuum
peak. The N-bearing species (CH3CN, C2H3CN and C2H5CN)
peak very close to the continuum peak, while some O-bearing
species (CH3OH and CH3OCH3 e.g.) peak up to 02.2 away from
the continuum peak. Although this scale is of the same order
as the size of the synthesised beam, the signal-to-noise of these
maps (30 – 90) is large enough to make these spatial di↵erences
significant.

Noticeable di↵erences in spatial distributions exist between
transitions of the same species with low and high upper state en-
ergies. For SO2, H2CS, CH3CN, C2H5OH and CH3OCHO low
Eup transitions are more extended („02.7) than high Eup transi-
tions („02.55). The larger spatial extent of low Eup transitions
indicates that these species are present in colder gas. This is con-
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Table 1: Overview of spectral cubes

Frequency Beam rms noise

rGHzs [2ˆ2 (P.A.˝)] [mJy beam´1] [K]

238.838 – 239.306 02.35ˆ02.29 (-31.6) 1.9 0.40
239.604 – 241.478 02.34ˆ02.30 (-31.2) 1.5 0.31
253.107 – 254.980 02.33ˆ02.28 (-30.8) 1.7 0.35
256.115 – 256.583 02.32ˆ02.28 (-32.3) 2.2 0.46

Notes. The listed rms noise is determined over the line-free channels.
The channel width is 1.2 km s´1.

2. Observations and methods

2.1. Observations

Observations of AFGL 4176 were carried out with ALMA dur-
ing Cycle 1 (program 2012.1.00469.S, see Johnston et al. 2015,
for first results) with 39 antennas in the array, between August
16, 2014 and August 17, 2014 using the Band 6 receivers, cov-
ering the frequency range of 211 – 275 GHz. Four spectral win-
dows were obtained covering a total bandwidth of „4.7 GHz.
Theses consists of two wide windows, of 1875 MHz, centred at
240.5 and 254.0 GHz and two narrow windows, of 468.75 MHz,
centred at 239.0 and 256.3 GHz. The spectral resolution of the
observations is 976.6 kHz („1.2 km s´1) and 244 kHz („0.3 km
s´1) for the wide and narrow windows, respectively. The angular
resolution is „0.352, equivalent to „1285 au at the distance of
AFGL 4176.

The data were downloaded from the ALMA archive and re-
duced via the delivered pipeline script using the Common As-
tronomy Software Applications (CASA) version 4.2.1. Bandpass
and absolute flux calibration was carried out, respectively, using
J1617-5848 and Titan, on August 16 and J1427-4206 and Ceres
on August 17. The phase and gain calibration was carried out, re-
spectively, using J1308-6707 and J1329-5608 on both days. The
uncertainty on the flux calibration is estimated to be §20%. The
data were continuum subtracted using the most line-free chan-
nels and corrected for primary beam attenuation.

The continuum and line data were imaged separately in
CASA version 5.1.1-5 using a pixel size of 0.042, a velocity res-
olution for the spectral cubes of 1.2 km s´1 and Briggs weight-
ing with a robust parameter of 1.5. The peak continuum emis-
sion was 29 mJy beam´1 (5.7 K at 247 GHz) with an rms
noise of approximately 0.5 mJy beam´1 (0.1 K at 247 GHz) in
a beam of 02.33ˆ02.31. The coordinates of the continuum peak
were determined by 2D Gaussian fitting in the image plane to be
13h43m01.699s, ´62˝08151.2492(IRCS J2000). Table 1 list the
frequencies covered and the rms noise per 1.2 km s´1 channel
derived for each of the spectral windows.

For each of the imaged cubes, a spectrum is extracted at the
location of the peak continuum emission. Each spectrum repre-
sents the average over an area equivalent to the size of the syn-
thesised beam („02.3). Figure 1 shows the continuum and the
location at which the spectra were extracted. In addition to the
main continuum peak, labelled mm1 by Johnston et al. (2015), a
secondary peak is observed „12 north-west of the primary peak;
this peak is labelled mm2. A counterpart to this secondary peak
is observed to the south-east of mm1 (outside the plotted region).
These two peaks are located perpendicular to the major axis of
mm1 and may indicate a large-scale outflow, consistent with the
CO observations presented by Johnston et al. (2015). For this

Fig. 1: Continuum image of AFGL 4176 at 1.2 mm. Contours are
[5, 10, 15, 25, 35, 45, 55]�, with � = 0.5 mJy beam´1. The peak
continuum location at which the spectra have been extracted is
marked by the black cross. The synthesised beam (02.33ˆ02.31
„1210ˆ1140 au) is shown in the bottom left corner.

work however, the focus is on the main continuum peak and all
subsequent discussion refer to this source only.

2.2. Methods for line identification and modelling

For the identification of spectral lines, catalogued transition
frequencies from the JPL (Jet Propulsion Laboratory1, Pickett
et al. 1998) and CDMS (Cologne Database for Molecular Spec-
troscopy2, Müller et al. 2001, 2005) molecular databases are
compared with the extracted spectra. Observed lines are consid-
ered detected if the peak signal-to-noise ratio is three or higher.
Species with fewer than five detected lines are considered ten-
tative detections. Using the CASSIS3 line analysis software and
assuming local thermodynamic equilibrium (LTE) and optically
thin lines, a synthetic spectrum is produced for each identified
species. This is done by providing CASSIS with the following
parameters: excitation temperature, Tex [K], column density of
the species, Ns [cm´2], source velocity, vLSR [km s´1], line width
at half maximum [km s´1], and angular size of the emitting re-
gion (assumed to be equal to the area of the synthesised beam),
✓s [2].

For two species, CH3CN and HC3N, vibrationally excited
transitions are detected (see sect. 3). For vibrationally excited
CH3CN the JPL database is used. This entry utilises a parti-
tion function in which vibrational contributions are taken into
account. In contrast, the CDMS entries for vibrationally excited
HC3N, and isotopologues hereof, do not include vibrational con-
tributions but list these separately. Therefore, vibrational correc-
tion factors of 1.17 and 1.48 for the main and 13C-isotopologues
of HC3N, respectively, have been applied to all listed values.

Excitation temperatures and column densities are determined
for species which have three or more unblended lines detected,
that is lines with a signal-to-noise ratio of three or higher, whose
emission can mainly be attributed to one molecule, and these
span upper state energies of at least 100 K. This is done by creat-

1 http://spec.jpl.nasa.gov
2 http://www.ph1.uni-koeln.de/cdms/
3 Centre d’Analyse Scientifique de Spectres Instrumentaux et Synthé-
tiques: http://cassis.irap.omp.eu
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Fig. 1. Methodology for continuum subtraction illustrated with data
from two representative pixels toward IRAS 16293A (upper) and
IRAS 16293B (lower): shown are the flux distributions for the two pix-
els (histogram) with the resulting fit overlaid (red line).

out. The calibration otherwise proceeded in the same manner as
for the Band 7 data.

4. Results

4.1. Continuum emission

Much can be learned about the structure of the
IRAS 16293�2422 system by straightforward inspection
of the dust continuum maps. Figure 3 shows a three-color
composite of the continuum toward the system in the 3.0 mm,
1.3 mm, and 0.87 mm bands, while Fig. 4 shows the continuum
at the three di↵erent wavelengths separately at the angular
resolution of each individual dataset. The extended emission
connecting the two sources, also noted in the science veri-
fication data (Pineda et al. 2012), is clearly seen. It shows a
characteristic bend toward the north of IRAS 16293A/east of
IRAS 16293B. East of IRAS 16293B two separate stream-lines
pointing away from the source are seen. Toward IRAS 16293A
additional extended continuum emission is observed toward the
southwest. This extension coincides with the N2D+ emission
picked up in SMA observations (Jørgensen et al. 2011) and
likely reflects cold material with a high column density.

Another very striking feature of the maps is the clear dif-
ferences in the morphologies and colors of the emission toward
the two protostars. IRAS 16293A appears clearly elongated in

Fig. 2. Continuum peak flux (in a 0.500 beam toward IRAS 16293B for
the 18 di↵erent spectral setups (plus signs) as a function of frequency.
A slight increase in flux as a function of frequency is seen that can be
approximated by a power-law F⌫ / ⌫2. The shaded areas correspond to
this dependency ±5% (darker color) and ±10% (lighter color). About
70% of the measurements are within the ±5% region with all of the
measurements within the ±10% area.

Fig. 3. Three-color image showing the continuum at 3.0 mm, 1.3 mm,
and 0.87 mm (ALMA Bands 3, 6, and 7) in red, green, and blue, respec-
tively. Before the combination the 1.3 mm and 0.87 mm images were
smoothed to match the resolution of the 3.0 mm data.

the northeast/southwest direction (with an aspect ratio of 1.9).
Chandler et al. (2005) used continuum maps at 305 GHz from
the SMA to study the system: in super-resolution images (im-
ages for which higher weight was given to the longer base-
lines and subsequently restored with a beam slightly smaller
than the usual synthesized beams), they noted a similar exten-
sion, but also found that the source broke up into two sepa-
rate components named “Aa” and “Ab”. These separate com-
ponents are not seen in our images even though the beam in the
ALMA observations (with regular weighting) is comparable to
those super-resolution images. Our images are therefore more in
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TW Hya (left), MWC 480 (right)

Öberg et al. (2017, 2015)

5

Figure 2. Overview of observational results. Top row: Integrated emission maps of H2CO 312 � 211 (left), H2CO 515 � 414
(middle) and 1.3mm dust emission (right). The flux per beam is indicated by the color scales. The line contours are [3,5,7,9,11]�
in the H2CO images, and [4,8,16,32,64,128,256]� in the continuum image. Middle row: Radial profiles of the same H2CO lines
and dust continuum. The shaded region mark the 1� scatter in the intensity values. The three dashed lines mark the observed
sub-structure in the H2CO emission profiles. Bottom row: Extracted spectra using CLEAN masks.

despite decades of modeling, disk vertical temperature
structures remain highly uncertain. We emphasize that
until this uncertainty has been addressed, it is di�cult
to constrain the vertical emission layer of molecules in
absolute terms, or derive accurate H

2

CO abundances.
As shown below, we can, however, constrain important
properties of the emitting layer without knowing the ex-
act layer height. We also note that our model does not
take into account the possible presence of a break in the
thermal structure at the edge of the pebble disk (Cleeves
2016), which could results in an underestimate of the
temperature in the outer disk by 10%–30%.
The physical disk model is populated with H

2

CO us-

ing one of the parametric prescriptions described below.
The level populations of observed lines are computed us-
ing RADMC-3D (Dullemond 2012), assuming the gas is
at local thermal equilibrium (LTE). The critical densi-
ties of the 3

12

� 2
11

and 5
15

� 4
14

lines are 7⇥ 105 and
2.6 ⇥ 106 cm�3, respectively, at 20 K (Shirley 2015).
Apart from the disk atmosphere, typical disk densities
are above 1 ⇥ 106 cm�3, justifying our assumption of
LTE. We used the vis sample1 package to compute the
Fourier Transform of the synthetic model and sample
visibilities at the u – v points of the observations. We
finally integrate the emission and calculate the radial
profiles using the same procedure as for observations.

1
the vis sample Python package is publicly available at

$https://github.com/AstroChem/vis_sample$ or in the Ana-
conda Cloud at $https://anaconda.org/rloomis/vis_sample$

LETTER
doi:10.1038/nature14276

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.

1Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138, USA. 2Leiden Observatory, Leiden University, PO Box 9513, 2300 CA Leiden, The Netherlands. 3Kobe
University, 1-1 Rokkodaicho, Nada Ward, Kobe, Hyogo Prefecture 657-0013, Japan.
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Organic chemistry in space
• Interstellar ices are known to contain organics such as CH3OH


• Sequential hydrogenation of frozen out CO


• Warm regions around protostars show many organics


• Ice mantles evaporate


• Some simple organics have been found in disks


• H2CO, CH3OH, HC3N, CH3CN, …


• Gas-phase formation vs released from icy grains?

– 8 –

Keeping the radial location fixed and moving the methanol to higher layers in the disk, results

in fractional abundances of 8.0 ⇥ 10�12 and 4.4 ⇥ 10�11, for 0.1  z/r  0.2 and 0.2  z/r  0.3,

respectively (see the right-hand panel of Figure 2). The models suggest a peak column density of

⇡ 3 � 6 ⇥ 1012 cm�2 at 30 AU and reproduce the non-detection in the B6 data. Better data are

required to constrain the vertical location of the methanol.

Fig. 4.— Channel maps for the best “by-eye” model B7 CH3OH line emission for z/r  0.1. The

images have been convolved to the same beam size as the observations. The white contours show

the 2.5, 3.0, 4.0 and 5.0� levels for the observed B7 data. The black cross denotes the stellar

position, and the dashed gray lines show the disk major and minor axes.

CH3OH in planet forming disks 
has proven difficult to detect.

First detection: TW Hya, Walsh 
et al. (2016)

100 au
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H2CO in HD163296
• H2CO emission from full disk


• Inner ‘hole’ an artefact due to dust opacity


• Radial profile requires 2x abundance increase 
at ~280 au


• Coincident with outer edge of mm dust 
disk


• Coincident with drop in C18O abundance 
by factor 5


• Increased penetration of stellar UV


• Selectively photodissociates C18O


• Releases H2CO from grains

M. T. Carney et al.: H2CO in HD 163296

Fig. 2. Moment maps and radial profile of H2CO 303–202. Left: moment 1 map from 0.76–10.84 km s�1, clipped at 3�. Solid black contours show
the 225 GHz/1.3 mm emission at 5.0 ⇥ 10�5 (1�) ⇥ [5, 10, 25, 50, 100, 300, 500, 1000, 1500, 2000] Jy beam�1. Synthesized beam and AU scale
are shown in the lower corners. Center: moment 0 map integrated over 0.76–10.84 km s�1 after applying a Keplerian mask. Synthesized beam
and AU scale are shown in the lower corners. Right: radial intensity curve from azimuthally-averaged elliptical annuli projected to i = 44�, PA =
133�. Shaded gray area represents 1� errors.

Fig. 3. Channel maps of H2CO 303–202 from 2.44–8.82 km s�1, Hanning smoothed to 0.336 km s�1 channels. Channel velocity is shown in the
upper right corner. Synthesized beam and AU scale are shown in the lower left panel.

calculated as the standard deviation of the response of emission-
free visibility channels to the template. To constrain the total flux
of the weaker lines, we compare the ratio of their peak filter
responses and the peak response of the H2CO 303–202 visibili-
ties (90�, Fig. 4). Under the assumption that all three observed
H2CO lines are co-spatial, the �-ratio can be used to estimate the
weaker line fluxes reported in Table 1. The response of the tem-
plate is limited by how well it spatially matches the emission,
thus making the derived line fluxes lower limits.

3.2. Modeling H2CO and C18O emission

Previous studies (Qi et al. 2011, 2015; Rosenfeld et al. 2013)
have attempted to use CO isotopologues to determine the radial
location of CO freeze-out in HD 163296. Qi et al. (2011) mod-
eled the 13CO isotope and found a distinct drop in abundance at
⇠155 AU, which they attributed to CO freeze-out. However, in
Qi et al. (2015) they claim 13CO is a less robust tracer as it is dif-
ficult to separate CO freeze-out from opacity e↵ects. 13CO may

A21, page 5 of 16

Carney et al. (2016)
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calculated as the standard deviation of the response of emission-
free visibility channels to the template. To constrain the total flux
of the weaker lines, we compare the ratio of their peak filter
responses and the peak response of the H2CO 303–202 visibili-
ties (90�, Fig. 4). Under the assumption that all three observed
H2CO lines are co-spatial, the �-ratio can be used to estimate the
weaker line fluxes reported in Table 1. The response of the tem-
plate is limited by how well it spatially matches the emission,
thus making the derived line fluxes lower limits.

3.2. Modeling H2CO and C18O emission

Previous studies (Qi et al. 2011, 2015; Rosenfeld et al. 2013)
have attempted to use CO isotopologues to determine the radial
location of CO freeze-out in HD 163296. Qi et al. (2011) mod-
eled the 13CO isotope and found a distinct drop in abundance at
⇠155 AU, which they attributed to CO freeze-out. However, in
Qi et al. (2015) they claim 13CO is a less robust tracer as it is dif-
ficult to separate CO freeze-out from opacity e↵ects. 13CO may

A21, page 5 of 16

A&A 605, A21 (2017)

Fig. 7. Radial intensity and spectra of observed H2CO 303–202 and C18O 2–1 versus the best-fit models. Left: radial intensity curves from
azimuthally-averaged elliptical annuli projected to i = 44�, PA = 133�. HD 163296 data is show in black, best-fits for H2CO and C18O are in
gold. The vertical dashed lines indicate the CO snow line (blue dash) from Qi et al. (2015), the 5� outer radius of the 1.3 mm grains (black dash),
and the change-over radii, Rc, for the best-fit radial step-abundance models (gold dash). H2CO profiles are taken from integrated intensity maps
after applying a Keplerian mask. Right: disk-integrated spectra. HD 163296 data is shown in filled gray. H2CO spectra are Hanning smoothed to
0.336 km s�1 channels.

icy grains. Local thermodynamic equilibrium (LTE) is a fair as-
sumption for calculating rotational temperatures, as the gas den-
sity near the midplane is high in disks (⇠109 cm�3; Walsh et al.
2014) and the critical densities of the observed transitions at
20 K are 1–3 ⇥ 106 (Wiesenfeld & Faure 2013). In the case of
LTE, the derived rotational temperature is equal to the kinetic
temperature of the gas. The values E and Sµ2 are taken from
the CDMS (Müller et al. 2005), as reported on the Splatelogue3

database.
The rotational temperatures of the H2CO transitions are cal-

culated based on the line flux ratios of H2CO 322–221/303–202
and H2CO 321–220/303–202. The matched-filter technique only
gives lower limits to the H2CO 322–221 and H2CO 321–220 line
flux, thus lower limits on the rotational temperature are >20.5 K
and >19.5 K, respectively, while upper limits for the weak lines
are <169 K and <326 K based on the integrated flux upper limits
listed in Table 1. These lower limits indicate that these transi-
tions can be excited in regions of the disk near the CO freeze-out
temperature, supporting the hypothesis that some of the H2CO
emission may originate from the cold molecular reservoir. There
could also be H2CO emitting at a higher temperature that is not
well described by our template filter.

3
http://www.cv.nrao.edu/php/splat/

4. Discussion

In this work, the radial step-abundance model suggests an en-
hancement in H2CO abundance by a factor of a few beyond
270 AU. It is di�cult to distinguish which formation route is
responsible for this modest increase in abundance.

Aikawa & Herbst (1999) estimated the radial column den-
sity and abundance profile of H2CO formed in the gas phase in a
T Tauri minimum mass solar nebula (MMSN) disk model extrap-
olated out to Rout = 700 AU, with an order of magnitude lower
mass. They did not consider other mechanisms for producing
gas-phase H2CO, such as desorption from icy grains. The ini-
tial abundance of atomic oxygen may a↵ect the inferred H2CO
abundances. Their model has a mostly flat radial distribution, but
is consistent with an enhancement of H2CO abundance by a fac-
tor of a few up to one order of magnitude in the outer regions
beyond ⇠300 AU.

Walsh et al. (2014) created a series of increasingly com-
plex T Tauri disk chemical evolution models that include grain-
surface formation to estimate abundances of complex organic
molecules (COMs) throughout the disk. Beginning with freeze-
out and thermal desorption only, they also include nonthermal
desorption, grain-surface chemistry, radiative reprocessing of
ices, and reactive desorption in their full disk model. The vertical
distribution of H2CO included a large gas-phase reservoir above
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…but no CH3OH
• Deep limits on several CH3OH lines


• Strict upper limit of CH3OH/H2CO<0.24


• cf. TW Hya: CH3OH/H2CO~1.27


• Harsher UV radiation from Herbig star destroys 
CH3OH upon photodesorption?


• Recent thermal evaporation event in TW Hya?

A&A proofs: manuscript no. carney_hd163296_ch3oh
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Fig. 1: Spectra at the expected velocity of CH3OH observed
in the HD 163296 disk showing non-detections from aperture-
masked image cubes using an 800 diameter circular aperture
(black) and Keplerian-masked image cubes (magenta). The two
bottom spectra are observed in band 7 in 0.139 km s�1 channels
while the two top spectra are in band 6 in 0.303 km s�1 chan-
nels. The horizontal gray dashed line represents the spectrum
baseline, which is o↵set by 200 mJy for each line. The vertical
red dashed line shows the systemic velocity at 5.8 km s�1 (Qi
et al. 2011).

disks around HD 163296 and TW Hya based on data taken from
the literature. Finally, model spectra of the band 7 CH3OH lines
are created for HD 163296 and compared to the sensitivity of the
observations.

3.1. Line extraction

We attempt to extract the targeted CH3OH lines from the
CLEANed image cubes using a circular aperture with an 800 ra-
dius centered on the source, which yields no detections (see Fig-
ure 1). To increase the SNR we repeat this analysis after stacking
the CH3OH lines using di↵erent line stacking schemes. We fur-
ther attempt to increase the SNR of the CH3OH data by applying
masking techniques: Keplerian masking in the image plane, and
matched filter analysis in the uv plane to search for any signal in
the raw visibilities.

3.1.1. Line stacking

Stacking is done for band 6 and band 7 lines separately, and then
again for both bands together. The band 7 lines are more easily
excited due to their lower upper energy (Eu < 22 K) values com-
pared to the band 6 lines (Eu > 34 K; see Table 2), thus band 7
observations should be sensitive to lower CH3OH column den-
sities and should be easier to detect.

First, we stack the lines in the image plane by adding to-
gether the integrated intensity maps (v = 2.4 � 9.2 km s�1)
created from the CH3OH continuum-subtracted and uv-tapered
CLEANed image cubes. Second, we stack in the uv plane by
concatenating ALMA measurement sets prior to imaging. Stack-
ing in the uv plane is done using the casa cvel function, which is
used to regrid the velocity axis of line data and has the option to
combine visibility data for multiple lines. For uv stacking across
all bands, the band 7 lines are regridded to 0.303 km s�1 chan-
nels to match the channel width of the band 6 lines. Methanol
remains undetected after implementing the stacking methods de-
scribed above.

3.1.2. Keplerian masking in the image plane

For maximum SNR in the image plane, we apply a Keplerian
mask to the CLEANed image cube for each CH3OH line (Car-
ney et al. 2017; Salinas et al. 2017) to exclude noisy pixels that
are not associated with the emission expected from a disk in
Keplerian rotation. The mask is based on the velocity pro-
file of a rotating disk, which is assumed to be Keplerian with
vK =

p
GM/r around a central stellar mass of M = 2.3 M�

(Alecian et al. 2013). A subset of pixels (x, y, v) are identified in
the CH3OH image cubes where the Doppler-shifted line veloc-
ity projected along the line of sight matches the pixel Keplerian
velocity (x, y, vK) projected along the line of sight. Pixels with
velocities that do not match the Keplerian rotational profile cri-
teria are masked. Integrated intensity maps and disk-integrated
spectra are again created from the Keplerian-masked cubes of the
CH3OH lines individually and after line stacking; however, in all
cases, CH3OH remains undetected. Figure 1 shows the aperture-
masked spectra and the Keplerian-masked spectra of the four
methanol lines observed in HD 163296.

Upper limits on the integrated intensity for each CH3OH line
are calculated using the projected Keplerian mask (x, y, vK) de-
rived for the HD 163296 disk. To obtain the strictest upper lim-
its on the integrated line intensity, we include only the positions
and velocities associated with the disk. Therefore, the mask cube
contains pixels set equal to unity for (x, y, vK) positions only,
and all other pixels are set to zero. The upper limit is set at 3�
where � = �v

p
N�rms, �v is the velocity channel width in km

s�1, N is the number of independent measurements contained
within the projected Keplerian mask, and �rms is the rms noise
per channel in mJy beam�1 (see Table 1). To account for corre-
lated noise within the size of the beam, we sum over all (x, y, vK)
pixel positions and divide by the number of pixels per beam,
nbeam pix, to get N = ⌃(x, y, vK)/nbeam pix, the number of inde-
pendent measurements over the integrated Keplerian mask. The
disk-integrated upper limits for each CH3OH line are listed in
Table 2.

3.1.3. Matched filter analysis in the uv plane

To maximize the SNR in the uv plane, we apply a matched filter
to the CH3OH line visibility data (Loomis et al. 2018). In this
technique, a template image cube is sampled in uv space to ob-
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Table 3: Disk-averaged column density and abundance of H2CO in HD 163296 and TW Hya.

Target Line
R

I⌫d⌫ Eu log(Aij) ncrit
a

Navg H2CO/H2 CH3OH/H2CO†
[mJy km s�1] [K] [s�1] [cm�3] [cm�2]

HD 163296 H2CO 312–211 890 ± 89b 33.4 �3.55 5.7(06) 2.1(12) 6.3(�12) < 0.24

TW Hya H2CO 312–211 291 ± 29c 33.4 �3.55 5.7(06) 3.7(12) 8.9(�13) 1.27 ± 0.13

Notes. The disk-averaged column density is calculated using Equation 1 with Tex = 25 K. The format a(b) translates to a ⇥ 10b. Flux errors are
dominated by systematic uncertainties, taken to be 10%.
(†) Ratios are determined using the CH3OH disk-integrated column density from Table 2. HD 163296: based on the strictest upper limit from the
CH3OH 211–202 (A) line. TW Hya: based on the stacked CH3OH detection.
References: (a) Wiesenfeld & Faure (2013) , (b) Qi et al. (2013) , (c) Öberg et al. (2017) .

4. Discussion

The results presented in Table 3 suggest that the HD 163296 disk
has a lower overall gas-phase methanol content with respect to
formaldehyde than the TW Hya disk. In this section we discuss
possible reasons for a lower CH3OH/H2CO ratio in HD 163296,
as well as a brief assessment of the observing time needed to
detect the low predicted abundances of gas-phase methanol in
this disk.

4.1. The CH3OH/H2CO ratio in HD 163296 and TW Hya

It should be noted that there are uncertainties on the order of
a factor of a few when deriving the CH3OH/H2CO ratio as de-
scribed in this work. Namely, the abundance calculation for the
methanol detection in TW Hya is a result of three stacked line
transitions rather than a single common transition as for H2CO
observed in both disks. The CH3OH 312–303 (A) line at 305.473
GHz is the strongest methanol line observed in TW Hya, but it
is not the sole contributor to the detected line emission. How-
ever, even if all three lines are equally strong and the 305.473
GHz line contributes only 33% to the total stacked line in-
tensity, then the inferred TW Hya CH3OH/H2CO ratio of
0.42 is still higher than our upper limit for HD 163296 of
< 0.24. Matched filter analysis of the TW Hya CH3OH de-
tections reported by Loomis et al. (2018) (e.g., their Figure
7) shows that the CH3OH 312–303 (A) line is indeed stronger
than the other two band 7 lines used by Walsh et al. (2016)
for line stacking, suggesting that a contribution of ⇠50% to
the stacked emission is a reasonable estimate.

Modeling by Willacy (2007) explored complex gas-grain
chemical models of protoplanetary disks including H2CO and
CH3OH with the following desorption processes: thermal des-
orption, desorption due to cosmic-ray heating of grains, and pho-
todesorption. Their models, based on the UMIST Database
for Astrochemistry network, show that outer disk abundances
should give CH3OH/H2CO ⇡ 0.04, which underestimates the
value found for both TW Hya and HD 163296. However,
Willacy (2007) neglected radical-radical pathways to form larger
complex organic molecules. Gas-grain chemical models by Se-
menov & Wiebe (2011) based on the Ohio State University
(OSU) network predict low column densities of methanol ice
due to the high di↵usion barrier used in the grain-surface
chemistry, which highlights the importance of the assumed
chemical parameters in these models. Their models and
work by Furuya & Aikawa (2014) show that production of
CH3OH is sensitive to turbulent mixing and that the abun-
dance of gas-phase CH3OH, and thus the CH3OH/H2CO ra-

tio, will increase when turbulent mixing is strong. The HD
163296 disk has a low degree of turbulence .0.05 cs (Fla-
herty et al. 2015, 2017), while the TW Hya disk has similar
low values of .0.05–0.10 cs (Flaherty et al. 2018), suggesting
vertical mixing is not strong in these disks.

Other recent work by Walsh et al. (2014) based on the OSU
network investigates the production of complex molecules in
disks, including H2CO and CH3OH, using an extensive full
chemical network with chemical ingredients similar to the pre-
viously mentioned works. The Walsh et al. (2014) models in-
clude gas-phase two-body reactions, photoreactions, cosmic-
ray and X-ray reactions, gas-grain interactions, grain-surface
two-body reactions, grain-surface photoreactions, and grain-
surface cosmic-ray-induced and X-ray induced photoreactions.
The models in that work show that the outer disk (R = 250 AU)
hosts a large methanol and formaldehyde ice reservoir with a suf-
ficient number of these molecules released into the gas phase to
give CH3OH/H2CO ⇡ 0.33, which is less than the value found
for the TW Hya disk, but similar to what is estimated for the
HD 163296 based on the upper limits presented here. Their
model is based on a typical T Tauri star but does not reproduce
the TW Hya CH3OH/H2CO ratio well, which perhaps points
to important di↵erences in how these two molecules are formed
in T Tauri disks versus Herbig Ae/Be disks.

The underlying physical structure in the TW Hya disk and
the HD 163296 disk might explain the observed discrepancy be-
tween their CH3OH/H2CO ratios. Recent observations of sub-
millimeter and scattered light in these disks highlight impor-
tant di↵erences in their dust structure. The micron-sized dust
observed in scattered light is highly coupled to the gas and
traces the surface layers of the disk, while millimeter-sized
dust has mostly decoupled from the gas and settled toward the
disk midplane (Dullemond & Dominik 2004; D’Alessio et al.
2006; Williams & Cieza 2011). The TW Hya disk was ob-
served with ALMA in the band 6 continuum at 850µm and
with VLT/SPHERE in H-band at 1.62 µm (Andrews et al. 2016;
van Boekel et al. 2017), showing several rings and gaps in both
millimeter- and micron-sized dust. The micron-sized dust rings
tracing the surface layers extend beyond the millimeter-sized
dust in this disk.

In contrast, recent scattered light observations by
VLT/SPHERE in H-band, Keck/NIRC2 in J-band, and ALMA
1.3 millimeter observations of the HD 163296 disk show that
no scattered light is observed beyond the innermost millimeter
dust ring, suggesting that the surface layers of the outer disk
are relatively flat and may be shadowed by the innermost dust
ring (Muro-Arena et al. 2018; Guidi et al. 2018). Ultraviolet
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Conclusions
• Is CO a reliable tracer of the full gas mass of planet forming disk? 

• No. When using CO as a mass tracer, even when taking into account freeze out and 
isotope-selective photodissociation, we’re missing a factor of 10-100 of the gas. 
Something may be locking up carbon on the grains.


• Can we trace frozen-out CO? 

• Yes.


• N2H+ reliably traces frozen-out CO, but beware that the peak of the N2H+ emission ≠ 
the CO now line.


• N2H+ may be a good way to discriminate disks with low gas mass from disks with 
missing CO.


• DCO+ has a somewhat complicated chemistry and traces the disappearing CO.


• Together, DCO+ and N2H+ provide the gradient and the minimum of the CO.


• Are simple organics present in the disk gas?  

• Yes, but most species remain locked up in ices in cold disk regions.


• H2CO ubiquitous; both gas-phase and grain-surface formation and its abundance 
increases in outer disk regions where UV can penetrate more easily due to low(er) 
dust content.


• CH3OH remains elusive, and may only come off grains intact after thermal evaporation


