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Previous lectures… 

• Disks naturally form from rotating collapsing envelopes 

• Disks are dynamic and evolve with time 

• Disk eventually form planets (although we’re not quite 
sure of the details yet)





Disk images: optical



Disk images: optical



Newest toy: SPHERE on VLT

Scattered light images at near-infrared (micron) wavelengths with AO



ALMA
66 antennas (12m and 7m diameter) 
5000 m altitude in the Atacama desert 
Unprecedented resolution and sensitivity
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Disk images: sub-mm



Disk images: gas

AA49CH03-Williams ARI 14 July 2011 19:21
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Figure 3
CO(3–2) emission from the disks around (a) TW Hydra and (b) HD 163296 observed with the
Submillimeter Array (SMA) at a spectral resolution of 44 m s−1 (Hughes et al. 2010). The contours show the
zeroth moment (velocity-integrated intensity), whereas the colors show the first moment (intensity-weighted
velocity). The synthesized beams are shown in the lower left corner of each panel with a size of 1.7 × 1.3
arcsec at position angles of 19◦ and 46◦ for TW Hydra and HD 163296, respectively. The contours start at
3σ and increase by intervals of 2σ , where the root-mean-square noise σ = 0.6 Jy beam−1.

rotational line of CO or isotopolog, yet not contaminated by emission from the residual envelope
or neighboring cloud.

Koerner, Sargent & Beckwith (1993) resolved the 13CO J = 2−1 line in the relatively large GM
Aur disk and found the velocity profile was consistent with being Keplerian. Similarly, Dutrey,
Guilloteau & Simon (1994) imaged the large circumbinary disk around GG Tau in 13CO J =
1−0 and used a Keplerian velocity profile to determine a total stellar mass of 1.2 M⊙. With
improvements in instrumentation, leading to higher frequency and higher resolution observations,
more studies followed shortly thereafter (e.g., Mannings, Koerner & Sargent 1997; Duvert et al.
1998).

Guilloteau & Dutrey (1998) modeled the CO J = 1−0 channel maps (images at different
velocities) of DM Tau to show that a Keplerian velocity profile was not only consistent but was
the best fit. This was further exploited in the survey by Simon, Dutrey & Guilloteau (2000),
who determined dynamical masses for nine systems and tested models of protostellar evolution.
Schaefer et al. (2009) extended this work to later spectral types. As discussed in Section 3, Lommen
and Brinch have used the same technique to derive protostellar masses at even earlier times in Class
0 and I YSOs. Spectral line observations also determine disk inclinations to our line of sight with
high accuracy (e.g., Qi et al. 2004), which is necessary for detailed modeling and characterization
of other disk properties.

Many of the aforementioned studies also note that the line emission is well fit by only rotational
plus thermal broadening. High spectral resolution observations of the TW Hydra and HD 163296
disks by Hughes et al. (2010) show that the turbulent component is subsonic, ≤10% and 40%,
of the sound speed, respectively, at the ∼100 AU scales of their observations. Such a low level of
turbulent stirring provides ideal conditions for grain settling and growth, planetesimal congrega-
tion, and protoplanetary accretion. Their data also show near-perfect Keplerian rotational profiles
confirming that disk self-gravity does not appear to be significant in these objects (Figure 3).

4.3.4. Departures from azimuthal symmetry. The discussion in this section has so far consid-
ered only the radial or vertical variation of disk properties on account of the dominant gravity of
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Linking disk observations  
and theory

• Density structure?  

• Temperature structure?  

• Composition (gas and dust)?  

• Evolution? 



Big question: How do we 
measure the mass of a disk?

Answer: To a first order, we don’t know what 
the masses are… and in the following we will 
cover why



Why is it so difficult to 
measure masses? 

• Disk tracer:  

• Dust: which wavelength? dust properties? opacities? 
gas/dust ratio?  

• Gas: which molecule? chemistry? excitation? 

• How to translate observations into mass? 



How to measure the dust mass

• Basic assumptions:  
1. Dust emission is optically thin throughout the disk (but 
is it?)  
2. Grain size distribution as a function of position in the 
disk (but do we know it?)  
3. Grain optical properties as a function of position in the 
disk (but do we know them?)  
4. Grains trace the gas with a constant conversion factor 
(but is that always the case?)



Examples of dust observations



Disks in Upper Sco

Barenfeld et al. (2016)
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 Fig. 1. IRS 48 dust and gas observations. The inclined disk around IRS 48 as observed 
with ALMA Band 9 observations, centered on the star (white star symbol). The ALMA beam 
during the observations is 0.32" × 0.21" and is indicated with a white ellipse in the lower left 
corner. A) the 0.44 millimeter (685 GHz) continuum emission expressed both in flux density and 
relative to the rms level (σ = 0.82 mJy/beam). The 63 AU radius is indicated by a dashed ellipse.  
B) The integrated CO 6-5 emission over the highest velocities in contours (6,12,...,60σCO levels, 
σCO = 0.34 Jy km s-1): integrated over -3 to 0.8 km s-1 (blue) and 8.3 to 12 km s-1 (red), showing a 
symmetric gas disk with Keplerian rotation at an inclination i = 50o. The green background 
shows the 0.44 millimeter continuum. The position angle is indicated in the upper right corner. 

of θ, then this means the non-tangential component of the
astrophysical polarized signal must be very close to zero.

We selected the 18 cycles with the best signal-to-noise ratio
(S/N) in the H-band observations to be combined into a final
image, and used the entire data set of 16 cycles for the J-band
image. For each polarimetric cycle i we determined the
appropriate value for θ by minimization of the fU signal. After
each qi was determined, fQ i, and fU i, were computed for each
polarimetric cycle. The final fQ and fU images were obtained
by median combination of all cycles.

2.3. Data Quality and PSF

The Strehl ratio of the polarimetric observations, defined as
the fraction of the total flux that is concentrated in the central
Airy disk, relative to the corresponding fraction in a perfect
diffraction-limited PSF (≈80% for a VLT pupil), is approxi-
mately 13% in the R¢-band and approximately 69% in the
H-band in our data. The PSF core in the R¢-band is
substantially less “sharp” than that of a perfect Airy pattern
due to the combination of moderate conditions and the
relatively low flux of TWHya in the R-band, where the
wavefront sensor operates. The central PSF core is slightly
elongated with a FWHM of 56×48 mas with the major axis
oriented ≈127° E of N, and contains ≈30% of the total flux. In
comparison, a perfect Airy disk would have a FWHM of
16 mas. The H-Band data have a nearly diffraction-limited PSF
shape with FWHM≈48.5 mas, compared to 41.4 mas for a
perfect Airy disk.

2.4. H-band ADI

The cosmetic reduction of the coronagraphic images
included subtraction of the sky background, flat field, and
bad pixel correction. One image out of 64 had to be discarded
due to an open AO loop. Image registration was performed
based on “star center” frames which were recorded before and

after the coronagraphic observations. These frames display four
crosswise replicas of the star, which is hidden behind the
coronagraphic mask, with which the exact position of the star
can be determined. The modeling and subtraction of the PSF is
performed using a principal component analysis (PCA) after
Absil et al. (2013), which is in turn based on Soummer et al.
(2012). We apply the following basis steps: (1) Gaussian
smoothing with half of the estimated FWHM; (2) intensity
scaling of the images based on the measured peak flux of the
PSF images; (3) PCA and subtraction of the modeled noise; (4)
derotation and averaging of the images.

3. Results

3.1. A First Look at the Images

In the left panel of Figure 1 we show the H-band fQ image of
the TWHya disk, with an effective wavelength of 1.62 μm. In
the right panel we show an annotated version of the same
image to graphically illustrate the adopted nomenclature and
identification of various structural features in the TWHya
disk. The fQ image contains only positive signal and the
corresponding fU image (shown in Figure 2) contains approxi-
mately zero signal. Thus our data show the expected signature
of an approximately face-on disk dominated by single
scattering, and the fQ image of the TWHya disk closely
approximates the total linearly polarized intensity image (see
also Section 2.2.2). The intensity in each image has been
multiplied by R2, where R denotes the projected distance to the
central star, in order to correct for the radial dependence of the
stellar radiation field. Thus, the displayed image shows how
effectively stellar light is scattered into our direction, i.e.,
approximately directly “upward,” at each location in the disk.
The intensity distribution is azimuthally very symmetric. The

most striking structural features are radial intensity variations in
the form of three bright and three dark rings, which we will
refer to as “rings”#1 to#3 and “gaps”#1 to#3 in this paper.

Figure 1. Left panel: the TWHya disk in polarized intensity at 1.62 μm, scaled by R2. The position of the star is denoted by the + sign. A distance of 54 pc has been
adopted. The dark and bright patch near [−1, −2] arcsec are artefacts. Right panel: the same image with annotations. The adopted nomenclature of bright “rings” and
radial “gaps” has been indicated. The region under the coronagraphic mask of 93 mas radius has been grayed out. The “dark spiral” is indicated with a dashed line.
The×symbol denotes the position of the compact HCO+ source found by Cleeves et al. (2015).
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November 23 and 0.7 mm on the latter two executions. The
total on-target integration time was ∼2 hr.

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

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

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

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

3. RESULTS

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

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

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

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

Figure 2. (top) High-resolution (24×18 mas beam) synthesized image
described in Section 2, deprojected into a map in polar coordinates to more
easily view the disk substructure. (bottom) The azimuthally averaged radial
surface brightness profile. For reference, the dashed red curve shows the
midplane temperature profile derived from a representative model disk. The
gray curve in the bottom left reflects the profile of the synthesized beam.
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Dust is not just dust

van der Marel et al. (2013), Andrews et al. 2016, van Boekel et al. 2017

TW Hya with VLT-SPHERE 
at 1.6 micron and ALMA 
at 870 micron



Huang et al. 2018

November 23 and 0.7 mm on the latter two executions. The
total on-target integration time was ∼2 hr.

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

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

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

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

3. RESULTS

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

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

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

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

Figure 2. (top) High-resolution (24×18 mas beam) synthesized image
described in Section 2, deprojected into a map in polar coordinates to more
easily view the disk substructure. (bottom) The azimuthally averaged radial
surface brightness profile. For reference, the dashed red curve shows the
midplane temperature profile derived from a representative model disk. The
gray curve in the bottom left reflects the profile of the synthesized beam.
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Figure 4. Top left : An integrated intensity map of the 12CO J = 3 � 2 line. The synthesized beam is shown in the lower left
corner. Top right : Deprojected and azimuthally-averaged radial profile of the 12CO J = 3 � 2 integrated intensity. The light
blue ribbon shows the 1� scatter in each radial bin. The Gaussian profile shows the FWHM of the synthesized beam. Bottom

left : A peak brightness temperature map of 12CO J = 3�2. Bottom right : Deprojected and azimuthally-averaged radial profile
of the 12CO J = 3 � 2 peak brightness temperature map. The light orange ribbon shows the 1� scatter in each radial bin.
Vertical gray dashed lines mark the radial break in emission at 25 AU, the shoulder at 70 AU, and the second break at 90 AU.
Temperatures between 17 and 27 K are shaded gray to show CO freezeout temperatures that have been estimated for TW Hya
(e.g. Qi et al. 2013 and Zhang et al. 2017).

compared to 12CO (e.g. van der Marel et al. 2015, 2016).
Like the 12CO channel maps, the 13CO channel maps

in Figure C2 also show a steep dropo↵ in intensity at a
radius of ⇡ 90 AU, followed by very faint emission ex-
tending out to ⇡ 200 AU, which is slightly less extended
than the 12CO emission. C18O exhibits an outer emis-
sion ring that sharply drops o↵ within a radius of 100
AU (Zhang et al. 2017), but no emission is observed be-
yond this radius. The apparent di↵erences between the
isotopologues is likely primarily due to sensitivity limits,
but may also be partially due to selective photodissoci-
ation in the more tenuous outer disk (e.g. Miotello et al.

2014).
Based on integrated flux ratios, 12CO and 13CO J =

3� 2 are known to have high optical depths in the TW
Hya disk (Qi et al. 2013). However, it is also instruc-
tive to determine whether 12CO is still optically thick
beyond a radius of 100 AU, where the emission becomes
comparatively weak. As a crude check, we measure the
12CO/13CO integrated flux ratio using an annulus with
an inner radius of 1.007 (101 AU) and an outer radius
of 3.006 (214 AU). Inside this annulus, the 12CO/13CO
flux ratio is ⇡ 20, which is smaller than the interstellar
12CO/13CO abundance ratio of ⇡ 69 (e.g. Wilson 1999)



… and dust is certainly not gas

collisional rates of HCN. The model fitting was done in the u
−v plane by computing χ2, the weighted difference between
model and observations, for the real and imaginary parts of the
complex visibilities. The best-fit models were obtained by
minimizing χ2.

Figure 3 shows the resulting contours of the
2 2

min
2c c cD = - distribution for the HCN and CN abun-

dance profiles. The best-fit model of both CN and HCN lines
corresponds to a decreasing abundance profile as a function of
radius, with α=−1. The best-fit outer-radius of the HCN
emission is 110 AU, while the outer-radius of the CN emission
is constrained to >300 AU, i.e., >2×larger than HCN. The
best-fit abundances at 100 AU of CN and HCN are given in
Table 3 but they are highly model dependent, i.e., they depend
strongly on the assumed vertical abundance profile, and should
not be directly compared with model predictions. Table 3 lists
the best-fit parameters together with what are formally 7σerror
bars based on the data SNR. In our case the data SNR is high

enough that we are dominated by stochastic noise from the
radiative transfer code and the 7σerror bar represents the
deviation from the best-fit model where there is a clear, visual
misfit between model and data.
Figure 4 shows the excellent fit between our best-fit model

and the data. Except for the low-velocity CN channels there are
no significant residuals, and those residuals are due to the
second hyperfine component of CN, which is not included in
our model. This hyperfine component is weak in MWC480,
but it is clearly seen in DMTau (see Figure 1). The good fit is
also apparent when comparing the disk-integrated spectra
(Figure 5), where the spectra are extracted using a Kepler-
ian mask.

3.2. HCN Isotopologues

Figure 6 displays the moment-zero maps of the H13CN
and HC15N lines in MWC480 together with the integrated

Figure 1. Channel maps of the HCN(4–3) and CN(3–2) line emission in MWC480 (top) and DMTau (bottom). The contour levels correspond to 3, 5, 7, 10, 15, 20,
and 25σ(Table 1). Synthesized beams are shown in the bottom left corner of the first panels.

Figure 2. Dust continuum emission, moment zero maps (upper panels), and azimuthally averaged emission profiles (bottom panels) of the HCN J=4–3 and CN
N=3–2, J=7/2–5/2 lines (blue solid lines) in MWC 480 (left) and DM Tau (right). The azimuthally averaged dust continuum profiles are shown by dashed lines.
The weaker HCN line in DMTau has been multiplied by 2 to show the radial profile, and the outer ring near 300 AU, more clearly. Synthesized beams are shown in
the bottom left panel corners. The double-arrows mark the half-light radii.
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Astronomer’s Periodic Table



Main types of reactions
• Bond formation 

• Radiative association 
• Associative detachment 
• Grain surface 

• Bond destruction 
• Photodissociation 
• Dissociative recombination 
• Collisional dissociation 

• Bond rearrangement 
• Ion-molecule reactions 
• Charge-transfer reactions 
• Neutral-neutral reactions

X+ + Y → XY+ + hv 
X- + Y → XY + e 
X + Y:g → XY + g 

XY + hv → X + Y 
XY+ + e → X + Y 
XY + M → X + Y + M 

X+ + YZ → XY+ + Z 
X+ + YZ → X + YZ+ 
X + YZ → XY + Z



H3+: the cornerstone of ion-
neutral chemistry
• H3+ forms from cosmic ray ionization:  

H2 + CR → H2+ + e, H2+ + H2 → H3+ + H 

• H3+ reacts with O to form OH+:  
H3+ + O → OH+ + H2 

• OH+ forms the backbone for synthesizing  
OH (OH+ + H2 → H2O+ + H, diss. recombination),  
H2O (OH+ + H2 → H2O+ + H2 → H3O+ + H, diss. recomb.),  
CO (OH+ + CH → HCO+ + H, diss. recomb.)



Photodissociation
• XY + hv -> X + Y 
 
 
 
 
 
 
 

• Experiments available for stable molecules, but not radicals or 
ions

Direct photodissociation 
OH, H2O, CH, CH2, …

Predissociation 
CO, N2, …



Photodissociation

• Photodissociation of both H2 and CO occurs by line 
absorption -> self-shielding important in disks

Spontaneous radiative dissociation 
H2



H2 spontaneous radiative 
dissociation

• 90% of absorptions into B and C 
states are followed by emission 
back into bound vibrational levels 
of X state 

• 10% of absorptions are followed by 
emission into unbound vibrational 
continuum, leading to dissociation

H2 spontaneous radiative dissociation

�90% of absorptions into B
and C states are followed 

by emission back into bound
vibrational levels of the X state
�10% of the absorptions
are followed by emission into
the unbound vibrational
continuum, leading to 
dissociation 

X1Sg+

B1Su+

C1Pu



Summary processes  
(small molecules)

• Direct p.d. 
H2+, OH, H2O 

• Predissociation 
CO, N2 

• Spontaneous radiative dissociation  
H2

Summary processes small molecules

Direct p.d.

Predissociation

Spontaneous
radiative
dissociation

Ex: H2
+, OH, H2O

Ex: CO

Ex: H2
E.g., van Dishoeck & Visser 2015, Heays et al. 2017



Isotope-selective 
photodissociation

R. Visser et al.: The photodissociation and chemistry of interstellar CO isotopologues 329

Table 4. Relative and absolute shielding effects for the ten most important bands in the ζ Oph clouda.

Band 33 28 24 23 22 20 19 16 15 13 Totalc

λ0 (Å)b 1076.1 985.6 970.4 968.9 968.3 956.2 950.0 941.2 940.0 933.1
12CO

Edge (%)d 32.2 4.7 8.7 3.0 3.6 3.4 4.3 5.1 3.5 3.1 7.8(–10)
Centre (%)d 2.8 0.4 5.7 9.3 0.8 12.1 13.8 6.1 11.0 7.0 7.5(–11)
Shieldinge 0.0084 0.0072 0.063 0.30 0.022 0.34 0.31 0.12 0.30 0.22 0.10

C17O
Edge (%) 32.0 4.7 8.7 3.0 3.6 3.4 4.3 5.1 3.5 3.1 7.8(–10)
Centre (%) 22.0 0.1 5.3 3.5 0.8 8.7 10.3 14.2 9.1 2.4 2.4(–10)
Shielding 0.21 0.0067 0.19 0.36 0.065 0.79 0.74 0.85 0.81 0.23 0.31

C18O
Edge (%) 31.5 5.1 6.2 1.5 4.9 3.7 4.7 5.2 3.8 3.4 7.2(–10)
Centre (%) 35.3 0.1 4.7 2.6 7.8 3.3 7.7 8.1 5.9 3.0 3.7(–10)
Shielding 0.58 0.0067 0.39 0.88 0.82 0.46 0.83 0.80 0.81 0.45 0.52

13CO
Edge (%) 28.1 6.5 8.3 1.8 5.2 3.4 4.3 4.9 3.9 2.4 7.8(–10)
Centre (%) 18.5 0.0 5.3 4.4 11.2 4.1 10.7 4.4 9.1 0.8 2.8(–10)
Shielding 0.23 0.0007 0.23 0.87 0.76 0.42 0.87 0.32 0.83 0.13 0.35

13C17O
Edge (%) 28.0 6.3 8.3 1.8 5.2 3.4 4.3 4.9 3.9 2.4 7.8(–10)
Centre (%) 32.5 0.0 7.4 2.9 7.5 5.0 7.2 8.5 6.1 1.0 4.2(–10)
Shielding 0.63 0.0007 0.48 0.88 0.79 0.78 0.91 0.94 0.85 0.24 0.54

13C18O
Edge (%) 30.1 7.0 5.9 1.5 4.7 3.6 4.4 5.0 4.0 2.4 7.5(–10)
Centre (%) 39.0 0.0 5.8 2.4 5.7 1.7 7.5 8.5 6.3 1.7 4.1(–10)
Shielding 0.71 0.0007 0.54 0.87 0.67 0.26 0.92 0.94 0.85 0.38 0.55

a See the text for the adopted column densities, Doppler widths, excitation temperatures and radiation field; b 12CO band head position; c total
photodissociation rate in s−1 at the edge and the centre, and the shielding factor at the centre; d relative contribution per band to the overall
photodissociation rate at the edge and the centre of the cloud; e shielding factor per band: the absolute contribution at the centre divided by the
absolute contribution at the edge.

Fig. 1. Relative intensity of the radiation field (I/I0) and intrinsic line
profiles for the six CO isotopologues (φ, in arbitrary linear units) at the
centre of the ζ Oph cloud in two wavelength ranges.

of the other five isotopologues is dominated by overlap with the
12CO and H2 lines. This figure also shows the need for accurate
line positions: if the 13C18O line were shifted by 0.1 Å in either
direction, it would no longer overlap with the H2 line and be less
strongly shielded. Note that the position of the W1 band has only
been measured for 12CO, 13CO and C18O, so we have to compute
the position for the other isotopologues from theoretical isotopic
relations. This causes the C17O line to appear longwards of the
C18O line.

3.4. Continuum shielding by dust

Dust can provide a very strong attenuation of the radiation
field. This effect is largely independent of wavelength for the
912−1118 Å radiation available to dissociate CO, so it affects all
isotopologues to the same extent. It can be expressed as an expo-
nential function of the visual extinction, as expressed in Eq. (2).
For typical interstellar dust grains (radius of 0.1 µm and optical
properties from Roberge et al. 1991), the extinction coefficient γ
is 3.53 for CO (van Dishoeck et al. 2006). Larger grains have
less opacity in the UV and do not shield CO as strongly. For
ice-coated grains with a mean radius of 1 µm, appropriate for
circumstellar disks (Jonkheid et al. 2006), the extinction coeffi-
cient is only 0.6. The effects of dust shielding are discussed more
fully in Sect. 6.

Photodissociation of CO may still take place even in highly
extincted regions. Cosmic rays or energetic electrons generated
by cosmic rays can excite H2, allowing it to emit in a multitude
of bands, including the Lyman and Werner systems (Prasad &
Tarafdar 1983). The resulting UV photons can dissociate CO at
a rate of about 10−15 s−1 (Gredel et al. 1987), independent of
depth. That is enough to increase the atomic C abundance by
some three orders of magnitude compared to a situation where
the photodissociation rate is absolutely zero. The cosmic-ray-
induced photodissociation rate is sensitive to the spectroscopic
constants of CO, especially where it concerns the overlap be-
tween CO and H2 lines, so it would be interesting to redo the
calculations of Gredel et al. with the new data from Table 1.
However, that is beyond the scope of this paper.

CO isotopologue photodissociation wavelengths shifted 
w.r.t. 12C16O: photodissociation occurs deeper in a disk

Visser et al. 2009



Freeze-out
• Molecules hit grain, stick 

(freeze out), form 
molecular ice 

• Rate is:  
RC = S π a2 vi ngr n(i) 
where S is “sticking 
coefficient” 

• S is near unity at low T
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Disks and chemistry



Question: when measuring the gas 
mass, what is the best molecule? 
Which properties must it have? 



Molecule properties

• Must be abundant enough that it is easy to observe 

• Must emit light in a cold disk 

• Must be optically thin (if not main species, then 
isotopologues with 13C, 18O, 17O, 15N, …) 

• Must have a stable and well understood chemistry



Naive thought: H2?
• Most abundant molecule (99%) 

• Chemically stable 

• However, two problems:  
 
1. Homonuclear molecule = no permanent dipole, only 
forbidden quadropole transitions => difficult to observe and 
selection rule of ΔJ = 0, ±2 
 
2. Light molecule = energy levels widely separated; J = 2–0 has 
Eup/kB = 510 K



Brilliant thought: HD? 
• Chemistry follows H2 although ~ 105 times less abundant 

• Asymmetric molecule => small dipole moment and 
electric dipole transitions allowed (ΔJ = ±1) 

• J = 1–0 has Eup/kB = 130 K 

• At 20 K, HD is 106 times more emissive than H2 

• Only problem: transition is at 112 micron, only accessible 
from space… 



HD detected!

• Herschel-PACS detected HD 1–0 
toward TW Hya 

• Depending on model assumptions, 
mass of TW Hya disk is ≳ 0.05 Msun 

• For comparison: previous estimates 
put the mass at 0.0005 – 0.06 Msun
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Figure 1: Herschel detection of Hydrogen Deuteride in the TW Hya protoplanetary disk. (a)

The fundamental J = 1 ! 0 line of HD lies at ⇠112µm line. On 20 November 2011 it was detected towards

the TW Hya disk at the level of 9�. The total integrated flux is 6.3± 0.7⇥ 10�18 W m�2. We also report a

detection of the warm disk atmosphere in CO J = 23 ! 22 with a total integrated flux of 4.4±0.7⇥10�18

W m�2. The J = 1 ! 0 line of HD was previously detected in a warm gas cloud exposed to radiation

from nearby stars27 by the Infrared Space Observatory. Other transitions have also been detected in shocked

regions associated with supernova and outflows from massive stars28, 29. (b) Simultaneous observations of

HD J = 2 ! 1 are shown. For HD J = 2 ! 1 we find a detection limit of < 8.0⇥ 10�18 W m�2 (3�). We

also report a detection of the OH 2⇧ 1
2

9

2
! 7

2
doublet near 55.94 µm with an integrated flux of 4.93± 0.27

⇥10�17 W m�2. The spectra include the observed thermal dust continuum of ⇠ 3.55 Jy at both wavelengths.
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CO: a cornerstone molecule

• Forms readily in the gas phase 

• Second-most abundant gas-phase molecule (after H2) 

• By default, all volatile C locked up in CO yielding a 
constant abundance of 10-4 

• 12C16O usually optically thick, but CO is so abundant that 
13CO, C18O, C17O are bright enough
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CO snowline

CO sublimates at ~ 30 K 
N2H+ is primarily destroyed by CO (N2H+ + CO → N2 + HCO+) 
Anticorrelation expected and observed at “right” radius

Qi et al. 2015



CO abundance structure
The Astrophysical Journal, 788:59 (15pp), 2014 June 10 Williams & Best

Figure 4. Density and temperature distribution of a model disk. The star is at the origin and the disk is radially symmetric with mirror symmetry about the midplane
at Z = 0. The color scale represents the H2 gas density on a logarithmic scale. The gas temperature is shown and labeled in the white contours. The black contours,
labeled CO, represent the boundary of a warm molecular layer within which CO is expected to be in the gas phase and emit millimeter wavelength rotational lines.
The parameters used for this model are Mstar = 1 M⊙,Mgas = 0.01 M⊙, Rc = 60 AU, γ = 0.75, Tmid,1 = 200 K, Tatm,1 = 1000 K, q = 0.55.
(A color version of this figure is available in the online journal.)

millimeter wavelength observations is outlined by the black
contours.

The isotopologues, 13CO and C18O, have the same freeze-out
temperature as CO and will be depleted in the midplane. We
therefore first model these species with the same density profile
as CO but scaled by their respective isotopologue ratios, [CO]/
[13CO] = 70 and [CO]/[C18O] = 550 (Wilson & Rood 1994).
These imply 13CO and C18O abundances relative to H2 that are
consistent with cloud measurements by Ripple et al. (2013) and
Frerking et al. (1982), respectively.

The effect of photodissociation on the isotopologues is
different than CO, however, as higher total column densities
are required for these rarer species to self-shield. Visser et al.
(2009) examined the complexities of this process, including the
effects of dust, H, H2, CO mutual shielding, excitation, Doppler
broadening, and ion–molecule isotope exchange reactions. They
find that the [CO]/[13CO] ratio is relatively constant at the ISM
value in disks with moderate grain growth but that C18O (and
the rarer species, C17O and 13C18O) should decrease steadily
to a factor of ∼7 lower abundance relative to CO at high
column densities toward the freeze-out region. The particular
density profile of C18O within the warm molecular layer at
intermediate column densities, AV ≃ 1–10 mag, is therefore a
computationally complex function of both radius and height. To
minimize the number of additional parameters, and in keeping
with the simplicity of our approach, we approximate the effect of
selective photodissociation by calculating a second set of C18O
line intensities with the isotopologue abundance reduced by a
factor of three, [CO]/[C18O] = 1650. The resulting two values,
[13CO]/[C18O] = 8, 24, bracket recent observational results for
molecular clouds in Orion (Shimajiri et al. 2014).

We emphasize that the model assumptions for the gas struc-
ture are only azimuthal symmetry and hydrostatic equilibrium.
This allows us to consider fits to spectral line data independently
from fits to continuum data and therefore to infer gas properties
independently from those of the dust. This approach is neces-

sary to match the reality of these two components being struc-
turally, thermally, and dynamically decoupled. In particular,
our constraints on gas masses are independent of dust mass
measurements or, within the confines of our modeling param-
eters, any features in the dust structure such as inner holes or
strong azimuthal features (van der Marel et al. 2013).

3.1.4. Radiative Transfer

We calculate integrated line intensities for the models using
the radiative transfer code RADMC-3D.1 The gas density,
temperature, and CO abundance profiles were interpolated onto
a spherical coordinate grid with 100 logarithmically spaced
points in radial distance from 1 AU to 600 AU and 60 linear steps
in polar angle, θ = 10◦–90◦, with axial and mirror symmetry.
We assumed local thermodynamic equilibrium, which is a
good approximation for the low lying CO rotational states at
the densities and temperatures of the warm molecular region
(Pavlyuchenkov et al. 2007).

The output is a set of data cubes of flux density F (x, y, λ),
where (x, y) is the projection on the sky in arcseconds for a
distance to Taurus of 140 pc, and the wavelength λ is chosen
to cover the three lowest rotational transitions of CO, 13CO,
and C18O. In principle, there is a tremendous amount of
information available in these cubes for detailed modeling of
resolved observations. However, because our 13CO and C18O
observations do not have sufficiently high signal-to-noise ratios
to study their spatial distribution, we spatially and spectrally
integrated the model data cubes and use the line luminosities:

L = 4πd2
!

F dx dy dv, (9)

where dv = cdλ/λ and L has units Jy km s− 1 pc2, to compare
with the observations.

1 http://www.ita.uni-heidelberg.de/∼dullemond/software/radmc-3d/
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Combining gas and dust

• Understanding the CO chemistry (abundance), we can use 
it as a proxy for the total gas mass, and calibrate the total 
gas/dust mass



Early grain growth to millimeter sizes

Dust (red) and CO gas (green/blue) 
toward young protostar observed 
by ALMA. Anti-correlation 
between dust and gas indicate the 
growth of grains to > mm sizes 
during the first 100,000 years in 
the evolution of young stars – the 
first step toward planet formation.

Harsono et al. 2018





Carbon depletion? M. Kama et al.: Volatile-carbon locking and release in protoplanetary disks

Fig. 5. Observations and modelling of TW Hya. The panels show, from top left to bottom, the spectral energy distribution; spectrally resolved
line profiles; spatially resolved integrated CO 3–2 emission; and the full set of line fluxes used in the analysis. CO isotopolog lines for a given
rotational transition are plotted at the same x-axis location. Two well-fitting models, both with a gas to dust ratio �gas/dust = 100 and [C]/[H]gas =

10�6 but with C/O = 0.47 (solid red) and 1.5 (dashed/open red) are plotted on the observations (black) to illustrate the range of allowed parameters.
For C/O = 0.47, the [O i] 63 µm line model flux lies just above 10�16 W m�2 and the C2H fluxes are a factor ⇡103 below the observations.

Fig. 6. Gas-phase carbon abundance, compared with that of the Sun
(dashed line, Asplund et al. 2009). From left to right: photospheric
values for Herbig Ae/Be stars (Acke & Waelkens 2004; Folsom et al.
2012, stars); the stellar and disk values for HD 100546 (star and dia-
mond, this work); the disk of TW Hya (diamond, this work); and lines
of sight through the di↵use interstellar medium (Cardelli et al. 1996;
Parvathi et al. 2012). For the Herbig Ae/Be and ISM samples, the me-
dian (black symbols) and the full dataset (small grey circles) are shown.

gas-phase carbon atoms in the HD 100546 disk have, therefore,
not passed through a complex hydrocarbon molecule during the

Fig. 7. Vertical structure of the TW Hya model at r = 100 au. Y denotes
either the dust temperature (Tdust [K]), UV-field (G0), gas-phase CO and
C0 abundance, or the grain size (a [µm]) of particles with a scaleheight
hd equal to a given height z (see Eq. (5)). Vertical mixing can transport
carbon atoms from the C0 layer to the freeze-out zone.

10 Myr life of the system. This is consistent with chemical
models, where CH4 production usually requires long timescales
and CO2 is produced by thermal or photo-processing of CO-,
H2O-, and OH-rich ices (e.g. Willacy et al. 1998; Furuya et al.
2013; Walsh et al. 2014b). Observable gas-phase complex or-
ganic molecules in the protostellar source Orion KL only contain
.15% of the organic carbon locked in solar system meteorites

A83, page 7 of 16

When modeling observational data, C appears to be depleted by a factor 100

Favre et al. 2013, Schwarz et al. 2016, Kama et al. 2016



Trouble in Paradise

• Either gas is gone (planet-formation?) or CO is depleted 
in unknown ways 

• Solution: check Carbon budget in disks



Scenario I: low gas/dust ratio

• Basic idea: grains start growing, reach critical mass, and 
accrete gas 

• Alternatively: gas preferentially accreted on star

Ansdell et al. 2016



Planets in disks

Teague et al. 2018, Pinte et al. 2018, Keppler et al. 2018

−4 −2  0  2  4

−4 −2  0  2  4

−4

−2

 0

 2

 4

v=0.85 vKep

v=1.15 vKep

dv=1.0km/s

 0  2  4

 0

 2

 4

1.00km/s

5 15 25 35 45 55 65

−1.00km/s

Δ Ra ["]

Δ
 D

e
c 

["
]

Δ Ra ["]

CO J=2−1
−4

−2

 0

 2

 4

870µm

Δ
 D

e
c 

["
]

5 15 25 35Tb [K]

G
as

Pr
es

su
re

�
!

Maximum Pressure Gradient
Minimum Pressure Gradient

rp Radius �!

�

+

�
v r

ot

Planet

50 100 150 200 250
Radius (au)

�10

�5

0

5

�
v ro

t
(%

)

0.6
M

Jup

1.0
M

Jup

1.3
M

Jup

Hydro Model: Mgas ⇥ 5
Hydro Model: No Planet

Hydro Model: Best-FitA&A proofs: manuscript no. draft

L’ 2012-03-31

0.1"

H2H3 2015-05-03 H2H3 2015-05-31 K1K2 2016-05-14 L’ 2016-06-01

Fig. 9. Images of the point source detection as retrieved with the sPCA reduction (from left to right): NICI L’-band (2012-03-31), IRDIS H2H3-
band (2015-05-03), IRDIS H2H3-band (2015-05-31), IRDIS K1K2-band (2016-05-14), NaCo L’-band (2016-06-01). North is up and east is to the
left. The images were smoothed with a Gaussian kernel of size 0.5⇥FWHM.

method described by Olofsson et al. (2016). The astrometric un-
certainties related to the calibration error take into account the
centring accuracy of the stellar position (frame registering was
done using the satellite spots for the IRDIS data and fitting a 2D
Gaussian to the star in the case of the non-coronagraphic NaCo
and NICI data), the detector anamorphism (0.6±0.02% in the
case of IRDIS, Maire et al. 2016), the True North orientation of
the images and the uncertainties related to the rotator o↵set and
the pixel scale. The corresponding values are reported in Table 4.
We derived the final astrometric uncertainties at each epoch by
quadratically summing the errors from these individual contri-
butions. Our astrometric measurements obtained at the di↵erent
epochs are presented in Table 5. As a cross-check, the results
of the ANDROMEDA, PCA-SpeCal, and TLOCI reductions are
listed in Appendix A.1.
To test whether the point source is part of a physical system with
PDS 70, we compared its measured position relative to the star
at the di↵erent epochs. Due to the proper motion (µ↵cos� = -
29.7 mas/yr, µ� = -23.8 mas/yr, Gaia Collaboration et al. 2016,
2018), a stationary background star would have moved by ⇠160
mas within the given timespan. As the relative motion (⇠40 mas
during the ⇠ 4 years observational time span) di↵ers significantly
from the prediction for a stationary background object, the astro-
metric results strongly imply that the point source is comoving
with PDS 70. The measurements, together with the expected tra-
jectory for a background star relative to PDS 70, are displayed
in Fig. 10. Further, the probability of detecting at least one back-
ground contaminant of similar brightness or brighter within the
mean separation of the companion is less than 0.033% according
to the Besançon galactic population model (Robin et al. 2003).
The relative position as measured in the NICI data taken in 2012
does not coincide with the positions derived from the SPHERE
and NaCo observations performed in 2015 and 2016 within the
1-� uncertainties. This di↵erence in measured position between
the epochs is possibly due to orbital motion. The point source
is detected at a mean projected separation of ⇠195 mas, corre-
sponding to ⇠22 au. The orbital period of such a bound object,
assuming a stellar mass of 0.76 M�, would be ⇠119 years. For
a face-on circular orbit, this implies a displacement of ⇠3� per
year, resulting in a total change of position angle of 12.5� within
the time covered by our observations, which is in good agree-
ment with the observations. Further, the observed change in po-
sition angle is in clockwise direction, which corresponds to the
sense of rotation of the disk (Hashimoto et al. 2015). Therefore,
this displacement is consistent with an object on a circular face-
on orbit rotating in the same sense as the disk. However, regard-
ing the relatively large uncertainties on the astrometry and the
short time span covered by our data, detailed orbital fitting ex-

Fig. 10. Relative astrometry of the companion. The blue points show the
measurements, and the red ones, labelled ‘BG’, the relative position that
should have been measured in case the CC detected in the first epoch
(NICI) was a stationary background star.

ploring the possibility of an inclined and/or eccentric orbit will
be performed in a follow-up study on this source (Müller et al.
2018). Although the possibility of the point source being a back-
ground star with almost the same proper motion as PDS 70 is
very small, only the detection of orbital motion over a signifi-
cant part of the orbit will allow to fully exclude the background
star scenario.

5.2. Photometry

Our current information on the physical properties of the com-
panion candidate relies on the H, K, and L’ photometry as de-
rived from our SPHERE/IRDIS, NaCo, and NICI images. It is
marginally detected in the IFS data, when the channels corre-
sponding to J-band and H-band are collapsed. Due to the large
uncertainties, this data is not considered here. The low S/N de-
tection of the companion candidate in the IFS data can be ex-
plained by its faintness and red colours, the larger IFS ther-
mal background (IFS is not cooled contrary to IRDIS), and the
smaller IFS pixel scale (7.46 mas/pixel vs ⇠12.25 mas/pixel).

Article number, page 12 of 22



Scenario II: carbon depletion

• Mdisk ~ Ṁacc relation 
expected (Hartmann et al. 1998) 
and confirmed in Lupus 
(Manara et al. 2016) 

• Correlation exists for Mdust, 
but not MCO, and MCO/Ṁacc 
gives too short a time-scale 

• Suggests MCO is not equal 
to Mdisk but C is depleted

Miotello et al. (2017)

A&A 591, L3 (2016)

the VLT/X-Shooter spectrograph, and Mdisk measured both from
sub-mm continuum and CO line emission with Atacama Large
Millimeter/submillimeter Array (ALMA). We look for correla-
tions between Ṁacc and Mdisk, as predicted by viscous theory.

2. Data sample

The sample analyzed here includes Class II and transition disk
(TD) young stellar objects (YSOs) with 0.1<M?/M� < 2.2, thus
including only the TTauri stars of the ALMA sample. Both the
ALMA and X-Shooter surveys are complete at the ⇠95% level.
In total, there are 66 objects with ALMA and X-Shooter data
available. The list of targets included in the analysis is reported
in Table A.1.

The ALMA data are presented by Ansdell et al. (2016,
hereafter AW16). The setting includes continuum emission
at 335.8 GHz (890 µm) at a resolution of ⇠0.3400⇥0.2800
(⇠25⇥ 20 AU radius at 150 pc) and the 13CO and C18O 3–
2 transitions. From the continuum emission, detected for 54
of the targets included here, AW16 derive disk dust mass
(Mdisk,dust) using typical assumptions of a single dust grain opac-
ity (890 µm)= 3.37 cm2/g and a single dust temperature Tdust =
20 K. From the CO emission lines, AW16 derive the disk gas
mass (Mdisk,gas) for 29 disks in our sample, but for 22 of these
the lower bound of the acceptable values of Mdisk,gas is uncon-
strained because of the lack of C18O detection. Upper limits are
calculated for the other 37 targets.

We obtain Ṁacc from the X-Shooter spectra (Alcalá et al.
2014, and in prep.). Briefly, the stellar and accretion parameters
are derived by finding the best fit among a grid of models includ-
ing photospheric templates, a slab model for the accretion spec-
trum, and reddening (Manara et al. 2013). We use the UV excess
as a main tracer of accretion and the broad wavelength range
covered by X-Shooter (�� ⇠ 330�2500) to constrain both the
spectral type of the target and the extinction. Among the objects
discussed here, 57 have Ṁacc derived from X-Shooter measure-
ments, while 5 have an accretion rate compatible with chromo-
spheric noise (non accretors), and 4 targets are observed edge-
on, thus their Ṁacc are underestimated. The evolutionary models
by Siess et al. (2000) are used to determine M? and, thus, Ṁacc.

Finally, the sample includes several resolved binaries. All
of these binaries have separations &200 and are indicated in
Table A.1.

3. Results

3.1. Disk dust mass

The values of Mdisk,dust derived by AW16 (see Sect. 2) are a mea-
sure of the bulk dust mass in the disk. Figure 1 shows the values
of Ṁacc measured for our targets as a function of Mdisk,dust

1.
We first search for a correlation between the two quanti-

ties running a least-squares linear regression on the targets with
both Mdisk,dust and Ṁacc measurements and find a moderate cor-
relation with r = 0.53 and a two-sided p-value of 1.5 ⇥ 10�4

for the null hypothesis that the slope of this correlation is zero.
The best fit obtained with this method has a slope of 0.7 and a
standard deviation of the fit of 0.2. Then, we compute the lin-
ear regression coe�cients using the fully Bayesian method by

1 Objects observed edge-on or with accretion compatible with chro-
mospheric noise are shown in the plot, but they are not included in the
analysis of correlations between Ṁacc and Mdisk,dust.

Fig. 1. Logarithm of Ṁacc vs. logarithm of Mdisk,dust. Green filled squares
are used for measured values, open squares for edge-on objects, and
downward pointing open triangle for objects with accretion compatible
with chromospheric noise. Transition disks are indicated with a circle.
We show fit results obtained using the Bayesian fitting procedure by
Kelly (2007), which considers errors on both axes and is only applied to
detected targets. The assumed best fit is represented with a red solid line,
while the light red lines are a subsample of the results of some chains.
The best fitting with this procedure overlaps with the least-squares best
fit.

Kelly (2007)2, which allows us to include uncertainties on both
axes in the fitting procedure. Uniform priors are used for the lin-
ear regression coe�cients. We include some single chain results
in Fig. 1, as well as the best fit obtained with this method, which
has the same slope and intercept of the least-squares fit relation.
We adopt the median of the results of the chains as best fit val-
ues. We refer to Appendix B for the corner plots with the poste-
rior analysis results. The best fit obtained with this method has a
slope of 0.7±0.2, a standard deviation of 0.4±0.1, and a correla-
tion coe�cient of 0.56±0.12. We also verified that the two quan-
tities are still correlated when upper limits on Mdisk,dust are prop-
erly considered using the same tool. The correlation coe�cient
increases to 0.7±0.1, while the slope is larger (1.2±0.2) but com-
patible with that obtained using detections only. The same slope
is obtained including upper limits and using the emmethod and
buckleyjames method in ASURV. However, the slope estimated
when including upper limits is not well constrained (Kelly 2007)
and should be considered with caution. We then find a probabil-
ity lower than 10�4 of no-correlation using the Cox hazard test
for censored data in ASURV (Lavalley et al. 1992) including up-
per limits on Mdisk,dust.

We show the dependence of the accretion luminosity (Lacc)
on the sub-mm continuum flux normalized to a distance of
150 pc in Fig. 2 to confirm that the correlation is not induced by
the conversion from Lacc to Ṁacc. Indeed, Lacc is directly mea-
sured from the spectra, while the conversion to Ṁacc depends on
M?, which is derived from evolutionary models. A correlation is
found with r = 0.6, a slope of 0.8± 0.2, and a standard deviation
of 0.5± 0.1.

We then test for the robustness of the correlation, given
our assumptions to convert the continuum emission in Mdisk,dust.
First, we assumed a single disk opacity and gas-to-dust ratio for
all disks. To test whether a random variation of these param-
eters would a↵ect our results, we perform the same statistical

2 https://github.com/jmeyers314/linmix
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If carbon is depleted, where 
does it go? 

• Basically two possibilities:  

1. Carbon is locked up in large grains in the midplane 

2. Carbon is in more complex species

We can’t tell with current observations, but we can speculate… 



C transformed to hydrocarbons

DM Tau is an M1 star surrounded by a 1000 au molecular
disk as seen in the emission of 12CO (Simon et al. 2000;
Dartois et al. 2003). It is located near the edge of the of the
Taurus Molecular Cloud (Hartmann et al. 2001; Goldsmith
et al. 2008) at a distance of ∼140 pc (Kenyon et al. 1994;
Schlafly et al. 2014), where it may be partially obscured by
cloud material ( ~A 0 . 7;V

m Espaillat et al. 2010). Based on its
spectral energy distribution and high resolution submillimeter
dust continuum imaging, it is also a transition disk with a
measured (submillimeter emission) inner gap radius of 19 au
(Calvet et al. 2005; Andrews et al. 2011). The age of the system
is estimated using models of pre-main sequence evolution with
some uncertainty. Hartmann et al. (1998) placed DM Tau on
the center of the age distribution in Taurus (1–2Myr) at
1.5Myr; but other work suggests it is slightly older
(∼2–4.5 Myr; Kitamura et al. 2002; Hueso & Guillot 2005).
At face value DM Tau appears younger than TW Hya. This is
based on the models of Hayashi track evolution discussed
above, but also from the fact that molecular cloud material is
present in close proximity of DM Tau, while absent near the
TW Hya association.
Based on Figure 2, the dust emission at submillimeter

wavelengths is confined with respect to the C2H emission for
TW Hya. The continuum emission at ∼850 μm originates from
dust grains with sizes up to ∼millimeter (Draine 2006). In TW
Hya the C2H emission peaks near the edge of the disk traced by

Figure 2. Top row: stacked image of the individual C2H detections presented in Figure 1 for (a) TWHya and (b) DMTau. Bottom row: deprojected line and
continuum emission profile for (c) TWHya and (d) DMTau. The TWHya image profile is made from the compact TWHya data for the C2H N=4−3 (blue) and
continuum (black). The DMTau emission profile is made from combined compact and extended data for the C2H N=3−2 line (blue) and continuum (black). The
DMTau C2H data re-imaged with higher resolution weighting and extended data only is shown in red. Continuum profiles are in units of mJybeam−1.

Figure 3. High resolution DMTau image using the extended data only, where
the inner emission peak is resolved into a second ring. Overlaid are continuum
contours, where the black dashed line shows the 3σ continuum contour for the
compact and extended data. The white contours highlight the 6, 24, and 96σ
continuum contours for the extended data only, going from thin to thick line
weights. The inner dust emission is extremely steeply peaked at the location of
the C2H inner ring.
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submillimeter emission, down to our sensitivity limit. A recent
paper by Hogerheijde et al. (2016) traces the edge of the
surface density distribution at 820 μm to a radius of
47.1±0.2 au (0 87). The peak of the C2H ring appears just
beyond this edge at R∼1 1, with a well resolved, deep central
depression.

In DM Tau there is significantly more structure in the C2H
emission. In Figure 3 we show the C2H emission distribution
using only the extended baselines. Overlaid on this image is the
dust continuum emission with the black line showing the 3σ
dust emission edge at 1100 μm. At the peak of the dust
emission there is a central hole in the C2H emission that
encompasses the inner 100 au (diameter). This is followed by a
ring of C2H emission, also with a width ∼100 au where the
strongest emission is detected. At much greater distances
(R∼350 au) there is a weaker and thinner C2H emission ring.
The fact that both TW Hya and DM Tau have hydrocarbon ring
emission near the millimeter-dust edge is highly suggestive of a
common process that might be present in evolving disk
systems. However, the large differences in the size scale of the
rings, along with stronger central emission in DM Tau, requires
detailed modeling to determine the import of specific
mechanisms.

3.2. c-C3H2 Ring in TW Hya

Similar to Kastner et al. (2015), we mainly focus on the
detection of C2H rings in this paper. In Figure 4 we present
stacked observations of c-C3H2 toward TW Hya that clearly
show a ring with similar dimensions as C2H. Thus, the
detection of rings is not limited to C2H alone. Instead we will
argue below that it likely extends toward all hydrocarbons, as
supported by the c-C3H2 detection in TW Hya.5

3.3. Dust Optical Depth and Ring Structure

High dust optical depth is one mechanism that would
produce inner holes in the emission of molecular tracers at

these wavelengths. For TW Hya, detailed modeling of the
submillimeter continuum emission suggests the inner ∼40 au
has τ>0.5 (Hogerheijde et al. 2016). Thus only the inner tens
of au could be optically thick. In the high resolution study of
Andrews et al. (2016), they discuss a possible transition to an
optically thick disk near 20 au; the modeling of Tsukagoshi
et al. (2016) also suggests that beyond 20 au, the disk is
optically thin at these wavelengths. This is important as the
C2H emission begins to significantly decline inwards of 60 au
—where the dust is in these analysis is optically thin. Kama
et al. (2016b) present another recent model of TW Hya and this
model is also optically thin where C2H emission begins to
decline. Thus high dust optical depth is not enough to explain
the inner hole and a chemical effect is needed (see also Kastner
et al. 2015).
DM Tau has evidence for two C2H emission rings, an inner

and an outer. Figure 3 shows the contours of the strongly
centrally peaked dust emission; nearly all the strongest dust
emission (>6σ) is confined within the main central bulge of the
C2H emission. Here the drop of the C2H emission toward the
central hole is about a factor of two. At face value this is
consistent with what would be expected from the effects of
high dust optical depth, as we would not detect the back side of
the disk. Thus, at this resolution we cannot determine whether
the central depression is a true chemical effect. However, the
outer ring appears at the edge of the dust continuum emission
which must be optically thin at that radial distance. The
contrast between the C2H peak at (∼2 4) and trough (∼1 5) is
also �3. Thus, the outer ring is not an effect of dust optical
depth and is the result of a change in molecular abundance.

4. PHYSICAL AND CHEMICAL MODELS

In the following we will explore the physical/chemical
structure within a realistic disk model framework to detail the
origin of the ring structure and how to reproduce the
hydrocarbon emission. For this purpose we will use the disk
model described by Du et al. (2015) with basic parameters for
TWHya and DMTau given in Table 2. For the dust
composition, we use an 8:2 mixture of astrosilicates and
graphite. Their optical constants are taken from Draine & Lee
(1984).6 The dust size distribution is a power-law with
exponent 3.5 (Mathis et al. 1977), and each disk component
has different minimum and maximum grain sizes. A uniform
gas-to-dust mass ratio of 100 is used over the whole disk such
that r r= ´r z r z, 100 ,gas dust

tot( ) ( ), regardless of the dust
components. We assume three components for both disks: an
optically thin inner zone, a submillimeter intermediate one
(Andrews et al. 2012; Menu et al. 2014; Hogerheijde et al.
2016), and a UV-dominated outer region. The disk parameter-
ization is the same as Andrews et al. (2009) (see also Lynden-
Bell & Pringle 1974; Hartmann et al. 1998), namely, for each
component, the surface density is

⎛
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The volume density is calculated from the surface density
based on vertical hydrostatic equilibrium, using temperatures
calculated from a Monte Carlo radiative transfer treatment
(Dullemond et al. 2002). The UV radiation field uses the

Figure 4. Stacked image of all detected transitions of c-C3H2 toward TW Hya.
The transitions are listed in Table 1.

5 The C3H2 data will be analyzed in a separate work (I. Cleeves et al. 2016, in
preparation). 6 https://www.astro.princeton.edu/~draine/dust/dust.diel.html
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C2H and c-C3H2 rings in TW Hya 

Typically found in upper layers: 
radiation product
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Complex organics
8

Figure 4. Comparison of the ideal matched filter with conventional spectral extraction through aperture masking. Panel a:
Moment-0 map of simulated, noiseless CH3OH 312-303 emission. The synthesized beam is shown in the lower left. Contours
are [-3, -1.5, 1.5, 3]⇥3.3 mJy bm�1 km s�1, corresponding to 1� in panel b. Panel b: Moment-0 map of simulated and noise-
corrupted CH3OH emission. Panel c: Spectrum of the noise-corrupted emission, extracted using an aperture 300 in diameter.
Panel d: Ideal matched filter response to the noisy emission, with units of �.

Spectral stacking is a common method of SNR im-
provement for observations of multiple transitions of the
same molecule (e.g. Langston & Turner 2007; Kalen-
skii & Johansson 2010; Loomis et al. 2016; Walsh et al.
2016). If the excitation conditions of two or more
transitions are similar and their rest frequencies are
well known, then the signals can be combined through
weighted averaging,

Ts =
nsX

i=0

Tiwi, (8)

where the stacked spectrum Ts is generated by sum-
ming ns individual spectra Ti multiplied by weights wi,
proportional to the SNR of each Ti. Knowledge of the
relative strengths of each transition is therefore impor-
tant to gain the most signal improvement. Application
of a matched filter results in an estimated SNR for each
transition, which can be used as a proxy for their rel-
ative strengths. The resultant impulse response spec-
tra are then easily stacked to generate an appropriately
weighted stacked spectrum.
To illustrate this process, we have repeated the simu-

lations and filtering described in §2.6 for three CH3OH
transitions: 211-202, 312-303, and 413-404, with relative
strengths of 1.8:1.3:1.0. Moment-0 maps of the emission
from each of these transitions are shown in Fig. 5, pan-
els a, b, and c, with peak integrated fluxes of 11.7, 13.2,
and 8.5 mJy km s�1 and corresponding SNRs of 3.5, 4,
and 2.6�, respectively. The individual filter responses
are shown in Fig. 5, panels d, e, and f, with peak SNRs
of 8.4, 5.7, and 4.9�, respectively. The filter responses
were stacked using a weighted average, yielding the spec-
trum shown in Fig. 5, panel g, with a peak SNR of 11.6�.
The ratio of the filter responses ⇠(1.7:1.2:1) recovers the
flux ratio of the input models (1.8:1.3:1.0) fairly well,
even though the 211-202 transition appears weaker than
would be expected in the imaged data (likely due to
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Figure 5. Demonstration of line stacking on synthetic
CH3OH emission. Panel a-c: Moment-0 maps of the three
simulated and noise-corrupted transitions, 211-202, 312-303,
and 413-404. Contours are [-3, -1.5, 1.5, 3]⇥�, �=3.3 mJy
bm�1 km s�1. The synthesized beam is shown in the lower
left. Panel d-f: Ideal matched filter response spectra. Peak
SNRs are 8.4, 5.7, and 4.9�. Panel g: Filter response spec-
trum created by stacking the individual spectra from panels
d-f. Each spectrum was weighted by its SNR, and the resul-
tant spectrum has a SNR of 11.6.

random noise fluctuations in the inherently more noisy
moment-0 maps). This highlights one of the advantages
of applying the matched filter in the Fourier plane.

3. APPLICATION TO REAL ALMA DATA

Matched filtering provides clear benefits when the
ideal filter kernel is known. To explore its utility when

3

Table 1. Observed CH3CN transitions

Transition Symmetry Frequency Eu Sijµ
2 Int. Flux Dens.a Filter response

(MHz) (K) (D2) (mJy km s�1) (�)

120–110 A 220747.3b 68.9 183.7c 82 ± 7 17.8

121–111 E 220743.0b 76.0 182.5c 78 ± 7 15.9

122–112 E 220730.3b 97.4 178.6c 41 ± 7 7.2

130–120 A 239137.9b 80.3 199.1c 81 ± 7 13.1

131–121 E 239133.3b 87.5 197.9c 70 ± 7 9.3

132–122 E 239119.5b 108.9 194.3c 28 ± 7 5.7

133–123 A 239096.5b 144.6 188.5c 12 ± 7 3.5

a Velocity-integrated between 2.1–3.7 km s�1.

b Center frequency of collapsed hyperfine components (spacing smaller than channel width).

c Sijµ
2 of combined hyperfine components.
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Figure 1. Integrated intensity (moment-0) images of the observed CH3CN transitions, velocity-integrated between 2.1–
3.7 km s�1. All panels share the same intensity scale. Contours are [3,5,7,...]⇥�, where �=2.2 mJy beam�1 km s�1. The
synthesized beam is shown in the lower left of each panel.

profile shapes, with their relative strengths decreasing
with increasing ka.

Spectra were extracted for each transition using two
methods. First, an elliptical mask 3.005 in diameter was
used (line profiles in Fig. 3), which corresponds to a
radial extent of ⇠105 AU and encapsulates all emis-
sion given the radial profiles in Fig. 2. Second, a
Keplerian mask convolved with the synthesized beam
was used to extract the shaded profiles in Fig. 3, of-
fering a better estimate of the true flux of each tran-
sition. The convolved Keplerian mask was truncated
at a radial distance of 105 AU, and thus covers the
same total solid angle as the elliptical mask. Flux mea-

surements, listed in Table 1, were made by integrat-
ing the Keplerian extracted spectra between 2.1 and
3.7 km s�1. Uncertainty on each flux measurement
was determined through bootstrapping, repeating the
extraction and integration 10,000 times on an identical
number of randomly-selected nearby emission-free chan-
nels (sampled with replacement). The standard devia-
tion of these values is reported as the uncertainty on the
flux measurement.

3. CH3CN COLUMN DENSITY AND EXCITATION
TEMPERATURE

CH3CN

CH3OH

Walsh et al. 2016, Loomis et al. 2018a,b

Complex organics are difficult to detect 
in disks in the gas phase. We need JWST 
to assess the ice budget, also of CO2. 



Yesterday: HCOOH detection 
reported toward TW Hya
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1500 K
UV/X-ray
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150 K
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complex molecules
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Disk physical structure

JWST will shed light on 
ice content of disks 
… when it is launched… 



Summary

• Measuring disk masses is far from trivial! Dust masses 
seem mostly ok, but conversion to Mtotal is tricky…  

• The best bet is to choose a good tracer, and be aware of 
underlying assumptions of radiative transfer and chemistry 

• Current mass estimates of disks accurate to within a factor 
of 2–3 at best, 1-2 orders of magnitude at worst…! 


