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• Today:

• Molecular specroscopy basics

• Molecular abundances 

• Molecular line observations of disks: kinematics, turbulence, mass
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Questions from yesterday

• More on dust traps

• Just heard from Phil, more this afternoon

• More on Lab Experiments
• See Testi et al. 2014 PPVI review

• Specific on laboratory experiments: Blum & Wurm 2008, ARAA



Part VIII 
Molecular Spectroscopy



molecular spectroscopy

è Molecular lines:
ØRotation
ØVib (Stretching and Bending)
ØElectronic



Molecular rotational lines
è Molecular lines:

ØRotational spectra of molecules (simplified) 

J=0,1,2...

è Selection rules:
ØPermanent dipole moment (H2, C2, O2, CH4, C2H2 not ok)
ØDJ=1 (only adjacent levels)
ØSymmetric molecules => quadrupole transitions (DJ=2)

m=m1*m2/(m1+m2)



Molecular rotational lines

è Examples of diatomic molecules: CO (m=7) and H2 (m=0.5)

è CO levels are closely spaced
ØSmaller DE => long wavelength 

transitions, low excitation
ØJ=1-0 -> n=115GHz, l=2.7mm
ØJ=2-1 -> n=230GHz, l=1.3mm
ØJ=3-2 -> n=345GHz, l=0.87mm

è H2 levels are further away, only 
quadrupole transitions allowed
ØMIR, high excitation lines



Molecular rotational lines
è Molecular lines: symmetric top rotators

ØMolecules with an axis of three-fold 
or higher symmetry

ØExamples: NH3,CH3CN,CH3CCH
ØQuantum numbers: J and projection 

on axis K (K<=J)
ØSelection rules: DJ=1 (only adjacent 

levels), DK=0
ØK=J levels are metastable
ØExample: ammonia inversion 

transitions 



Molecular rotational lines

è Molecular lines: asymmetric rotators
ØQuantum numbers: J and projections 

on two axes K- and K+

ØComplicated spectra
ØExample: H2O 



Molecular abundances
è Molecular abundances in molecular clouds and  YSOs



Part IX 
Molecular gas in disks



èGas has to dominate the disk mass
ØFrom geometry :  H/R ~ 0.1 at 1 AU

èDirect measurements: 
ØCold gas CO, … (outer disk)
ØWarm gas H2, CO, H2O  (inner disk) 
ØIndirect: Accretion and Jets

Molecular gas



Gas in protoplanetary disks

(van Dishoeck 2014)



Outer disks structure and kinematics
HD163296

(de Gregorio Monsalvo+2013;Mathews+2013)



èCalculation of the CO emission 
assuming thermalised gas

Molecular gas

(Isella et al. 2007)



èSimulated CO profiles and maps

Molecular gas

(Isella et al. 2007)



Outer disks structure and kinematics
HD163296

(Qi et al. 2012)



èKinematics
ØDisk-outflow interaction
ØPossible evidence for non 

keplerian motions
èPhysical properties

ØTemperature, density structure
ØAbundance, gas to dust ratio

èChemical properties
ØFormation of complex 

molecules
ØChemical differentiation in 

different regions of the disk 

Gas properties and evolution

Expected

Measured

HD163296

CO isotopes depletion factors:
13CO ⇒ ~10   ([13CO]/[H2]~10-7)
C18O ⇒ >60 



HD163296 as seen by ALMA

• Extent of the CO 
disk is much 
larger than that 
of the mm-grains 
disk

• Consistent with 
expectations 
from viscous 
spreading and 
migration of the 
larger grains
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ratio of 100 throughout the disk (both radially and vertically).
We adopted a standard CO abundance with respect to H2 (10−4),
set constant through the disk where Tdust > 20K and equal to
zero where Tdust < 20K to mimic the effect of CO freeze-out
(see section 4.3). The level populations are calculated assuming
LTE and Tgas(r, z) = Tdust(r, z) for each grid cell.

The temperature structure and radiation field estimated by
the Monte Carlo simulation are used to calculate level popu-
lations for the CO molecule and to produce the spectral en-
ergy distribution (SED), continuum images, and line emission
surface brightness profiles and kinematics with a ray-tracing
method. The kinematics are calculated assuming the disk is in
pure Keplerian rotation and the mass of the central star equal to
2.4M⊙ (Tilling et al., 2012).

4. Discussion
4.1. Dust and gas surface brightness distributions

In order to fit the brightness radial profiles observed in the con-
tinuum at 850 µm and in the CO(3–2) emission line, we consider
a tapered-edge model for the surface density distribution (see
Andrews et al. 2009):

Σ = Σc

(

R
Rc

)−γ

exp
[

−

(

R
Rc

)]2−γ

(1)

where Rc is the characteristic radius and γ is the index of the
surface density gradient. In our data CO is detected over a ra-
dius more than twice the dust continuum radius. This feature,
for which the tapered-edge disk model has provided a solution
until now, is produced because the CO line opacity is so much
larger than the dust continuum at 850 µm that the gas remains
optically thick and detectable over a much larger radius.

For performing the fitting to both CO(3–2) and continuum
radial profiles, a χ2 minimisation algorithm was used to infer
the best value of γ. A dust mass of 7× 104M⊙ (Tilling et al.,
2012) was assumed, and the match to the SED and total flux
density was also checked for consistency. The best match for
the very steep decline of the continuum surface brightness out-
side Rc requires very small values of γ (< 0.1; see Figure 2),
reproducing well the total integrated continuum flux (5% larger
than the observed integrated flux), the Rc, and the radial pro-
file of the surface brightness. But such a small gamma cannot fit
the integrated CO(3–2) radial profile and line emission would be
produced only out to r ∼ 400AU by the models, while it is ob-
served out to 575AU. Using γ = 0.8–0.9 provides the best match
to the CO(3–2) surface brightness profile data, as well as for
integrated flux (1% higher than the observed one), and Rc (see
Fig 2). However, this γ produces a continuum disk whose sur-
face brightness decline is too shallow, over-predicting the dust
emission. Values of γ = 0.8–1.0 have been reported in previous
studies at lower resolution to fit well both the spectral line emis-
sion and the continuum (e.g., Hughes et al. 2008). Those values
are ruled out for the continuum by the higher angular resolution
data reported here.

Additionally, for R < Rc the data show an excess of emission
in CO that cannot be fit with the initial model. To investigate the
origin of this extra emission, we considered further the results
of Tilling et al. (2102) from which our model is inspired. They
showed (see their Figure 7, right panel) that there is a layer of
hot gas at the surface of the disk, significantly hotter than the
dust, for radii smaller than 50–80AU. MCFOST does not calcu-
late the gas temperature, but we can verify easily that the model

Fig. 2. Surface brightness profiles for the continuum (red crosses) and
for the CO(3–2) (light blue crosses) with 1σ error bars. Dashed and
dashed-dotted lines represent two different model fits required for the
continuum (with γ = 0.1) and for the spectral line (γ = 0.9) profiles
respectively. Green dotted line marks Rc=125 AU

CO surface brightness profile is a good match to the data when
using Tgas = 1.5Tdust for a radius <80AU, and Tgas = Tdust else-
where. This is shown in Fig. 2, where the resulting change in the
brightness profile is seen at ∼100 AU.

4.2. Origin of the different surface brightness profiles

Coronagraphic imaging with the Hubble Space Telescope to-
ward HD 163296 revealed a scattered light disk with an outer
radius that extends to at least 450AU (Grady et al., 2000). This
suggests sub-micron dust particles responsible for scattered light
remain coupled to the gas, while larger particles (∼ 100 µm or
larger) responsible for the 850 µm emission are concentrated
in a smaller radius closer to the central star. One plausible ex-
planation for the clear difference in the radial distributions of
millimeter-sized dust grains and CO gas is a combination of
grain growth and inward migration. It is known that grain growth
occurs in this disk, as reported by Isella et al. (2007) based on the
slope of the dust opacity law in the interval 0.87-7mm. Related
to the inward migration, models predict the gas drag to be more
efficient in intermediate size dust particles, with small grains
remaining coupled to the gas (as seen in scattered light) and
boulders following marginally perturbed Keplerian orbits (e.g.
Barrière-Fouchet et al. 2005). Models predict a sharp cut-off of
the sub-millimeter continuum emission when both grain growth
and inward migration are considered (e.g. Laibe et al. 2008), in
agreement with our observations. A similar case of dusty com-
pact disk with a sharp outer edge smaller than the CO gaseous
disk has been reported by Andrews et al. (2012) for TW Hya.

4.3. The vertical structure of HD 163296

The CO(3–2) channel maps unveil clearly for the first time
at sub-millimeter frequencies the vertical structure of a flared
gaseous disk (see Fig A.1). In Fig 3 we have plotted four repre-
sentative channel maps that show bright CO emission from the
front disk surface, as well as similar but fainter and apparently
rotated emission from the rear disk surface. This “two-layer” ef-
fect was predicted theoretically by Semenov et al. (2008) and it
arises because the disk is tilted, the CO(3–2) is optically thick
and its emission is close to the disk surface, where the flaring
effect is more prominent.
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HD163296 as seen by ALMA

• Evidence for a CO disk wind
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HD163296 as seen by ALMA

• Direct 
measurement of 
disk flaring and 
CO depletion on 
the mid plane
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de Gregorio-Monsalvo et al.: ALMA observations of HD 163296 disk structure
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Fig. 3. CO(3–2) representative channel emission maps in HD 163296, primary beam corrected. The spectral resolution is 0.21 km s−1 and the rms
per channel is 14 mJy beam−1. The synthesized beam size is represented in the lower-right in each panel. The white solid and dotted lines represent
the front and the back gas disk surface respectively. The insert at bottom-left of each panel shows a zoomed-down model at the corresponding
velocity (i.e. the size is the same, the scale is different).

In order to reproduce the pattern observed in the CO chan-
nel maps, a set of values of CO freeze-out temperature, non-
thermal turbulence velocity, scale height and flaring power were
explored. The vertical dust temperature gradient calculated by
MCFOST is sufficient to produce a “two-layer” effect for the CO
line, but is not of high enough contrast to be detectable. A larger
vertical temperature gradient would likely increase the contrast
by increasing the emission at the surface, but we defer to a fu-
ture paper the full and detailed gas modelling including all tran-
sitions of CO observed by ALMA. However, the contrast can be
increased by removing CO gas from the midplane. To mimic the
effect of freeze-out in the midplane, we set the CO gas abun-
dance to zero wherever Tgas = Tdust is below a critical value. We
tried a range of freeze-out temperatures from 10 to 40 K. The
best match is obtained for 20 K, similar to the value obtained by
Qi et al. (2011) from a different method. For 20 K, the width of
the layer where CO is removed has a scale height of 15 AU (at
200 AU radius), and it affects mostly the outer disk midplane.
This provides direct evidence for CO freeze-out close to the disk
midplane in HD 163296 (see also Mathews et al. 2013 submit-
ted). A range of gas non-thermal turbulent velocity between 0
to 0.2 km s−1 were also explored and compared with the spatial
extent of the emission in a given channel. The best match is ob-
tained for 0.1 km s−1.

The apparent separation between the two layers of CO emis-
sion in the channel maps is a function of the system’s inclina-
tion and geometry (thickness) of the disk. The inclination is well
known. The geometry of the disk in our model is defined in a
large part by the reference scale height (H0) and the flaring ex-
ponent. Starting from the model of Tilling et al. (2012), values
of the scale height in the range 0.03–0.1 at 1 AU and flaring in-
dex in the range 1.00–1.20 were considered. A good match is
obtained for a scale height of 0.07 AU (at 1 AU radius), and a
flaring power of 1.12. These values correspond to a disk that
is slightly geometrically thicker than the disk of Tilling et al.
(2012). These changes are important to match the CO(3–2) chan-
nel maps, but we note that this model keeps matching the SED
and the CO and continuum radial surface brightness profiles ad-
equately.

5. Conclusions
We have presented ALMA observations in CO(3–2) and con-
tinuum at 850 µm. We used these data in combination with
MCFOST models to refine the geometrical, physical and chemi-

cal properties of HD 163296. We show, for the first time at sub-
millimeter frequencies, a detailed disk gas structure where the
front and the back gas disk surface are resolved. We found a
clear and strong difference in the radial surface brightness dis-
tribution of CO and sub-millimeter dust, where a tapered-edge
model is unable to fit both simultaneously and the dust disk ap-
pears to have a sharp outer edge. We conclude that the adopted
prescription, valid for a number of disks observed at lower res-
olution, must be modified to account for the effects seen with
the higher sensitivity and angular resolution now available with
ALMA. We propose a combination of grain growth and inward
migration as a plausible explanation of this discrepancy.
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5 min pause

• Why CO is our prime probe of gas? 

• With [CO]/[H2]~10-4, why should it be a better 
trace of mass than dust ([d]/[H2]~0.01)?

• What are the difficulties in using gas as tracer? 



Gas kinematics

• Not exactly Keplerian

• Largest effect is the pressure term 5%, self gravity 0.1-0.5%

• Potentially a 
direct 
measurement of 
the disk self-
gravity 
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Turbulence

• Turbulence provide an additional line broadening term

• Measureable with ALMA: high S/N and resolution



Turbulence - pre-ALMA

• High S/N spectra limit 
turbulence to

• < 40 m/s for TW Hya

• ~300 m/s for upper layers of 
HD163296 disk (0.4 Mach)

• DM Tau: 0.4-0.5 Mach at 
intermediate layers (Guilloteau 
et al. 2012)

• Important for planet-formation 
models; mixing of material

The Astrophysical Journal, 727:85 (17pp), 2011 February 1 Hughes et al.

Figure 1. CO(3–2) emission from the disk around HD 163296 observed with the SMA at a spectral resolution of 44 m s−1. The top plot shows the line profile,
summed within a 6 arcsec box using the MIRIAD task imspec (neglecting emission with absolute values between ±2σ ). Channel maps across the bottom show the
segment of the line indicated by the shaded gray box at its full spatial and spectral resolution, imaged with a 1.′′0 taper to bring out the large-scale emission (complete
channel maps are provided in the Appendix). Local standard of rest (LSR) velocity is indicated by the numbers in the upper right of each channel. Contours are
[3,6,9,...]×0.55 Jy beam−1 (the rms noise). Inset in the upper right corner is a zeroth (contours) and first (colors) moment map of the CO(3–2) line emission. The
2.′′0×1.′′7 beam is indicated in the lower right of the inset. Note that while the colors in the channel and moment maps both represent LSR velocity (blue is low; red is
high), the scales are different for the two representations: the moment map contains the full line data, while the channel maps span only a subset of the line.
(A color version of this figure is available in the online journal.)

Table 1
Observational Parametersa

Parameter HD 163296 TW Hya

Compact-N Extended C+E Compact Extended C+E
2009 May 6 2009 Aug 23 2008 Mar 2 2008 Feb 20

CO(3–2) line

Beam size (FWHM) 2.′′1×1.′′4 0.′′9×0.′′7 1.′′7×1.′′3 1.′′0×0.′′8 1.′′0×0.′′7 1.′′0×0.′′8
P.A. 50◦ 8◦ 47◦ 5◦ −17◦ −16◦

RMS noise (Jy beam−1) 0.51 0.97 0.49 0.35 0.52 0.40
Peak flux density (Jy beam−1) 8.9 3.1 8.1 4.8 4.0 4.8
Integrated fluxb (Jy km s−1) 76 14 76 19 4.8 24

340 GHz continuum 350 GHz continuum

Beam size (FWHM) 2.′′1×1.′′4 0.′′9×0.′′7 1.′′7×1.′′3 1.′′0×0.′′9 1.′′0×0.′′7 1.′′0×0.′′8
P.A. 52◦ 9◦ 47◦ 8◦ −21◦ −21◦

RMS noise (mJy beam−1) 7.0 10 7.0 16 10 8.5
Peak flux density (Jy beam−1) 1.14 0.6 1.05 1.21 0.47 0.51
Integrated fluxc (Jy) 1.78 1.72 1.75 1.67 1.49 1.57

Notes.
a All quoted values assume natural weighting.
b The integrated line flux is calculated by integrating the zeroth moment map inside the 3σ brightness contours using the MIRIAD task cgcurs.
c The integrated continuum flux is calculated using the MIRIAD task uvfit, assuming an elliptical Gaussian brightness profile.

structure of circumstellar disks across a wide range of wave-
lengths, particularly in the submillimeter (see, e.g., Calvet et al.
2002, 2005; Andrews et al. 2009). However, each class of mod-
els has limitations. The similarity solution models have a large
number of free parameters, some with significant degeneracies
(see discussion in Andrews et al. 2009). By fitting only the
CO(3–2) emission, these models also neglect potential informa-
tion provided by dust emission, including stronger constraints
on the disk density. However, the neglect of dust emission avoids
complications due to heating processes and chemistry that affect
gas differently than dust. The D’Alessio et al. models of dust
emission include only stellar irradiation and viscous dissipation

as heating sources, and do not take into account the additional
heating processes that may affect molecular line strengths in the
upper layers of circumstellar disks (Qi et al. 2006). While the
constraints from the dust continuum reduce the number of free
parameters in this class of models, they also have the disadvan-
tage of an unrealistic treatment of the density structure at the disk
outer edge: since they are simply truncated at a particular outer
radius, they are not capable of simultaneously reproducing the
extent of gas and dust emission in these systems (Hughes et al.
2008). The similarity solution models are vertically isothermal,
which is an unrealistic assumption. With only one molecular
line included in the model, this limitation will not affect the

3
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Figure 2. Same as Figure 1 but for TW Hya. The channel maps were imaged with a 1.′′2 Gaussian taper to emphasize the emission on larger scales, and the contours
are [4,8,12,...]×0.55 Jy beam−1 (the rms noise). For the full set of channel maps, see the Appendix.
(A color version of this figure is available in the online journal.)

results of the study presented here, although caution should be
exercised when applying the best-fit model parameters to other
lines.

The primary reason for using the two types of models,
however, is that they differ substantially in their treatment of
the disk temperature structures. For the D’Alessio et al. models,
the temperature structure is fixed by the dust continuum. The
similarity solution models, by contrast, allow the temperature
to vary to best match the data. There are a few independent
constraints on temperature: it should increase with height above
the midplane, due to surface heating by the star and low viscous
heating in the midplane, and the dust will generally not be
hotter than the gas, since the gas is subject to additional heating
processes beyond the stellar irradiation that determines dust
temperature. The temperature structure in the disk is the single
factor most closely tied to the derived value of the turbulent
linewidth (see discussion in Section 4.4), which will be model-
dependent. We therefore fit both classes of models to the data,
in order to compare the model-dependent conclusions about
turbulent linewidth for two distinct types of models with very
different treatments of gas temperature. The spatial dynamic
range of the data is insufficient to investigate radial variations
in turbulent linewidth. We therefore assume a global value, ξ ,
that will apply to size scales commensurate with the spatial
resolution of the data.

4.1. Description of Models

4.1.1. D’Alessio et al. Models

The D’Alessio et al. models are described in detail in
D’Alessio et al. (1998, 1999, 2001, 2006). Here we provide a
general outline of the model properties and discuss the particular
models used in this paper.

The D’Alessio et al. models were developed to reproduce the
unresolved SEDs arising from warm dust orbiting young stars,
although they have also been demonstrated to be successful at
reproducing spatially resolved dust continuum emission at mil-
limeter wavelengths (see, e.g., Calvet et al. 2002; Hughes et al.
2007, 2009b) as well as spatially resolved molecular line emis-

sion (see, e.g., Qi et al. 2004, 2006). The models include heating
from the central star and viscous dissipation within the disk, al-
though they tend to be dominated by stellar irradiation. The
structure is solved iteratively to provide consistency between
the irradiation heating and the vertical structure. The mass ac-
cretion rate is assumed to be constant throughout the disk. The
assumed dust properties are described by Calvet et al. (2002),
and the model includes provisions for changing dust proper-
ties, dust growth, and settling. We allow the outer radius of the
model to vary to best reproduce the extent of the molecular line
observations.

We use the structure model for TW Hya that was developed
by Calvet et al. (2002) and successfully compared to molecular
line emission by Qi et al. (2004, 2006). For HD 163296, we use
a comparable model that reproduces the spatially unresolved
SED and is designed to reproduce the integrated line strengths
of several CO transitions as well as other molecules (C. Qi et al.
2011, in preparation).

Since the D’Alessio et al. models were developed primarily
to reproduce the dust emission from the SED, we are required to
fit several parameters to match the observed CO(3–2) emission
using the SED-based models. We fit the structural parameters
{RD, XCO} (the disk outer radius and CO abundance, respec-
tively), the geometrical parameters {i, P.A.} (the disk inclination
and position angle), and the turbulent linewidth, {ξ}.

4.1.2. Viscous Disk Similarity Solutions

We also fit the observations using a power-law temperature
distribution and surface density profile that follows the class
of similarity solutions for evolving viscous accretion disks de-
scribed by Lynden-Bell & Pringle (1974) and Hartmann et al.
(1998). This particular method of parameterizing circumstel-
lar disk structure has a long history of success in reproducing
observational diagnostics, although with limitations. Theoreti-
cal predictions of the power-law dependence of temperature for
accretion disks around young stars were first made by Adams
& Shu (1986), and power-law parameterizations of tempera-
ture and surface density have been used by many studies
since then (e.g., Beckwith et al. 1990; Beckwith & Sargent
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HD163296 as seen by ALMA

• Chemical measure of CO snowline
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Fig. 1.— Integrated images of the TW Hya disk in (left:) DCN J=3-2 emission and (right:)
DCO+ J=3-2 emission. The contour levels are at 50%, 75% and 90% of the peak value. The

cross marks the peak of the continuum emission, which locates the position of the central
star.
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Masses from CO and isotopomers

• CO isotopomers may be good tracers of the gas mass, if treated 
very carefully

• Taking into account: freeze-out and (selective) photodissociation
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Direct measurement from HD

• HD has been detected with Herschel in 
the nearest disk. This may be a good 
constraint on the gas mass in disks (B
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Take home points

• Molecular spectroscopy is potentially a very powerful tool 
to study disk kinematics, physics and chemistry

• Complex modelling

• Missing/uncertain key data:  collision rates, reaction rates

• ALMA will be the prime tool to study

• kinematics and chemistry of disks


