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•

Today:

•
•
•

Molecular specroscopy basics
Molecular abundances
Molecular line observations of disks: kinematics, turbulence, mass

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

m=m1*m2/(m1+m2)

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)

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

è

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

Molecular gas
è Gas

has to dominate the disk mass

ØFrom geometry : H/R ~ 0.1 at 1 AU

è Direct

measurements:
ØCold gas CO, … (outer disk)
ØWarm gas H2, CO, H2O (inner disk)
ØIndirect: Accretion and Jets

Gas in protoplanetary disks

(van Dishoeck 2014)

Outer disks structure and kinematics
HD163296

(de Gregorio Monsalvo+2013;Mathews+2013)

Molecular gas
è Calculation

of the CO emission
assuming thermalised gas

(Isella et al. 2007)

Molecular gas
è Simulated

CO profiles and maps

(Isella et al. 2007)

Outer disks structure and kinematics
HD163296

(Qi et al. 2012)

Gas properties and evolution
è Kinematics

HD163296

ØDisk-outflow interaction
ØPossible evidence for non
keplerian motions
è Physical

properties

Expected
Measured

ØTemperature, density structure
ØAbundance, gas to dust ratio
è Chemical

properties

ØFormation of complex
molecules
ØChemical differentiation in
different regions of the disk

CO isotopes depletion factors:
13CO ⇒ ~10 ([13CO]/[H ]~10-7)
2
C18O ⇒ >60

HD163296 as seen by ALMA
disk is much
larger than that
of the mm-grains
disk

• Consistent with

expectations
from viscous
spreading and
migration of the
larger grains

(deGregorio-Monsalvo+2013)

ervations of HD 163296 disk structure

• Extent of the CO

(Klaassen et al. 2013)

HD163296 as seen by ALMA

• Evidence for a CO disk wind

regorio-Monsalvo et al.: ALMA observations of HD 163296 disk structure
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• Direct

measurement of
disk flaring and
CO depletion on
the mid
plane
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HD163296 as seen by ALMA
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(Rosenfeld+2013)

l emission maps in HD 163296, primary beam corrected. The spectral resolution is 0.21 km s−1 and the rms
nthesized beam size is represented in the lower-right in each panel. The white solid and dotted lines represent
ce respectively. The insert at bottom-left of each panel shows a zoomed-down model at the corresponding
scale is diﬀerent).

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

(Rosenfeld et al. 2013)

•

•
•

Potentially a
direct
measurement of
the disk selfgravity

Not exactly Keplerian
Largest effect is the pressure term 5%, self gravity 0.1-0.5%

Turbulence

•
•

Turbulence provide an additional line broadening term
Measureable with ALMA: high S/N and resolution

Turbulence - pre-ALMA

Journal, 727:85 (17pp), 2011 February 1

et al. 2011 February 1
The Astrophysical Journal,Hughes
727:85 (17pp),
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• High S/N spectra limit
turbulence to

Table 1
Observational Parametersa

•
•

HD 163296

Extended
2009 Aug 23

2.′′ 1×1.′′ 4
50◦
0.51
8.9
76

0.′′ 9×0.′′ 7
8◦
0.97
3.1
14

TW Hya
the temperature
structure is fixed by the dust continuum. The
similarity
solution
models,
C+E
Compact
Extended
C+E by contrast, allow the temperature
best
2008 Mar 2 to vary
2008to
Feb
20 match the data. There are a few independent
constraints on temperature: it should increase with height above
CO(3–2) line
the midplane,
due to surface
heating by the star and low viscous
1.′′ 7×1.′′ 3
1.′′ 0×0.′′ 8
1.′′ 0×0.′′ 7
1.′′ 0×0.′′ 8
heating in ◦the midplane, ◦ and the dust will generally not be
47◦
5◦
−17
−16
hotter than
the gas, since
the gas is subject to additional heating
0.49
0.35
0.52
0.40
processes4.0beyond the 4.8
stellar irradiation that determines dust
8.1
4.8
temperature.
The
temperature
structure in the disk is the single
76
19
4.8
24
factor most closely tied to the derived value of the turbulent

•

~300 m/s for upper layers of
HD163296 disk (0.4 Mach)
340 GHz continuum

•

DM Tau: 0.4-0.5 Mach at
intermediate
layers
(Guilloteau
The primary reason for using the two types of models,
structure is solved iteratively to provide con
however, is that they differ substantially
in
their
treatment
of
the irradiation heating and the vertical struct
et
al.
2012)
the disk temperature structures. For the D’Alessio et al. models,
cretion rate is assumed to be constant throug

< 40 m/s for TW Hya

Compact-N
2009 May 6

Hughes et al. (2011)

350 GHz continuum

assumed dust properties are described by Ca
and the model includes provisions for chan
ties, dust growth, and settling. We allow the
model to vary to best reproduce the extent of
observations.
We use the structure model for TW Hya th
by Calvet et al. (2002) and successfully comp
line emission by Qi et al. (2004, 2006). For H
a comparable model that reproduces the sp
SED and is designed to reproduce the integr

Important for planet-formation
models; mixing of material

(Mathews et al. 2013)

HD163296 as seen by ALMA

• Chemical measure of CO snowline

(Oeberg et al. 2012)

–8–

•

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

•

Taking into account: freeze-out and (selective) photodissociation

(Miotello+2014)

(Williams & Best 2013)

Effect of selective photodissociation

Masses from CO and isotopomers

•

HD has been detected with Herschel in
the nearest disk. This may be a good
constraint on the gas mass in disks

(Bergin et al. 2013)

(Bergin et al. 2013)

Direct measurement from HD

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

