
Gas in protoplanetary disks

Dmitry Semenov
Max Planck Institute for Astronomy

Heidelberg, Germany



Suggested literature

•  A. G.G.M. Tielens, "The Physics and Chemistry of the ISM" (2007), CUP

• "Protoplanetary Dust" (2010), eds. D. Apai & D. Lauretta, CUP 

• "Protostars & Planets V" (2005), Part VI, eds. B. Reipurt et al., Univ. Arizona P.

• D. Semenov, "Chemistry in protoplanetary disks", Encyclopedia of Astrobiology, 
Springer Ver. ISBN: 978-3-642-11279-9



Outline

• Formation of molecular lines

• Molecules as disk probes

• Disk chemical structure

• Observations of molecules in disks

• Modeling disk chemical evolution with dynamics

• Predictions for ALMA

!
!

“Apai” — 2009/8/10 — 22:10 — page 99 — #115 !
!

!
!

!
!

4.1 Protoplanetary disks 99

Accretion
(advective transport)

III. Zone of radicals
(  ~ 100 yr)

II. Zone of molecules
(      100 000 yr)

I. Zone of ices
(  ~ 10 000 yr)

Puffed-up
inner rim

Turbulent mixing

Stellar UV

Interstellar UV,
cosmic rays

IV. Inner zone
(   ~100 yr)

Fig. 4.1 Physical and chemical structure of a protoplanetary disk. Timescales are
order-of-magnitude estimates and given for a radius of about 100 AU.

(1) the cold midplane, (2) a warm molecular layer, (3) a hot dilute atmosphere, and
(4) an inner accretion-heated region where planets may form.

The astrophysical models of protoplanetary disks based on optical observations
and laboratory experiments and meteoritic measurements provide the basis for the-
ories of nebular evolution. The best and most precise relevant measurements are
from meteoritic analysis. Meteorites from the Asteroidal Belt of our Solar System
are the best record of the evolution of the solar nebula from a gas–dust mixture
to an organized planetary system. The addition of cometary and solar-wind sam-
ple analysis complement these data. Combination of fundamental laboratory-based
experiments and modeling efforts has led to a highly resolved understanding of the
chemical conditions and processes in the primordial solar nebula (see Chapter 6).
In this Chapter an overview of recent advances in our understanding of the chem-
ical and isotopic evolution of the early Solar System and protoplanetary disks is
presented.

4.1 Protoplanetary disks

4.1.1 Global evolutionary picture of disk chemical structure

The current paradigm of the chemical structure of a disk based on advanced theoret-
ical models and observational results is summarized in Fig 4.1 (see e.g. Aikawa &
Herbst 1999; Willacy & Langer 2000; Bergin et al. 2003; van Zadelhoff et al.
2003; Semenov et al. 2004). The disk can be divided into four distinct chemical
regions, primarily determined by temperature. The “inner zone” corresponds to
radii <20 AU and is currently barely observable by radio-interferometry, while the
other three regions, “zone of ices”, “zone of molecules”, and “zone of radicals,”
represent the outer disk regions (r >20–50 AU).

• Detection
CO, 13CO, C18O (several papers)

HCO+, CN, HCN, HNC, CS, H2CO and C2H 
(Dutrey et al 1997: DM Tau & GG Tau, Henning et
al 2010, CID, Chapillon et al 2011, CID: MWC480,
DM Tau, LkCa15)

DCO+ (van Dishoeck et al 2004: TW Hya, 
Guilloteau et al 2006, DM Tau), DISCS

N2H+  (Dutrey et al 2007, DM Tau, LkCa 15,
CID), DISCS

Detected cold Molecules, so far … Detected cold Molecules, so far … 

• Mm/Submm Interferometry: 
PdBI (CID) 

CN J=2-1 data in GO Tau (DM Tau - like)

-High angular resolution
! 0,3’’ ! 45 AU @ D=140 pc

-Super-resolution when high Spec. Resol.
!dv = 0.1 km/s ! 10 AU @ r=100 AU 

PdBI CN J=2-1 data in GO Tau (DM Tau -like)
One hyperfine component

dv = 0.2 km/s, res~ 1’’

CID), DISCS

DCN (Qi et al 2008: TW Hya), DISCS

H13CO+ (Qi et al 2008: TW Hya), DISCS

H2O (Herschel, Bergin et al 2010)

• Deep Search
H2D+  (Chapillon et al 2011, submitted: DM Tau 

& W Hya)
Sulfur-bearing molecules (Dutrey et al 2011, CID, 

submitted)

!See also presentations - DISCS survey by E.Bergin
- H2O in Disks with Herschel 

!dv = 0.1 km/s ! 10 AU @ r=100 AU 
for 0.5 Msun star 



Advantages of millimeter observations

•  Optically thin dust emission (outer disk)

•  Rotational transitions of many molecules

•  High frequency resolution: ~106 (~0.05 km/s)

•  Sensitive to cold regions: T~10K

•  Interferometers: sub-arsec resolution

•  Many spectral lines within a bandwidth  

•  Day-time observations

•Plateau de Bure interferometer, Submillimeter Array, Very Large Array, 

CARMA, ATCA

• IRAM 30-m,  Apex 12-m, Effelsberg 100-m, Aresibo 100-m, JCMT 15m, 

Nobeyama 45-m



I. Basics of line excitation and line 
analysis



Analysis of emission line data
•n, T + chemistry + excitation + 

kinematics + radiative transfer: line 

•Excitation: radiation & collisions

•Excitation & RT: non-local problem

•6D: 3D n,T + 1D ν + 2D sky plane

• Incomplete coverage of (u,v) plane

•Optically thick lines: Intensity ~ Texc 
(12CO, H2O)

•Optically thin lines: Intensity ~ τ*Texc

Courtesy: Ya. Pavlyuchenkov



n(H2)

T k
in

Excitation temperatures: HCO+(1-0) 

Tbg= 2.73 K Tbg= 50 K

Courtesy: Ya. Pavlyuchenkov
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Excitation conditions in PPDs

Pavlyuchenkov et al. (2007)

• Rotational transition: thermally, sub-thermally, or super-thermally excited

Line formation depends on chemistryLine is thermalized

•Molecules in disks populate dense regions: nH >105–106 cm-3

•Thermalized: low-lying transitions of observed molecules 

•Asymmetric molecules have perplex level structure: H2O

•High-lying transitions: LTE or non-LTE?



Analysis of emission line data

Physical model

Chemical model

Line radiative transfer

Observations

Iterative fitting

•LTE assumption

•Tkin is often fixed

•Chemistry is often ignored: fixed abundances

•Optical thin approx./LVG/escape probability



LRT tools & databases:
•1/2/3D Line Radiative Transfer codes:

•  RADEX/RATRAN (F. van der Tak, M. Hogerheijde)

•  URANIA (Ya. Pavlyuchenkov)

•  RADLITE (K. Pontoppidan)

•  RADMC-3D (C. Dullemond)

•  LIME (C. Brich & M. Hogerheijde)

•  Photon-Dominated Region (PDR) code (F. Le Petit)

•Collisional rates: Leiden Atomic & Molecular Database:                                   

http://www.strw.leidenuniv.nl/~moldata/ 

•Line frequencies:

•Cologne Database for Molecular Spectroscopy: http://www.astro.uni-koeln.de/cdms/

•NIST, JPL, ...

http://www.astro.uni-koeln.de/cdms/
http://www.astro.uni-koeln.de/cdms/


I. LRT basics: Summary 

•Formation of emission in molecular lines is a tricky problem

•LTE/non-LTE

•Observed molecules: Texc~Tkin

•High-lying lines may reach τ>1

•Complex molecules: Texc=?

•LRT codes & databases (limited)

•Full modeling cycle to fit interferometric data 



II. Molecules as probes 



Molecules in space (~170)

Detected in disks: CO, HCO+, DCO+, CN, HCN, DCN, HNC, N2H+, 

H2CO, CS, HDO, C2H2, CO2, OH, H2O, Ne, Fe, Si, H2 

http://www.astrochymist.org/astrochymist_mole.html

http://www.astro.uni-koeln.de/cdms/molecules

http://www.astrochymist.org/astrochymist_mole.html
http://www.astrochymist.org/astrochymist_mole.html
http://www.astro.uni-koeln.de/cdms/molecules
http://www.astro.uni-koeln.de/cdms/molecules


Molecules as probes of  T and nH 



Other molecular tracers

Semenov et al. (2010)
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98 Chemical and isotopic evolution of the solar nebula and protoplanetary disks

Table 4.1 Molecular species commonly utilized to study disks

Tracer Quantity Zone of Zone of Zone of Inner
ices molecules radicals zone

12CO, 13CO Temperature mm! mm mm IR
H2 — — — — IR
NH3 — cm cm — —
CS, H2CO Density — mm — IR
CCH, HCN, CN Photochemistry — mm — IR
HCO+ Ionization mm mm — —
N2H+, H2D+ — mm — — —
C+ — mm — IR IR
Metal ions — — — — IR
Complex organics Surface IR!! IR,mm — IR,mm

processes
DCO+, DCN, Deuterium mm mm — —
H2D+ fractionation

! – “mm/cm” and “IR” mean radio-interferometric and infrared observations, respectively.
!! – Complex molecules frozen onto dust surfaces could be detected through absorption lines in infrared, while
the gas-phase counterparts emit at (sub-) millimeter frequencies.

as thermal and density structure of disks utilizing (sub-) millimeter interferometry
and infrared observations (Table 4.1). Molecular lines possess inherent informa-
tion regarding disk kinematics that permit derivation of masses of young stars
(e.g. Simon et al. 2000). Along with emission lines, multi-wavelength observa-
tions of thermal dust emission are employed to constrain dust properties and infer
disk masses (Beckwith & Sargent 1993; Bergin et al. 2007; Dutrey et al. 2007a;
Natta et al. 2007). Due to the limited sensitivity and spatial resolution of modern
interferometers such studies are presently scarce and restricted to the outer-disk
regions (!30 AU). Recently, direct observation of the inner, planet-forming disk
zone with the Spitzer Space Telescope in (ro-) vibrational emission/absorption lines
has become possible. Solid-state molecular emission bands of ices and a variety
of silicates and polyaromatic hydrocarbons (PAHs) have also been detected in the
infrared (Pontoppidan et al. 2005; Lahuis et al. 2006; Pascucci et al. 2007).

Detailed information may be derived from interferometric data by modeling the
disk structure and the radiation transport via molecular lines and continuum, also
including time-dependent chemistry (van Zadelhoff et al. 2003; Semenov et al.
2005; Isella et al. 2007). To date, primarily static chemical models have been used
to investigate disk chemical evolution, though several dynamical studies have been
reported (e.g. Aikawa et al. 1999; Ilgner et al. 2004; Willacy et al. 2006). According
to the models the evolving disk may be parsed into four chemically distinct zones
(see Fig. 4.1), controlled by temperature (from equatorial plane to the surface):

•Large-dipole moment molecules: density

•Optically-thick lines: temperature

• Ions: ionization

•Radicals: FUV/X-ray radiation

•Complex molecules: surface chemistry/

transport processes

• Isotopes: fractionation & thermal history



CO isotopologues in disks: Tkin (z)

776 E. Dartois et al.: Probing the vertical structure of circumstellar disks

relative calibration from one frequency to another, thereby al-

lowing direct comparison of the temperatures and molecular

abundances determined by the various observations. Note also

that the flux scale obtained with this method agrees within

one σ with the bolometer flux determination at 1 mm from

Beckwith et al. (1990) (109 ± 13 mJy).

3. Probing the gas temperature gradient: Method

CO presents the advantage to possess 4 isotopomers:
12

CO,
13

CO, C
18

O and C
17

O, whose relative abundances in disks span

a large range. The various transitions of each species, each one

having different line strengths, provide an access to different

depth levels inside the disk. The analysis of the J = 1→0 and

J = 2→1 rotational lines of CO are also simplified by the fact

that they have low critical densities and are therefore thermal-

ized at the densities encountered in protoplanetary disks (this

can be seen in Fig. 9 where we plot nc for the J = 2→ 1 tran-

sition of CO). Based on these ideas, using the LTE excitation

radiative transfer model by Dutrey et al. (1994), we can deter-

mine the surface at which τ = 1 is reached along the line-of-

sight, for the various CO isotopomers and transitions J = 2→1

and J = 1→ 0. More details about this model can be found in

the appendix.

In a first step, following GD98, we assumes that there is

no dependency of Tk with z, the vertical scale of the disk. In

this model, the kinetic temperature only varies as a power law

with radius r like Tk(r) = To × (r/ro)
−q

. For convenience, we

call Type 0 this isothermal model. The input parameters of the

model are given by the χ2
minimization on

12
CO J = 1→ 0

channel maps presented by GD98 (their Table 1).

Fig. 2. Iso-opacity surfaces for various CO and
13

CO transitions calcu-

lated using the model of Dutrey et al. (1994) (type 0) in the case of the

DM Tau disk as seen pole-on (observer on top). The X-axis is a cut in a

direction perpendicular to the disk, the Y-axis representing the altitude

in the “atmosphere” of the disk. The τ = 1 surfaces shows from where

the contribution to the observed emission comes from. The surfaces

at τ = 0.5 and 2 delineates the narrowness of this emitting region.

12
CO J = 2→ 1 and J = 1→ 0 transitions probe the surface of the

disk,
13

CO J = 2→1 the mid-plane whereas
13

CO J = 1→0 becomes

optically thin (as it never reaches τ = 2). For comparison the dotted

line represent the local density scale height H.

3.1. Pole-on disk

Let us assume first that the disk is seen pole-on (the inclination

angle i = 0). Figure 2 displays the vertical scale z at which τ =
0.5, 1 and 2 are reached for the observed transitions (

12
CO J =

2→ 1,
13

CO J = 2→ 1 and
13

CO J = 1→ 0) as a function

of r. The physical parameters used to derive these curves are

appropriate for a disk like that of DM Tau (including the CO

abundance). The surfaces at τ = 0.5 and 2, are given in order to

indicate the narrowness of the emitting region. By comparison

to typical planetary atmospheres, this is equivalent to estimate

how wide is the atmospheric weight function in the disk.

Figure 2 clearly shows that the
12

CO J = 2→ 1 and J =
1 → 0 emissions originate from a narrow region in the very

upper part of the disk. It is then not surprising that the best

models of
12

CO J = 1→0 and J = 2→1 maps give exactly the

same disk parameters (see Simon et al. 2000): both transitions

of
12

CO are sampling the same vertical scale. In the central

regions (r < 200 AU), the
12

CO surface is located well above

the hydrodynamic scale height H (thick point line), at which

n(r,H) = 1

e
n(r, z = 0) (see also appendix).

Contrary to
12

CO, the main contribution to the
13

CO J =
2→1 emission arises near the disk plane. The J = 1→0 tran-

sition starts to be almost optically thin as the surface at τ = 1

crosses the mid-plane, and the density then falls exponentially.

Both transitions sample a much thicker part of the disk than the
12

CO lines.

3.2. Effect of the inclination angle i

For i � 0, as it is usually the case, the existence of gradients in

density allows us to sample various vertical scales z in the disk

depending which velocity is observed. The density gradients

encountered in the disk imply that at a given velocity and pro-

jected distance d to the star, one does not penetrate through the

disk atmosphere symmetrically. This implies that, even in the

case of an isothermal vertical atmosphere, the emission from

the surface at τ = 1 in the two symmetric lines-of-sight associ-

ated to d does not come from the same height z in the disk.

This property is illustrated in Fig. 3, where we performed

the same calculations as above with i = 33
◦
, the inclination

measured in DM Tau by GD98. The surfaces at τ =1 are shown

for the main transitions of
12

CO and
13

CO in various cuts

through the more representative velocity channels. We chose

three main channels: (a) the systemic velocity of the disk; (b) an

intermediate channel; (c) an extreme channel probing the inner

part of the disk. Therefore a wealth of information on the verti-

cal temperature distribution can come from the observation of a

single transition. Indeed, the comparison between a model and

the data, based on a χ2
minimization (as done by GD98) use all

the spectral and spatial information originating in various parts

of the disk to constrain the temperature model. GD98 measure

that the temperature follows Tk(r) = 32× (r/100 AU)
−0.63

. The

curves presented in Fig. 3 show that this measurement corre-

sponds to scales between 50 and 200 AU above the disk plane.

Dartois et al. (2003)



Reactions in disks
Radiative association:              H + C  ⇒ CH + hν

Surface reactions:                   H + O  ⇒ OH

Neutral-neutral:                     CH + NO  ⇒ HCN + O

Ion-molecule:                         H3
+ + CO  ⇒ H2 + HCO+

Ionization:                              H + hν, X, CRP  ⇒ H+ + e-

Photodissociation:                  CH  ⇒ C + H

Charge exchange:                   H+ + O  ⇒ H + O+

Dissociative recombination:    H3O+ + e-  ⇒ H2O + H

• ~600 species & ~6000 reactions (no isotopes)

• Only ~10-20% of accurate rates

• Uncertainty in abundances: ~0.5 dex



Gas-phase formation of complex 
molecules

C+ + H2          ⇒ CH2
+ 

CH2
+ + H2      ⇒ CH3

+ + H

CH3
+ + H2/O  ⇒ CH5

+/HCO+ + H2

CH5
+ + e-       ⇒ CH3 + H2

CH3 + O         ⇒ H2CO 

CH3
+ + H2O    ⇒ CH3OH2

+

CH3OH2
+ + e- ⇒ CH3OH + H



Gas-phase formation of complex 
molecules

C+ + H2          ⇒ CH2
+ 

CH2
+ + H2      ⇒ CH3

+ + H

CH3
+ + H2/O  ⇒ CH5

+/HCO+ + H2

CH5
+ + e-       ⇒ CH3 + H2

CH3 + O         ⇒ H2CO 

CH3
+ + H2O    ⇒ CH3OH2

+

CH3OH2
+ + e- ⇒ CH3OH + H

X                    (too low rate,   Luca et al. 2002)



Gas-phase formation of complex 
molecules

C+ + H2          ⇒ CH2
+ 

CH2
+ + H2      ⇒ CH3

+ + H

CH3
+ + H2/O  ⇒ CH5

+/HCO+ + H2

CH5
+ + e-       ⇒ CH3 + H2

CH3 + O         ⇒ H2CO 

CH3
+ + H2O    ⇒ CH3OH2

+

CH3OH2
+ + e- ⇒ CH3OH + H

X                    (too low rate,   Luca et al. 2002)

  (3 ± 2%, Geppert et al. 2006)



Surface formation of complex 
molecules

Surface chemistry:
O ⇒ OH ⇒ H2O

N ⇒ NH ⇒ NH2 ⇒ NH3

C ⇒ CH ⇒ CH2 ⇒ CH3 ⇒ CH4

CO ⇒ HCO ⇒ H2CO ⇒ H3CO ⇒ CH3OH

C + C, CO + OH, etc. in warm regions

• Accretion

• Surface synthesis

• Photoprocessing of ices

• Desorption: T, UV, CRPs



III. Observations of molecules in PPDs

• IR (space) spectroscopy: 

• inner regions: <20 AU

• rotational/vibrational lines

• absorption/emission

• Boltzmann diagrams, LTE, Tkin

• (Sub-)millimeter observations:

• outer regions: >50–100 AU

• rotational/vibrational lines

• emission lines

• antennas: no spatial information, surveys

• interferometers: resolved structures, restricted disk sample



Observational findings: outer disks

• Gas: depletion of molecules 

• Ices: H2O, NH3, CH4, H2CO, CH3OH

• Vertical gradients of T

• Photo-dominated chemistry

• Cold CO, CCH, HCN

• "Dry" interiors: where is water?

• Keplerian rotation

• Non-thermal line broadening

Bergin et al. (2007), Dutrey et al. (2007), Semenov et al. (2010) 



Panchromatic view of a protoplanetary disk

~2,000K ~30K

~
2,000K

~
30K

IR revolution: molecules in planet-forming 
zones

•NeII, FeII, OI, H2, OH, H2O, CO2, HCN and C2H2 

•Warm gas: T ≳100 – 5000 K 

•No depletion

•Non-Keplerian profiles: disk wind?

•Herbig Ae disks appears to be deficient in H2O and organics 

Tracing the dispersal of nebular gas

Gas in Protoplanetary Systems 
– Herschel Key Program
(PI W. Dent)

ESA

Herschel

Sample of ~200 disks (1–30 Myr)

Key Tracers: 
[OI], [CII], H2O, CO

+extensive modeling
(Woitke et al. 2009,2010
Kamp et al. 2010)

(Lahuis ++ 06, Pascucci ++ 07-11, Salyk ++ 08-11, Pontoppidan ++ 07-11, Carr & Najita 08, Kamp++11)

VLT Spitzer

Keck



Kinematics: weighting stars
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Simon et al. (2000)

•M* from high SNR measurements of ΩK: evolutionary track models

CO(2-1)



Chemistry in T Tau and Herbig Ae disks

•Large programs: "Chemistry in Disks" (CID), Europe

•CID strategy:  observations + modeling

• "Disk Imaging Survey of Chemistry with SMA" (DISCS), USA

•DISCS strategy: observations

•Limited sample: large, face-on disks (~6)

•Lines are weak: ~0.3–3K (0.1–1Jy)

• 1 line: ~1–10 hours

•Herbig Ae: CO, HCO+, CN, HCN

•T Tau: CO, HCO+, HCN, N2H+, CCH, CS, H2CO, DCO+, DCN

Dutrey et al. (2007), Schreyer et al. (2008), Henning et al.(2010), Öberg et al. (2010-11)



Resolved surface density & T: DM Tau
168 V. Piétu et al.: Vertical structure of protoplanetary disks surrounding HAe and TTauri stars

DM Tau

Fig. 4. From left to right 12CO J = 2 ! 1, 13CO J = 2 ! 1, 13CO J = 1 ! 0 and HCO+ J = 1 ! 0 in DM Tau. Top: temperature Tm (black
curve, left axis) and signal-to-noise ratio for the temperature Tm/!Tm (grey curve, right axis) as a function of reference radius RT . Middle: surface
density !m (left axis) and signal-to-noise ratio for the surface density !m/!!m (right axis) as a function of reference radius R!. Bottom: scale height
h (left axis) and signal-to-noise ratio for the scale height h/!h (right axis) as a function of reference radius Rh.

The same arguments can be applied to all other power laws,
in particular to the scale height and the temperature. However,
for the latter, the exponent is usually small (q = "0.2–0.5), so
the choice of the reference radius is less critical. Figure 4 shows
the variation of the parameters (here !m, Tm, and h) and of the
signal-to-noise ratio as a function of the reference radius for
DM Tau. This is a reanalysis of the data published by Dartois
et al. (2003). This method gives results that are consistent with
previous work, but allows a more precise determination of the
parameters (especially the surface density as stated above), by
determining in which region they are constrained. Figure 4 in-
dicates that the temperature is determined around 100–200 AU,
while the surface densities are constrained in the 300–500 AU
region. Somewhat smaller values apply to the other sources,
LkCa 15 and MWC 480 (see Figs. 5–6).

3.2.3. Temperature law

The interpretation of Tm (and as a consequence of !m) depends
on the specific model of radiative transfer being used. In this
paper, we are dealing with CO isotopologues, for which LTE is
a good approximation: Tm is then the kinetic temperature. For
transitions which may not be thermalized, two di"erent radia-
tive transfer models may be used. We can apply an LTE approxi-
mation: since we are fitting brightness distributions, Tm is in this
case the excitation temperature Tex, and the surface density !m is

computed assuming the same temperature controls all level pop-
ulation, i.e., the partition function. We can also solve for molec-
ular line excitation using a non-LTE statistical equilibrium code:
Tm is then the kinetic temperature, and !m the total molecule sur-
face density, within the limitations of the radiative transfer code
accuracy. In this paper, only the LTE mode was used.

3.2.4. Surface density

The surface density is expected to fall o" rapidly with distance
from the star (p(H2) # 1–2), and in particular much more rapidly
than the temperature (q # 0.5). Remembering that, because of
the partition function, the line opacity of a J = 1–0 transition
scales as !m/T 2 at high enough temperatures (for constant line
width), this indicates that, in general, the central part of the disk
is much more optically thick than the outer regions. For the de-
tectable lines, the temperature can be derived from the emission
from this optically thick core, while the surface density !m is
derived from the optically thin region. This remains valid pro-
vided the same temperature law applies to the two regions. For
the weakest lines, the optically thick core may be too small,
and the temperature exponent remains essentially unconstrained:
this should be reflected to by the error bars on the temperature.
In such cases, however, the line emission scales as !m/T (for
J = 1–0 line).

Pietu et al. (2007)

• Parametric fitting

• 12CO/13CO ~ 20

•Cold CO, HCO+: 
~13K



Temperature in T Tau and Herbig Ae disks

Pietu et al. (2007)

176 V. Piétu et al.: Vertical structure of protoplanetary disks surrounding HAe and TTauri stars

Table 7. HCO+ and CO outer radius.

Source Rout(12CO) Rout(13CO) HCO+
(AU) (AU) (AU)

DM Tau 890 ± 7 740 ± 15 800 ± 80
LkCa 15 905 ± 40 550 ± 20 660 ± 60
MWC 480 740 ± 15 480 ± 20 520 ± 50

Fig. 9. Temperatures derived from the CO isotopes versus e!ective tem-
perature of the central star. From left to right, the sources are DM Tau
(filled triangles), GM Aur (empty stars), LkCa 15 (filled squares),
MWC 480 (filled pentagons), HD 34282 (empty stars) and AB Aur
(filled hexagons). From top to bottom, temperatures derived from
12CO J = 2 ! 1, 13CO J = 2 ! 1, and 13CO J = 1 ! 0, respec-
tively.

5.6. Turbulence in outer disks

We derive intrinsic (local) line widths ranging between 0.12 and
0.29 km s"1. When taking into account the thermal component
(0.08 to 0.15 km s"1), from Eqs. (6) and (7) we derive turbu-
lent widths below 0.15 km s"1. These values should be used as
upper limits, since the spectral resolution used for the analysis
(0.2 km s"1) is comparable to the derived line widths. They are
nevertheless significantly smaller than the sound speed, Cs = 0.3
to 0.5 km s"1 in the relevant temperature and radius range. The
turbulence is thus largely subsonic. A more precise analysis, us-
ing the full spectral resolution and accurate knowledge of the
kinetic temperature distribution, is required for a better determi-
nation.

5.7. Hydrostatic scale height

We follow the approach that is described in Sect. 3.2.5 where the
scale-height is not formally derived from the hydrostatic equilib-
rium. In a first step, the flaring exponent eh is taken to be equal
to eh = "1.25. Such a value is in agreement with predictions
from models such as Chiang & Goldreich (1997) and D’Alessio
et al. (1999). The observed transitions indicate apparent scale
heights at 100 AU of 30 AU in DM Tau, and 19 AU in LkCa 15
and MWC 480 (see Tables 3–5). The only discrepant result is the
value derived from 12CO in MWC 480, 10 AU. In a second step,
treating eh as a free parameter provides similar results, except
for LkCa 15, where the 13CO data is best fitted by a flat (eh = 0),
but thick disk (see Fig. 5).

On the other end, using the temperature derived from the
13CO J = 2 ! 1 transition as appropriate, we can derive
the hydrostatic scale heights. These scale heights are 15, 13,
and 9.5 AU, respectively for DM Tau, LkCa 15, and MWC 480,
with a typical exponent eh = "1.35, approximately 1.5–2 times
smaller than the apparent values. Although, as mentioned in
Sect. 3.2.5, the scale height has to be interpreted with some cau-
tion (especially when determined from 12CO), these results sug-
gest that CO has a broader vertical distribution than what is ex-
pected from an hydrostatic distribution of the gas. The current
data do not allow us to identify the causes of this e!ect. Vertical
spreading due to turbulence can be rejected as the turbulence
is largely subsonic (see Sect. 5.6). The larger apparent height
may be due to CO being more abundant in the photo-dissociation
layer above the disk plane.

5.8. Comparison with other disks and models

Only one other source has been studied at the same level in
the CO isotopologues: AB Aur by Piétu et al. (2005). The
temperature behavior of the AB Aur disk is similar to that
of the MWC 480 disk, although the AB Aur disk is warmer.
Temperature derived from CO for all sources are summarized in
Fig. 9. As expected, the disk temperatures (midplane and sur-
face) clearly increase with the stellar luminosity. The A0/A1
star HD 34282, mapped by Piétu et al. (2003) in 12CO also
exhibits a hotter disk surface while the TTauri star GM Aur
(Dutrey et al. 1998) has a colder disk. From Table 1 of Piétu
et al. (2005), the 13CO surface density in AB Aur at 300 AU is
about 2 # 1016 cm"2, 4 to 8 times larger than in the DM Tau,
MWC 480, or LkCa 15 disks. This larger surface density prob-
ably results from a lack of depletion onto dust grains, since the
temperature in the AB Aur disk remains well above the CO con-
densation temperature at least up to 700 AU in radius, contrary
to those of DM Tau, LkCa 15, and MWC 480, which are much
colder beyond 200–300 AU.

LkCa 15 di!ers slightly from the general picture: no clear
vertical temperature gradient is observed, and the 13CO surface
density slope is much less steep (exponent p = 1.5) and the CO
isotopologues indicate a discrepant scale height behavior. This
may be linked to a peculiar disk geometry: Piétu et al. (2006)
have reported a 50 AU radius cavity in the continuum emission
from LkCa 15, perhaps due to planetary formation or a low-mass
companion. This peculiar geometry may a!ect the temperature
structure of the surrounding disk, for example by shielding it
from stellar radiation behind a warm, thick, inner rim. Any defi-
nite conclusion about the peculiarities of LkCa 15 seems prema-
ture at this point.

Molecular abundances in proto-planetary disks have been
studied by several authors. Disks are believed to be dominated
by a warm molecular layer, exposed to the UV radiation emanat-
ing from the central star. van Zadelho! et al. (2003) showed that
2-D radiative transfer e!ects result in a stronger penetration of
the UV field into the disk than simple 1+1D models assumed. A
more refined model was published by Aikawa & Nomura (2006),
which uses time dependent chemistry taking into account the
thermal structure of the disk, 2-D radiative transfer, and sticking
onto grains. Their model parameters are more appropriate for
DM Tau. Despite its comprehensiveness, this model fails to rep-
resent the observed surface densities: it predicts relatively shal-
low (p $ 1) radial distribution of the surface density, in sharp
contrast with the steep slope observed. However, their model
only extends out to 300 AU, while the constraint we obtain on
the surface densities in DM Tau mostly refers to larger radii.

• "Warm" Herbig Ae disks: 
Tkin > 20–100K

• "Cool" T Tauri disks:      
Tkin ~ 10–30K

•No gradient in LkCa 15: 
inner hole of ~ 45 AU

•Are transitional disks 
peculiar?



Ionization: HCO+ and N2H+

• LkCa15 (K5), DM Tau (M1) and MWC480 (A4)

• J=1-0, 2-1

• Two 5σ detections: N2H+ in LkCa15 & DM Tau

• Upper limit: MWC480 

Dutrey et al. (2007)

HCO+(1-0)

N2H+(1-0)



Ionization: HCO+ and N2H+

•HCO+ is dominant ion:   
N2H+ + CO ⇒ HCO+ + N2

• [N2H+]/[HCO+] ~ 2–5%

•X(e) > ~ 10-10

•Radial profiles are poorly 
reproduced 

•Absolute values are in 
qualitative agreement 

DM Tau LkCa 15MWC 480



X-ray-driven chemistry in disks

• DM Tau (M1), LkCa 15 (K5), MWC 480 (A4)

• CCH (1-0) & (2-1)

• Hard to photodissociate

• Chemistry is known

Henning et al. (2010)
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Fig. 3.— (Top to bottom) Weighted intensity maps of C2H J = 1− 0 (left) and J = 2− 1

(right) toward DM Tau, LkCa 15 and MWC 480. The contours correspond to the 2 σ signal.

The beam size is indicated in the lower left corners.
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Fig. 3.— (Top to bottom) Weighted intensity maps of C2H J = 1− 0 (left) and J = 2− 1

(right) toward DM Tau, LkCa 15 and MWC 480. The contours correspond to the 2 σ signal.

The beam size is indicated in the lower left corners.
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Fig. 3.— (Top to bottom) Weighted intensity maps of C2H J = 1− 0 (left) and J = 2− 1

(right) toward DM Tau, LkCa 15 and MWC 480. The contours correspond to the 2 σ signal.

The beam size is indicated in the lower left corners.



X-ray-driven chemistry in disks

• Texc: ~6 K

• Large-scale mixing or sub-thermal excitation?

• Less CCH in MWC 480

• Strong photodissociation by the Herbig Ae star?

• Low LX in MWC 480: less efficient ion-molecule chemistry?



Chemistry in T Tau and Herbig Ae disks

•AB Aur: less amount of complex molecules per CO

•Are Herbig Ae disks "deserts" for complex molecules?

•No CO freeze-out in Herbig Ae disks: no surface chemistry

•Lower LX: less efficient ion-molecule chemistry

•CO + He+ ⇒ C+ + O + He+

Schreyer et al. (2009), Öberg et al. (2010-11)



Turbulence in disks

•Temperature from CO lines

•Keplerian velocity: M*, r

• Subsonic components: ~0.1–0.4 km/s

•Comparable with MHD models

Dutrey et al. (2007), Hughes et al. (2011)

7

Fig. 4.— Comparison of CO(3-2) emission from HD 163296 between the data and best-fit models for a subset of the data. The top row
shows the same subset of channels as in Figure 1. The central set of channel maps shows the corresponding channels of the best-fit similarity
solution model and the residuals (subtracted in the visibility domain). The bottom set of channel maps shows the best-fit D’Alessio et al.
model and residuals. Contour levels, beam sizes, and imaging parameters are identical to those in Figure 1. An additional line profile for
the best-fit similarity solution without turbulence is overplotted in gray.

TABLE 2
Best-Fit Model Parameters

Parameter HD 163296 TW Hya

Similarity Solution
T100 (K) 60 40
q 0.5 0.4
c1 (cm!2) 1.0! 1012 1.0! 1011

Rc (AU) 150 50
! (m s!1) 300 ! 40
i (") 40 6.0
PA (") 131 155
Reduced "2 2.642 2.106

D’Alessio et al. Model
RD (AU) 525 155
XCO 5! 10!7 1.5! 10!5

! (m s!1) 300 ! 40
i (") 40 5
PA (") 138 155
Reduced "2 2.885 2.108

line broadening are all incorporated in detail into the ray-
tracing portion of the RATRAN radiative transfer code,
and will be handled appropriately for a given disk struc-
ture. The goal is to understand how to distinguish the
distinct contributions of each of these di!erent sources of
line broadening and their relationships to the parameters
of our disk structure models.
As discussed above, a detailed characterization of the

multi-dimensional parameter space is prohibitively com-
putationally expensive. We therefore investigate param-
eter relationships by letting the two-dimensional !2 val-
ues generated in Section 4.2 guide an investigation using

a toy model of an optically thick spectral line profile to
highlight the distinct contribution of each related param-
eter to the observable properties.
The !2 values indicate that for the similarity solution

models, the parameters that are most strongly degen-
erate with the turbulent linewidth are the temperature
(T100 and q) and inclination (i). This is unsurprising,
given the obvious relationship between temperature and
thermal broadening and between inclination and rota-
tional broadening. The optically thick CO(3-2) line re-
sponds only weakly to variations in density, and the outer
radius and position angle of emission should intuitively
be unrelated to line broadening, hence the independence
of turbulent linewidth from c1, Rc, and PA. For the
D’Alessio et al. models, inclination and CO abundance
(i and XCO) have the strongest relationships with tur-
bulent linewidth. The contribution of the CO abundance
in this case can be understood as a thermal broadening
e!ect: because of the vertical temperature gradient (see
Figure 6), the CO abundance controls the location of the
"=1 surface and therefore the apparent temperature of
the CO(3-2) line emission.
To characterize the e!ects of these variables on the

observable properties of the CO(3-2) emission, we inves-
tigate their influence on a toy model of optically thick
line emission. We assume a power-law temperature dis-
tribution for a geometrically flat, optically thick, az-
imuthally symmetric circumstellar disk. In the Rayleigh-
Jeans approximation, the brightness of the line at a
given frequency will be directly proportional to the tem-
perature. We include two sources of line broadening,
thermal and turbulent, implemented by the relation-
ship "v(r) =

!

2kBT (r)/m+ #2, where "v is the total



III. Observations of molecules in PPDs: 
Summary

• Probes of disk structure

• Analysis techniques are available

• Vertical gradients of T

• CO freeze-out in "cold" T Tauri disks

• "Warm" Herbig Ae disks are less rich in molecules

• High-energy stellar radiation

• Models are in "qualitative" agreement

• Turbulent line broadening

• Rich inner disk chemistry



IV. Disk chemical structure from 
modeler's perspective



Zone of ions and radicals (atmosphere)

• Intense UV and X-rays

• Low densities

• High temperatures

• High ionization degree

• Limited gas-phase chemistry



Zone of molecules (intermediate layer)
• Partly shielded from UV and X-rays

• Moderate densities

• Moderate temperatures

• Oasis of rich chemistry: gas-surface 

cycling, photoprocessing of ices

• Most molecular lines are excited here



Zone of ices (midplane)
• Only cosmic rays can penetrate

• High densities

• Low temperatures

• Molecules are frozen out

• Rich chemistry on dust surfaces



Inner, planet-forming zone
• High n, T

• Reactions with barriers

• 3-body collisions

• X-ray-driven processes  

• No freeze-out

• Fast grain evolution

Courtesy of Calvin J. Hamilton 



A scheme of disk structure

Semenov (2011)

• Wide range of T & nH

• FUV, X-rays, cosmic rays

• Dynamical evolution

• Photoevaporation

• Grain evolution

• No equilibrium



IV. Disk chemical structure from 
modeler's perspective: Summary

• "Sandwich"-like chemical structure

• Cold midplane: freeze-out, thick ices, surface chemistry

• Hot atmosphere: dissociation/ionization, ions/radicals, gas-phase chemistry

• Warm molecular layer: oasis of molecules, UV-assisted gas-phase & gas-grain 

chemistry

• Dense planet-forming zone: endothermic neutral-neutral chemistry, X-ray-

assisted ion-molecule chemistry



V. Modeling disk chemistry



Chemical kinetics equations

• Physical conditions

• Initial abundances of molecules

• Grain properties

• Reaction data

• Chemical code

Evolution =  Formation     -   Destruction    +           Diffusion      +   Advection
                   [        Chemistry                ]         [                  Dynamics            ]

∂ni
∂t = Σj,k �=ikjknjnk − niΣlklnl +�DnH � ni/nH −�Uni



Timescales in disks: chemistry vs dynamics
Turbulent mixing in disks 7
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FIG. 2.— (From left to right) Distributions of the turbulent diffusion timescale, the freeze-out timescale for CO, the timescale of the X-ray and UV-
photodissociation of unshielded CO, and the timescale to accumulate, hydrogenate, and desorb the CO ice (log10 scale).

1

2

3

4

5

1
1

2
2

3
3

4

4
4

4 4
5 5

5
5

5
5

5

5

6
6

6

C+

1

2

3

4

5

1

2

2
2

3

3
3

3

3

3

4

4
4

44

4

4

4
5

5

55

5

5

6

6

CO

1

2

3

4

5

1
2

3

4

4

4

5
5

5
5

5

5

66
6

6

6

CO2

1

2

3

4

5

1

1 1 1

2

2
2

2

3

3
3

4

4

4

4 4

5

5

5

5

5

5

6

66 6

6
6

C8H2

10 100

R, AU

1

2

3

4

5

Z
/H

r

2
3

3

3
4

4
4

4

4

5 55

5
5

5

5

6

6

6

6

NH3

10 100

R, AU

1

2

3

4

5

Z
/H

r

12 2

3

3

34 4

4

4

5
5

5
5

5

66
6

6

SO2

FIG. 3.— (Top to bottom) Distributions of timescales to reach a chemical steady-state during the 5 Myr of evolution for C+, CO, CO2, C8H2, NH3, and SO2.

Semenov & Wiebe (2011)

6 Semenov & Wiebe

Table 3
Characteristic Timescales: Inner Disk (10 AU)

Processes Midplane Warm layer∗ Atmosphere∗
[yr] [yr] [yr]

Mixing 3.4 (3) 3.4 (3) 1.3 (3)
Gas-phase 1.4 (-5) 1.3 (-4) 1.0 (-2)
UV >1.0 (7) 3.3 (4) 5.9 (2)
Accretion 1.2 (-2) 1.1 (-1) 5.4 (0)
Desorption 5.8 (-7) 6.0 (-7) <1.0 (-7)
Surface >1.0 (7) >1.0 (7) <1.0 (-7)
*

* The warm layer and atmosphere are located at the z/Hr =
0.8 and 1.75, respectively.

Table 4
Characteristic Timescales: Outer Disk (250 AU)

Processes Midplane Warm layer∗ Atmosphere∗
[yr] [yr] [yr]

Mixing 1.0 (6) 2.5 (5) 1.4 (5)
Gas-phase 2.0 (-2) 1.8 (-1) 2.9 (0)
UV >1.0 (7) 1.2 (6) 3.1 (1)
Accretion 2.7 (1) 1.8 (2) 2.3 (3)
Desorption 1.0 (6) 4.3 (0) <1.0 (-7)
Surface >1.0 (7) >1.0 (7) 1.4 (5)
*

* The warm layer and atmosphere are located at the z/Hr =
0.8 and 1.75, respectively.

analysis. With a typical 10−6 relative and 10−15 absolute er-
rors, the 2D-mixing model with high mixing efficiency has
about 15 million non-zero Jacobi matrix elements and takes
about 48 hours of CPU time (Xeon 3.0 GHz, 4 Gb RAM, gfor-
tran 4.4-x64) to calculate the disk chemical structure within
5 Myr.

Our main set of chemical simulations consists of three runs:
(1) the laminar disk chemical model (no transport processes
are taken into account), (2) the fast 2D-mixing model (Sc = 1),
and (3) the slow 2D-mixing transport model (Sc = 100). The
chemical evolutionary time span is 5 Myr.

3. WHEN TURBULENCE AFFECTS DISK CHEMISTRY
Before drilling into complex numerics, it is reasonable to

analyze general conditions at which turbulent diffusion may
affect the chemical evolution in a protoplanetary disk.

3.1. Chemical and dynamical timescales

In computational fluid dynamics with reacting flows
Damköhler number Da is often used as a measure of the influ-
ence of dynamical processes on the chemical evolution. This
number is simply the ratio of a physical timescale to a chemi-
cal timescale:

Da = τphys/τchem. (6)

When Da � 1, chemical evolution of a molecule is slow and
therefore may be sensitive to changes in physical conditions
due to the medium flow. In contrast, when Da� 1, chemical
evolution is fast and is not affected by transport processes.

The physical (or dynamical) timescale is often written as
τphys = L/V , where V is a characteristic value of velocity fluc-
tuations set by turbulence and L is their correlation length
(e.g., Cant & Mastorakis 2008). For our α-disk model, char-

acteristic physical timescale is a turbulent mixing timescale:

τphys(r,z) = H(r)2/Dturb(r,z). (7)

The distribution of τphys(r,z) in the adopted disk model is
shown in Fig. 2 (1st panel). In the outer disk region, r∼ 100−
800 AU τphys exceeds 105 years, while in the Jovian planet-
forming zone the mixing timescale is faster, � 104 years. Due
to the vertical temperature gradient this timescale is slightly
shorter in the superheated disk upper region (see Fig. 1,
1st panel). Further we compare the mixing timescale with
timescales of key chemical processes.

The typical timescale of a first-order kinetics reaction (e.g.,
photodissociation) with a rate k is τchem ∼ k

−1. For a second-
order reaction involving species A and B with a rate kAB the
reaction timescale for the species A is τchem ∼ 1/kABnB. Lets
assess the characteristic timescale of ion-molecule chemistry
in disks, using HCO+ as an example. The ion-molecule re-
actions are rapid even at very cold temperatures and usu-
ally have no barriers (e.g., Smith et al. 2004; Woodall et al.
2007; Wakelam 2009). We assume that the HCO+ evolu-
tion is governed by the following formation and destruction
reactions, CO + H+

3 → HCO+ + H2 (k1 = 1.6110−9 cm3 s−1)
and dissociative recombination HCO+ + e− → CO + H (k2 =
2.410−7(T/300)−0.69 cm3 s−1). Then the corresponding HCO+

ion-molecule (IM) chemistry timescale can be estimated as

τIM ∼ (k1nCOnH+
3
/nHCO+ − k2nHCO+ )−1. (8)

The IM timescale distribution in the disk is shown in Fig. 2
(2nd panel), where we take nCO = 610−5

nH, nH+
3

= 10−10
nH, and

nHCO+ = 10−9
nH. As can be clearly seen, ion-molecule chem-

istry is very rapid, with a typical timescale of � 10−103 years
even in low density disk regions. This is also true for neutral-
neutral reactions without barriers or with small barriers, in-
volving radicals and open-shell species. They have compa-
rable timescales even in the outer cold disk region (Smith
et al. 2004). In the warm (T > 50 − 100 K) inner disk re-
gion other neutral-neutral reactions with considerable barriers
of � 1000 become competitive. Overall, ion-molecule and
neutral-neutral reactions without large barriers proceed faster
than the turbulent transport.

Chemical evolution in upper disk layers is determined by
photochemistry, which is driven by intense high-energy stel-
lar (UV, X-rays) and interstellar (UV, CRP) radiation. The
corresponding timescale is primarily set by rates of the UV
dissociation and X-rays ionization processes,

τhν ∼ 1/(kUV
pd + k

X
pi). (9)

For a CO-like molecule and without shielding, the UV and
X-ray photorates are k

UV
pd = 210−10

�
exp−1.7A

∗
V χ∗ + exp−1.7A

IS
V

�

and k
X
pi = 3(ζX + ζCRP), respectively. The calculated photo-

chemistry timescale is presented in Fig. 2 (3rd panel). Pho-
tochemistry is fast (� 1 year) in the disk atmosphere (faster
than the turbulent transport) and becomes slow (� 106 years)
in dense dark disk regions close to the midplane.

The next important process in disk chemistry is freeze-out
of neutral species onto dust grain surfaces in cold and dense
region (T � 20−120 K). The inferred substantial depletions of
observed gas-phase molecules in disks compared to the ISM
are generally interpreted as a combined action of photodis-
sociation and freeze-out processes (e.g., Bergin et al. 2007;



Chemistry with dynamics

Semenov & Wiebe (2011)

• Turbulence & accretion

• Isotopic homogeneity of the Solar Nebula

• Crystalline silicates in comets and outer disk regions 

• Extended gas-grain chemistry

• 1D/2D turbulent mixing

• "ALCHEMIC" code

• "Qualification" fit to observations

• Reduced and oxidized ices in comets



Turbulence: Steadfast species
Laminar        Slow Mixing      Fast Mixing   Column Densities

• Fast gas-phase formation and destruction
• t: Gas-phase chemistry < Dynamics
•Example: CO, OH, H2O ice, CCH, C+, CN, HCN 



Turbulence: Sensitive species

•Slow surface formation & desorption
• t: Surface chemistry > Dynamics 
•Hydrocarbons (C2H2), organics (HCOOH), SO, SO2,C2S, C3S

Laminar        Slow Mixing      Fast Mixing   Column Densities



VI.  The Brave New World:  ALMA

Credit: ALMA (ESO)

• Atacama Large Millimeter Array (2013)

• 50 x 12m + 12x7m + 4x12m

• Spatial resolution: 0.005″

• Spectral resolution: <0.05 km/s

• 8 GHz bandwidth for continuum

• 86 – 950 GHz (250 µm – 1 mm)

• x100 resolution 

• x20 sensitivity



ALMA imaging of gas in PPDs:
• "Hot core/corinos"-like complex molecules: >CH3OH, CnHm 

• Molecules with S, P, Si, Cl, ...

• Anions: C8H-

• Isotopologues: 15N, 34S, 17,18O, D, 13C

• Ionization structure

• Planet-forming inner regions

• Molecular layers

• Large- and small-scale dynamics 

• Large surveys

• Unknown unknowns!



ALMA is working: TW Hya

Science Verification observations of TW Hya at 345 GHz

CO (3-2): Rotation

HCO+ (4-3): Rotation

CO (3-2): Integrated intensity

HCO+ (4-3): Integrated intensity



ALMA is working:  HD 100546

CO (3-2): Rotation

ALMA Commissioning:  HD 100546 

ALMA Workshop, Victoria,  January 2011! 10 

ALMA commissioning



2D Monte-Carlo LRT calculations:

Uniform abundances, 
radial T-gradient

Uniform abundances, 
2D T-gradient

Chemical abundances, 
2D T-gradient

Disk models for ALMA: HCO+ (4-3)

Semenov et al. (2008)



Channel maps of HCO+ (4-3)@ 20°

“UNIFORM” “THERMAL” “CHEMICAL”

Face-on disks: no big difference



Channel maps of HCO+ (4-3)@ 60°

Edge-on disks: molecular layers & T-gradients become visible

“UNIFORM” “THERMAL” “CHEMICAL”



Chemical vs. Temperature Gradients:
0.68 km/s channel of HCO+ (4-3)@ 60°

   “CHEMICAL”               “THERMAL”            “UNIFORM”



ALMA simulations

0.3" 0.6" I"CHEMICAL

THERMAL

UNIFORM

Ideal image Reconstructed images

Semenov et al. (2008)



ALMA simulations (other transitions, 
disk sizes,and inclinations)

Thermal gradients and chemical stratification in disks will become observable


