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proto-planetary disks

molecular clouds

High-mass star  
forming regions

Low-mass star  
forming regions

planetary system

Star formation  
& chemical evolution

❖ Evolution and Delivery of interstellar material
• Were they altered?
• Or formed in the protoplanetary nebula?
• Or are they a direct ISM heritage?
• Which processes at the icy surface of grains / in gas phase prevail?
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❖ Production/Destruction of molecules associated 
with the different stages of star formation



Molecular inventory of protoplanetary disks 
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1. Protoplanetary disks  
- Interferometry for astrochemical studies: sensitivity & resolution 

2. O-bearing and S-bearing molecules in disks  
- A rich organic chemistry  
- A non solar C/O ratio in T Tauri disks 

3. Planet formation & molecules  
 - Observations of the molecular content that will be partly inherited 
by the planet(s)

Outline

4/18



Disks are complex systems  

Sketch of physical and chemical structure of protoplanetary disks  
Henning & Semenov (2013)

Strong T and n gradients, UV & X-ray
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ices

SNOW LINE 
Tevaporation = 150 K  

Rsnow ~ 2-3 AU 
Lecar+ 2006

atomic/ionized

molecular 
chemistry

10 AU 100 AU

Water  
snow line

X-rays

UV

Aikawa et al. (2002) 
Kamp & Dullemond (2004)
Dullemond et al.  (2007)
Bergin et al. (2007)

Courtesy Linda Podio

Complex organic 
molecules in 

protoplanetary 
disks

❖ Surface layers: molecules destroyed by UV photodissociation 

❖ Inner (r <50 AU -100 AU, T >50-100K): molecules present in warm molecular layers. 
Production via gas phase chemistry or formation on ices and then release into the gas 
phase 

❖ Outer disk / Mid plane (r >100-200 AU, T <50K): molecules are locked into the icy 
surface of dust grains (χH2~10-6-10-4), Only a few percent are in gas-phase 
(χH2~10-11-10-7)

Modica & Palumbo (2010)
Walsh et al. (2014)

The chemical composition of disks is hidden in ices!
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Interferometry is needed to access the 
molecular content in disk

Bergin et al. (2007)

100 AU = 0.7” at 140 pc

50 AU = 0.4” at 140 pc

3 AU = 0.02” at 140 pc

10 AU = 0.07” at 140 pc

1 AU = Distance between the Sun and the Earth

High angular  
resolution!

ROCKY PLANET(s)  
FORMATION REGION 
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Interferometry is needed to access the 
molecular content in disk

High  
sensitivity!

The emissive area is expected  to be small  
(and might be closed to the central object)  

It is really hard to detect a not intense transition

demonstrating the spatial coincidence between CH3CN, HC3N, HCN
and dust emission from the disk. The angular resolution is 0.40–0.60, cor-
responding to 50–70 astronomical units (1 AU is the distance from the
Earth to the Sun). The emission is also spectrally resolved, which can be
used to probe smaller spatial scales. Figure 1 shows the velocity gradient
across the disk that arises from Keplerian rotation in all three lines.
Figure 2 shows the spectra of the three lines; each displays the double-
peaked structure typical of a rotating disk. Table 1 lists the integrated
line fluxes.

We use the spectrally and spatially resolved line emission to constrain
the radial profiles of molecular column density based on parametric
abundance models defined with respect to the adopted density and

temperature structure of the MWC 480 disk (Methods). Figures 2 and
3a–c show the synthetic line spectra and maps from the best-fit models,
demonstrating the good match between models and data. Figure 3d–f
shows the best-fit radial column density profile, together with all profiles
consistent with the data within 3s, and abundances at 30 and 100 AU

from the central star are reported in Table 1. The best-fit profiles have
different slopes for the different molecules. The H13CN column density
decreases with radius, which is consistent with predictions from disk
chemistry models17. The increasing column density with radius out to
100 AU of HC3N, effectively a ring, is not predicted by models18, indicating
that disk chemistry models are incomplete for HC3N. The CH3CN
emission is best reproduced with a flat profile, but other profiles can-
not be excluded.

The absolute abundances depend on the assumed disk density struc-
ture, and we therefore compare the complex cyanides in the MWC 480
disk to cometary and to protostellar compositions using HCN as a ref-
erence species, similar to the practice in cometary studies19. We calculate
abundances of CH3CN and HC3N with respect to HCN at 30 AU, the
smallest disk radius accessible by the ALMA observations, and at 100 AU,
the outer boundary of the cyanide emission maps. Accounting for the
higher luminosity of MWC 480 compared to the young Sun, this radial
range in the MWC 480 disk corresponds to the comet-forming zone of
10–30 AU in the solar nebula19. Assuming a standard HCN/H13CN ratio
of 70, the best-fit HC3N and CH3CN abundances with respect to HCN
are 0.4 and 0.05 at 30 AU, and 5 and 0.2 at 100 AU, respectively. The
CH3CN/HCN abundance ratios are robust to model assumptions to
within factors of a few, while the HC3N/HCN abundance ratio may be
overestimated by an order of magnitude when using our simple abund-
ance model (Methods). Conservatively, both the CH3CN and HC3N
abundances with respect to HCN are thus ,5% at 30 AU and ,20% at
100 AU. A typical comet contains 10% of CH3CN and HC3N with respect
to HCN (ref. 19). The MWC 480 gas-phase cyanide composition at both
30 and 100 AU is thus cometary within the observational and model
uncertainties.

The relationship between gas-phase abundance ratios and the abund-
ance ratios in ices, the main reservoirs of volatiles in disks17,18,20, depends
on both desorption characteristics and chemistry (Methods). HCN,
HC3N and CH3CN are characterized by similar freeze-out and desorp-
tion kinetics, but different chemical pathways. In particular, the exist-
ence of efficient grain surface formation pathways to CH3CN enhances
CH3CN with respect to the other cyanides in the ice mantles. The scale
of this enhancement factor varies among models, but it is at least one
order of magnitude (Methods). This results in an expected minimum
CH3CN/HCN ice ratio of 0.5 at 30 AU in the MWC 480 disk, consid-
erably higher than that found in the typical Solar System comet.

The CH3CN/HCN and HC3N/HCN ratios in the MWC 480 disk are
also high when compared to protostars. The HCN/HC3N/CH3CN ratio
is 1/0.01/0.08 towards the solar-type protostellar binary IRAS 16298-
242221, and similar abundance ratios are found towards more massive
systems. The MWC 480 cyanide composition is thus difficult to explain
by inheritance alone, as has been suggested for H2O, for example (ref. 7).
Rather, the observed high disk abundances probably reflect an efficient
disk chemistry that readily converts a large portion of the carbon ori-
ginally in CO and other small molecules into more complex organics22,23

during the first million years of the disk life time.
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Figure 2 | Spectra of detected cyanides in the MWC 480 protoplanetary
disk. The observed spectra (contours) of H13CN, HC3N and CH3CN are
extracted from ALMA spectral-image data cubes and are shown as functions of
the local standard of rest velocity, Vlsr. The synthetic spectra (light blue shaded
histograms) are based on the best-fit disk abundance models in Fig. 3. The
CH3CN spectrum contains two partially overlapping lines identified with the
140–130 and 141–131 transitions. The spectra were extracted from the spectral
image cubes using a Keplerian mask to maximize the signal-to-noise ratio.

Table 1 | Molecular data
Molecule QN Rest frequency

(GHz)
Eu

(K)
Integrated flux

(mJy km s21 per
beam)

x!30AU

(10{13n{1
H )

x!100AU

(10{13n{1
H )

H13CN J 5 3–2 259.0118 24.9 47 6 8 1.6 [1.3–2.0] 1.6 [1.3–2.0]
HC3N J 5 27–26 245.6063 165 66 6 8 43 [36–54] 480 [400–600]
CH3CN 140–130 257.5274 92.7 30 6 6 4.8 [2.3–7.5] 16 [6–55]
CH3CN 141–131 257.5224 100 23 6 6

QN, quantum numbers of the transition; Eu, energy of the upper level.
*Best-fit abundances at 30 and 100 AU assuming a vertically constant abundance. The 3s abundance range is in square brackets.
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demonstrating the spatial coincidence between CH3CN, HC3N, HCN
and dust emission from the disk. The angular resolution is 0.40–0.60, cor-
responding to 50–70 astronomical units (1 AU is the distance from the
Earth to the Sun). The emission is also spectrally resolved, which can be
used to probe smaller spatial scales. Figure 1 shows the velocity gradient
across the disk that arises from Keplerian rotation in all three lines.
Figure 2 shows the spectra of the three lines; each displays the double-
peaked structure typical of a rotating disk. Table 1 lists the integrated
line fluxes.

We use the spectrally and spatially resolved line emission to constrain
the radial profiles of molecular column density based on parametric
abundance models defined with respect to the adopted density and

temperature structure of the MWC 480 disk (Methods). Figures 2 and
3a–c show the synthetic line spectra and maps from the best-fit models,
demonstrating the good match between models and data. Figure 3d–f
shows the best-fit radial column density profile, together with all profiles
consistent with the data within 3s, and abundances at 30 and 100 AU

from the central star are reported in Table 1. The best-fit profiles have
different slopes for the different molecules. The H13CN column density
decreases with radius, which is consistent with predictions from disk
chemistry models17. The increasing column density with radius out to
100 AU of HC3N, effectively a ring, is not predicted by models18, indicating
that disk chemistry models are incomplete for HC3N. The CH3CN
emission is best reproduced with a flat profile, but other profiles can-
not be excluded.

The absolute abundances depend on the assumed disk density struc-
ture, and we therefore compare the complex cyanides in the MWC 480
disk to cometary and to protostellar compositions using HCN as a ref-
erence species, similar to the practice in cometary studies19. We calculate
abundances of CH3CN and HC3N with respect to HCN at 30 AU, the
smallest disk radius accessible by the ALMA observations, and at 100 AU,
the outer boundary of the cyanide emission maps. Accounting for the
higher luminosity of MWC 480 compared to the young Sun, this radial
range in the MWC 480 disk corresponds to the comet-forming zone of
10–30 AU in the solar nebula19. Assuming a standard HCN/H13CN ratio
of 70, the best-fit HC3N and CH3CN abundances with respect to HCN
are 0.4 and 0.05 at 30 AU, and 5 and 0.2 at 100 AU, respectively. The
CH3CN/HCN abundance ratios are robust to model assumptions to
within factors of a few, while the HC3N/HCN abundance ratio may be
overestimated by an order of magnitude when using our simple abund-
ance model (Methods). Conservatively, both the CH3CN and HC3N
abundances with respect to HCN are thus ,5% at 30 AU and ,20% at
100 AU. A typical comet contains 10% of CH3CN and HC3N with respect
to HCN (ref. 19). The MWC 480 gas-phase cyanide composition at both
30 and 100 AU is thus cometary within the observational and model
uncertainties.

The relationship between gas-phase abundance ratios and the abund-
ance ratios in ices, the main reservoirs of volatiles in disks17,18,20, depends
on both desorption characteristics and chemistry (Methods). HCN,
HC3N and CH3CN are characterized by similar freeze-out and desorp-
tion kinetics, but different chemical pathways. In particular, the exist-
ence of efficient grain surface formation pathways to CH3CN enhances
CH3CN with respect to the other cyanides in the ice mantles. The scale
of this enhancement factor varies among models, but it is at least one
order of magnitude (Methods). This results in an expected minimum
CH3CN/HCN ice ratio of 0.5 at 30 AU in the MWC 480 disk, consid-
erably higher than that found in the typical Solar System comet.

The CH3CN/HCN and HC3N/HCN ratios in the MWC 480 disk are
also high when compared to protostars. The HCN/HC3N/CH3CN ratio
is 1/0.01/0.08 towards the solar-type protostellar binary IRAS 16298-
242221, and similar abundance ratios are found towards more massive
systems. The MWC 480 cyanide composition is thus difficult to explain
by inheritance alone, as has been suggested for H2O, for example (ref. 7).
Rather, the observed high disk abundances probably reflect an efficient
disk chemistry that readily converts a large portion of the carbon ori-
ginally in CO and other small molecules into more complex organics22,23

during the first million years of the disk life time.
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Figure 2 | Spectra of detected cyanides in the MWC 480 protoplanetary
disk. The observed spectra (contours) of H13CN, HC3N and CH3CN are
extracted from ALMA spectral-image data cubes and are shown as functions of
the local standard of rest velocity, Vlsr. The synthetic spectra (light blue shaded
histograms) are based on the best-fit disk abundance models in Fig. 3. The
CH3CN spectrum contains two partially overlapping lines identified with the
140–130 and 141–131 transitions. The spectra were extracted from the spectral
image cubes using a Keplerian mask to maximize the signal-to-noise ratio.

Table 1 | Molecular data
Molecule QN Rest frequency

(GHz)
Eu

(K)
Integrated flux

(mJy km s21 per
beam)

x!30AU

(10{13n{1
H )

x!100AU

(10{13n{1
H )

H13CN J 5 3–2 259.0118 24.9 47 6 8 1.6 [1.3–2.0] 1.6 [1.3–2.0]
HC3N J 5 27–26 245.6063 165 66 6 8 43 [36–54] 480 [400–600]
CH3CN 140–130 257.5274 92.7 30 6 6 4.8 [2.3–7.5] 16 [6–55]
CH3CN 141–131 257.5224 100 23 6 6

QN, quantum numbers of the transition; Eu, energy of the upper level.
*Best-fit abundances at 30 and 100 AU assuming a vertically constant abundance. The 3s abundance range is in square brackets.
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demonstrating the spatial coincidence between CH3CN, HC3N, HCN
and dust emission from the disk. The angular resolution is 0.40–0.60, cor-
responding to 50–70 astronomical units (1 AU is the distance from the
Earth to the Sun). The emission is also spectrally resolved, which can be
used to probe smaller spatial scales. Figure 1 shows the velocity gradient
across the disk that arises from Keplerian rotation in all three lines.
Figure 2 shows the spectra of the three lines; each displays the double-
peaked structure typical of a rotating disk. Table 1 lists the integrated
line fluxes.

We use the spectrally and spatially resolved line emission to constrain
the radial profiles of molecular column density based on parametric
abundance models defined with respect to the adopted density and

temperature structure of the MWC 480 disk (Methods). Figures 2 and
3a–c show the synthetic line spectra and maps from the best-fit models,
demonstrating the good match between models and data. Figure 3d–f
shows the best-fit radial column density profile, together with all profiles
consistent with the data within 3s, and abundances at 30 and 100 AU

from the central star are reported in Table 1. The best-fit profiles have
different slopes for the different molecules. The H13CN column density
decreases with radius, which is consistent with predictions from disk
chemistry models17. The increasing column density with radius out to
100 AU of HC3N, effectively a ring, is not predicted by models18, indicating
that disk chemistry models are incomplete for HC3N. The CH3CN
emission is best reproduced with a flat profile, but other profiles can-
not be excluded.

The absolute abundances depend on the assumed disk density struc-
ture, and we therefore compare the complex cyanides in the MWC 480
disk to cometary and to protostellar compositions using HCN as a ref-
erence species, similar to the practice in cometary studies19. We calculate
abundances of CH3CN and HC3N with respect to HCN at 30 AU, the
smallest disk radius accessible by the ALMA observations, and at 100 AU,
the outer boundary of the cyanide emission maps. Accounting for the
higher luminosity of MWC 480 compared to the young Sun, this radial
range in the MWC 480 disk corresponds to the comet-forming zone of
10–30 AU in the solar nebula19. Assuming a standard HCN/H13CN ratio
of 70, the best-fit HC3N and CH3CN abundances with respect to HCN
are 0.4 and 0.05 at 30 AU, and 5 and 0.2 at 100 AU, respectively. The
CH3CN/HCN abundance ratios are robust to model assumptions to
within factors of a few, while the HC3N/HCN abundance ratio may be
overestimated by an order of magnitude when using our simple abund-
ance model (Methods). Conservatively, both the CH3CN and HC3N
abundances with respect to HCN are thus ,5% at 30 AU and ,20% at
100 AU. A typical comet contains 10% of CH3CN and HC3N with respect
to HCN (ref. 19). The MWC 480 gas-phase cyanide composition at both
30 and 100 AU is thus cometary within the observational and model
uncertainties.

The relationship between gas-phase abundance ratios and the abund-
ance ratios in ices, the main reservoirs of volatiles in disks17,18,20, depends
on both desorption characteristics and chemistry (Methods). HCN,
HC3N and CH3CN are characterized by similar freeze-out and desorp-
tion kinetics, but different chemical pathways. In particular, the exist-
ence of efficient grain surface formation pathways to CH3CN enhances
CH3CN with respect to the other cyanides in the ice mantles. The scale
of this enhancement factor varies among models, but it is at least one
order of magnitude (Methods). This results in an expected minimum
CH3CN/HCN ice ratio of 0.5 at 30 AU in the MWC 480 disk, consid-
erably higher than that found in the typical Solar System comet.

The CH3CN/HCN and HC3N/HCN ratios in the MWC 480 disk are
also high when compared to protostars. The HCN/HC3N/CH3CN ratio
is 1/0.01/0.08 towards the solar-type protostellar binary IRAS 16298-
242221, and similar abundance ratios are found towards more massive
systems. The MWC 480 cyanide composition is thus difficult to explain
by inheritance alone, as has been suggested for H2O, for example (ref. 7).
Rather, the observed high disk abundances probably reflect an efficient
disk chemistry that readily converts a large portion of the carbon ori-
ginally in CO and other small molecules into more complex organics22,23

during the first million years of the disk life time.
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Figure 2 | Spectra of detected cyanides in the MWC 480 protoplanetary
disk. The observed spectra (contours) of H13CN, HC3N and CH3CN are
extracted from ALMA spectral-image data cubes and are shown as functions of
the local standard of rest velocity, Vlsr. The synthetic spectra (light blue shaded
histograms) are based on the best-fit disk abundance models in Fig. 3. The
CH3CN spectrum contains two partially overlapping lines identified with the
140–130 and 141–131 transitions. The spectra were extracted from the spectral
image cubes using a Keplerian mask to maximize the signal-to-noise ratio.

Table 1 | Molecular data
Molecule QN Rest frequency

(GHz)
Eu

(K)
Integrated flux

(mJy km s21 per
beam)

x!30AU

(10{13n{1
H )

x!100AU

(10{13n{1
H )

H13CN J 5 3–2 259.0118 24.9 47 6 8 1.6 [1.3–2.0] 1.6 [1.3–2.0]
HC3N J 5 27–26 245.6063 165 66 6 8 43 [36–54] 480 [400–600]
CH3CN 140–130 257.5274 92.7 30 6 6 4.8 [2.3–7.5] 16 [6–55]
CH3CN 141–131 257.5224 100 23 6 6

QN, quantum numbers of the transition; Eu, energy of the upper level.
*Best-fit abundances at 30 and 100 AU assuming a vertically constant abundance. The 3s abundance range is in square brackets.
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Table 1
C18O, 13CO and HD Spectroscopic Line Parametersa and Total Integrated

Fluxes Observed Toward TW Hya

Moleculea Frequency Transition A Eu Fb

(GHz) (10−8 s−1) (K) (10−18 W m−2)

HD 2674.986 1–0 5.44 128.38 (6.3 ± 0.7)c

C18O 219.560 2–1 60.12 15.81 (6.0 ± 1.3) × 10−3

13CO 220.399 2–1 60.74 15.87 (20.0 ± 1.3) × 10−3

Notes.
a All spectroscopic data from 13CO, C18O and HD are available from the
CDMS molecular line catalog (Müller et al. 2005) through the Splatalogue
portal (www.splatalogue.net, Remijan et al. 2007) and are based on laboratory
measurements and model predictions by Goorvitch (1994), Klapper et al. (2000,
2001), Cazzoli et al. (2004), Pachucki & Komasa (2008), Drouin et al. (2011).
b The total integrated fluxes are given with 1σ uncertainty, which includes the
calibration uncertainty.
c From B13.

8′′ box (or 432 AU assuming a distance of 54 pc; van Leeuwen
2007) are given in Table 1. The spatially integrated spectra of
C18O (2 − 1) and 13CO (2 − 1) are presented in Figure 1.

3. ANALYSIS

In the present study, we derive TW Hya’s disk-averaged gas-
phase CO abundance from the observed C18O (2 − 1) and HD
(1 − 0) lines. The conversion from integrated line intensity
to physical column density is dependent on optical depth and
temperature. In the following sections we explore a range of
physically motivated parameter space assuming the emission
is co-spatial and in LTE. Based upon these assumptions we
calculate a range of χ (CO) in the warm (T > 20 K) disk using
HD as our gas mass tracer. Caveats of this approach and their
implications for our measurement will be discussed in Section 4.

3.1. Line Opacity

The determination of the CO mass from the C18O emission
relies on the assumption that C18O (2 − 1) is optically thin
and an 16O/18O ratio. To estimate the disk-averaged opacity
of C18O, we compare C18O (2 − 1) to 13CO (2 − 1) and find
the disk-averaged 13CO/C18O flux ratio is ∼3.3 ± 0.9. This
measurement is strongly affected by the opacity of 13CO (2−1),
where τ (13CO) ∼ 2.9 assuming isotope ratios of 12C/13C = 70
and 16O/18O = 557 for the local ISM (Wilson 1999). This ratio
suggests that the spatially integrated C18O emission is thin,
τ (C18O) ∼ 0.36.

3.2. Hints from Disk Models

The mismatch between the normal CO abundance and mass
needed to match HD can be understood by computing the
optically thin C18O emission predicted by the sophisticated
Gorti et al. (2011) model. For this purpose we adopt the
non-LTE code LIME (Brinch & Hogerheijde 2010) with the
Gorti et al. (2011) physical structure employed in the original
modeling effort of Bergin et al. (2013), which best matched the
HD emission. In these calculations we include CO freeze-out
assuming a binding energy of 855 K (Öberg et al. 2005). The
disk model natively assumes χ (CO) = 2.5 × 10−4 and if one
adopts 16O/18O = 500, over-predicts the C18O (2 − 1) flux by
∼10×. Furthermore, the C18O (2 − 1) emission is predicted
to be optically thick and, to match the observed flux, χ (C18O)
needs to be reduced to ∼7 × 10−9, i.e., χ (CO) = 4 × 10−6. We

Figure 1. Spatially integrated spectra of C18O (2 − 1) (top) and 13CO (2 − 1)
(bottom) in a 8′′ square box centered on TW Hya. The vertical dashed line
indicates the LSR systemic velocity of the source (2.86 km s−1).
(A color version of this figure is available in the online journal.)

note that this abundance is dependent on the assumed binding
energy, discussed further in Section 4.2.

3.3. Mass and Model Independent χ (CO) Determination

Under the assumption of optically thin HD (1 − 0) and C18O
(2 − 1) emission, we can define the observable Robs as the ratio
between the observed number (denoted N ) of C18O and HD
molecules in their respective upper states,

Robs = N (C18O, Ju = 2)
N (HD, Ju = 1)

= FC18OAHDνHD

FHDAC18OνC18O
, (1)

where νX, AX and FX are the frequency, Einstein A coefficient
and total integrated flux of the measured transition, respectively
(see Table 1). To determine the total CO abundance in LTE, we
must calculate the fractional population in the upper state, fu(X),
and assume isotopic ratios. We adopt the isotopic oxygen ratio
described in Section 3.1 and an isotopic ratio of HD relative to
H2 of χ (HD) = 3×10−5, based on a D/H elemental abundance
of (1.50 ± 0.10) × 10−5 (Linsky 1998). Assuming LTE and
inserting the measured fluxes, the 12CO abundance relative to
H2 can be written as:

χ (CO) = 1.76 × 10−5
( 16O/18O

557

) (
Robs

1.05 × 10−3

)

×
(

χ (HD)
3 × 10−5

)
fu(HD, Ju = 1)

fu(C18O, Ju = 2)
. (2)

It is important to note that the above analysis hinges upon the
assumption that HD (1−0) and C18O (2−1) are in LTE. Based on
the Gorti et al. (2011) model, at radii between R ∼ 50–150 AU
the typical H2 density at gas temperatures near Tg = 30 K
ranges between ∼106–108 cm−3. Critical densities for the
HD (1− 0) and C18O (2− 1) transitions are 2.7 × 103 cm−3 and
104 cm−3 at Tg ∼ 30 K, respectively, which assumes collision
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Towards O-bearing molecules 
in protoplanetary disks
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Carney et al. (2016) 
Öberg et al. (2017)

H2CO emits from beyond  
the CO snowline
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for R> RCO to explain the H2CO ring

10/18



Complex Organic Molecules  
CH3OH: a key molecule in the formation routes to larger  

O-bearing molecules

Towards complex molecules  
in protoplanetary disks

Walsh et al. (2016)

triggered by energetic photons or particles or by energy
released during exothermic chemical reactions (reactive
desorption, e.g., Garrod et al. 2006). The rates for such
processes remain relatively unconstrained except for a small set
of molecules and reaction systems (e.g., Westley et al. 1995;
Öberg et al. 2009b; Fayolle et al. 2011; Bertin et al. 2013;
Fillion et al. 2014; Cruz-Díaz et al. 2016; Minissale
et al. 2016). It also remains a possibility that gas-phase
chemistry contributes to the gas-phase abundance (e.g.,
Charnley et al. 1992; Garrod et al. 2006). For example, the
rate coefficient for the OH + CH3OH gas-phase reaction was
only recently determined to be rapid at low temperatures (<100
K, Shannon et al. 2013; Acharyya et al. 2015).

Because the methanol chemistry applicable to disks remains
relatively unconstrained, we adopt a parametric approach to
constraining the location and abundance of gas-phase methanol
in TW Hya. Methanol is assumed to reside in three different
vertical layers: -z r 0.1, - -z r0.1 0.2, and

- -z r0.2 0.3, where z and r are the disk height and radius,
respectively (dashed lines in Figure 3). A small grid of models
was run in which the inner and outer radii of the emission were
varied (in steps of 10 au), in addition to the fractional
abundance of methanol (relative to H2). Ray-tracing calcula-
tions were performed using LIME (LIne Modelling Engine,
Brinch & Hogerheijde 2010) assuming LTE, a disk inclination
and position angle appropriate for TW Hya (Hughes

Figure 1. Channel maps for the stacked observed B7 CH3OH line emission. The white contours show the 2.5σ, 3.0σ, 4.0σ, and s5.0 levels for the CH3OH data and
the gray contour shows the s3 extent of the 317 GHz continuum. The black cross denotes the stellar position, and the dashed gray lines show the disk major and minor
axes. The synthesized beams for the continuum (open ellipse) and line (filled ellipse) emission are shown in the bottom left panel.
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STACKING!
photons. These model calculations motivated a successful
ALMA proposal, which has resulted in the first detection of
gas-phase methanol in a nearby protoplanetary disk (TW Hya,
54 pc), the results for which are reported here.

2. OBSERVATIONS

The young star, TW Hya, was observed on 2015 January 02
with 39 antennas and baselines from 15 to 350 m (project
2013.1.00902.S, P. I. C. Walsh). The quasars J1256-0547 and
J1037-2934 were used for bandpass and phase calibration,
respectively, and Titan was used for amplitude calibration. The
Band 7 (B7) methanol transitions listed in Table 1 were
targeted using a channel width of 122 kHz (corresponding to
0.12 km s−1). A continuum-only spectral window at 317 GHz
(with a total bandwidth of 2 GHz) was also covered. The total
on-source observation time was 43 minutes. All data were self-
calibrated prior to imaging using CASA version 4.3 and the
continuum band at 317 GHz, and using a timescale of 20 s (≈3
times the integration step). This increased the dynamic range of
the continuum data by a factor of »30. Self-calibration using
the continuum around the methanol lines between »304 and
307 GHz gave almost indistinguishable results. The rms noise
level achieved for the 317 GHz continuum following imaging
with CLEAN (Briggs weighting, robust = 0.5) was 0.10 mJy
beam−1, with a peak signal-to-noise ratio (S/N) of 4200. The
continuum synthesized beam was 1 2 × 0 6 (- n86 ). The line
data were imaged without CLEANing (using natural weight-
ing) following self-calibration and continuum subtraction, with
a slight overgridding in velocity resolution (0.15 km s−1). The
rms achieved in the dirty channel maps was »4 mJy beam−1

per velocity channel at all four frequencies.
TW Hya was also observed on 2014 July 19 with 31

antennas and baselines from 30 to 650 m (project
2013.1.00114.S, P. I. K. Öberg). The quasar J1037-2934 was
used for both bandpass and phase calibration, and Pallas was
used for flux calibration. The Band 6 (B6) methanol transitions
listed in Table 1 were targeted using a channel width of
122 kHz (corresponding to 0.15 km s−1), with a total band-
width of 58.6 MHz per spectral window. The total on-source
observation time was 41 minutes. The continuum was strongly
detected (peak S/N» 500), enabling self-calibration of the B6
data with CASA version 4.3 using the continuum within each
respective spectral window, and a timescale of 30 s. This
increased the dynamic range of the data in each spectral
window by a factor of »3. The synthesized beam was

0 5 × 0 5 (- n89 ). Following self-calibration, the line data
were continuum-subtracted and imaged to the same velocity
resolution as the B7 data. An rms noise »5 mJy beam−1 per
channel was achieved in the dirty channel maps at all three
frequencies.
A significant signal was neither found in the individual

channel maps of the B7 data nor the B6 data. The three B7 data
sets at »304, 305, and 307 GHz (corresponding to the lowest
energy transitions) were concatenated into a single measure-
ment set following velocity regridding and then imaged using
CLEAN with natural weighting (i.e., “stacked” in the uv
domain). This resulted in a synthesized beam of 1 4 × 0 73
(- n84 ) and an rms noise of 2.0 mJy beam−1, which is a factor
of»2 increase in sensitivity. A single round only of additional
CLEANing was performed. Significant methanol emission is
detected across six channels (2 s3 ) from 2.45 to 3.35 km s−1

reaching a peak S/N of s5.5 . No significant signal was found
in the stacked and imaged B6 data.

3. RESULTS

3.1. Detection of Gas-phase Methanol

The channel map for the stacked B7 data is presented in
Figure 1. The inclination and position angle of TW Hya ( n7 and

n335 , respectively; Hughes et al. 2011) are such that emission
from the northwest and southeast is respectively blueshifted
and redshifted in velocity, with respect to the systemic velocity
(2.9 km s−1, Hughes et al. 2011; Andrews et al. 2012). This
kinematic structure is evident in the methanol channel map. In
all channels in which emission is detected, the peak is offset
from the stellar position, indicating that the emitting methanol
is possibly located in a ring; however, there is significant
emission (2 s3 ) at the source position. The detected emission
appears to be compact compared with the extent of the
continuum emission (» o100 20 au). This may be due to the
low S/N, but we cannot exclude a real drop in the CH3OH
abundance in the outer disk.
Figure 2 shows the extracted line profile (dark red dashed

lines in left panel) within the s3 contour of the continuum,
which is marked by the gray contour in Figure 1. The peak flux
density for the stacked line profile is 33 mJy and the rms noise
is 6.5 mJy, resulting in a S/N of 5.1.

3.2. Constraining the Methanol Abundance

The spectrally and spatially resolved CH3OH emission is
used together with an appropriate density and temperature
structure to constrain the CH3OH abundance in the TW Hya
disk. The low S/N of the B7 detection precludes more detailed
modeling. The non-detection in complementary B6 data (see
Table 1) also provides additional constraints. We adopt the TW
Hya disk physical structure from Kama et al. (2016) that
reproduces the dust SED as well as CO rotational line emission
from both single-dish observations and spatially resolved
ALMA data. In Figure 3 we show the gas temperature, number
density, dust temperature, and far-UV integrated flux.
Interstellar methanol is formed on or within icy mantles on

dust grains via CO hydrogenation (Watanabe & Kouchi 2002;
Fuchs et al. 2009; Boogert et al. 2015). CH3OH has a similar
volatility to water ice (e.g., Brown & Bolina 2007); hence,
methanol should reside on grains throughout most of the disk
( 1T 100 K). A small fraction of methanol can be released at
low temperatures via non-thermal desorption, which is

Table 1
Methanol Transitions

Transition Frequency Upper Level Energy
(GHz) (K)

Band 6

–5 40 0 (E) 241.700 47.9
–- -5 41 1 (E) 241.767 40.4
–5 405 04 (A) 241.791 34.8

Band 7

211−202 (A) 304.208 21.6
312−303 (A) 305.473 28.6
413−404 (A) 307.166 38.0
817−808 (A) 318.319 98.8
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photons. These model calculations motivated a successful
ALMA proposal, which has resulted in the first detection of
gas-phase methanol in a nearby protoplanetary disk (TW Hya,
54 pc), the results for which are reported here.

2. OBSERVATIONS

The young star, TW Hya, was observed on 2015 January 02
with 39 antennas and baselines from 15 to 350 m (project
2013.1.00902.S, P. I. C. Walsh). The quasars J1256-0547 and
J1037-2934 were used for bandpass and phase calibration,
respectively, and Titan was used for amplitude calibration. The
Band 7 (B7) methanol transitions listed in Table 1 were
targeted using a channel width of 122 kHz (corresponding to
0.12 km s−1). A continuum-only spectral window at 317 GHz
(with a total bandwidth of 2 GHz) was also covered. The total
on-source observation time was 43 minutes. All data were self-
calibrated prior to imaging using CASA version 4.3 and the
continuum band at 317 GHz, and using a timescale of 20 s (≈3
times the integration step). This increased the dynamic range of
the continuum data by a factor of »30. Self-calibration using
the continuum around the methanol lines between »304 and
307 GHz gave almost indistinguishable results. The rms noise
level achieved for the 317 GHz continuum following imaging
with CLEAN (Briggs weighting, robust = 0.5) was 0.10 mJy
beam−1, with a peak signal-to-noise ratio (S/N) of 4200. The
continuum synthesized beam was 1 2 × 0 6 (- n86 ). The line
data were imaged without CLEANing (using natural weight-
ing) following self-calibration and continuum subtraction, with
a slight overgridding in velocity resolution (0.15 km s−1). The
rms achieved in the dirty channel maps was »4 mJy beam−1

per velocity channel at all four frequencies.
TW Hya was also observed on 2014 July 19 with 31

antennas and baselines from 30 to 650 m (project
2013.1.00114.S, P. I. K. Öberg). The quasar J1037-2934 was
used for both bandpass and phase calibration, and Pallas was
used for flux calibration. The Band 6 (B6) methanol transitions
listed in Table 1 were targeted using a channel width of
122 kHz (corresponding to 0.15 km s−1), with a total band-
width of 58.6 MHz per spectral window. The total on-source
observation time was 41 minutes. The continuum was strongly
detected (peak S/N» 500), enabling self-calibration of the B6
data with CASA version 4.3 using the continuum within each
respective spectral window, and a timescale of 30 s. This
increased the dynamic range of the data in each spectral
window by a factor of »3. The synthesized beam was

0 5 × 0 5 (- n89 ). Following self-calibration, the line data
were continuum-subtracted and imaged to the same velocity
resolution as the B7 data. An rms noise »5 mJy beam−1 per
channel was achieved in the dirty channel maps at all three
frequencies.
A significant signal was neither found in the individual

channel maps of the B7 data nor the B6 data. The three B7 data
sets at »304, 305, and 307 GHz (corresponding to the lowest
energy transitions) were concatenated into a single measure-
ment set following velocity regridding and then imaged using
CLEAN with natural weighting (i.e., “stacked” in the uv
domain). This resulted in a synthesized beam of 1 4 × 0 73
(- n84 ) and an rms noise of 2.0 mJy beam−1, which is a factor
of»2 increase in sensitivity. A single round only of additional
CLEANing was performed. Significant methanol emission is
detected across six channels (2 s3 ) from 2.45 to 3.35 km s−1

reaching a peak S/N of s5.5 . No significant signal was found
in the stacked and imaged B6 data.

3. RESULTS

3.1. Detection of Gas-phase Methanol

The channel map for the stacked B7 data is presented in
Figure 1. The inclination and position angle of TW Hya ( n7 and

n335 , respectively; Hughes et al. 2011) are such that emission
from the northwest and southeast is respectively blueshifted
and redshifted in velocity, with respect to the systemic velocity
(2.9 km s−1, Hughes et al. 2011; Andrews et al. 2012). This
kinematic structure is evident in the methanol channel map. In
all channels in which emission is detected, the peak is offset
from the stellar position, indicating that the emitting methanol
is possibly located in a ring; however, there is significant
emission (2 s3 ) at the source position. The detected emission
appears to be compact compared with the extent of the
continuum emission (» o100 20 au). This may be due to the
low S/N, but we cannot exclude a real drop in the CH3OH
abundance in the outer disk.
Figure 2 shows the extracted line profile (dark red dashed

lines in left panel) within the s3 contour of the continuum,
which is marked by the gray contour in Figure 1. The peak flux
density for the stacked line profile is 33 mJy and the rms noise
is 6.5 mJy, resulting in a S/N of 5.1.

3.2. Constraining the Methanol Abundance

The spectrally and spatially resolved CH3OH emission is
used together with an appropriate density and temperature
structure to constrain the CH3OH abundance in the TW Hya
disk. The low S/N of the B7 detection precludes more detailed
modeling. The non-detection in complementary B6 data (see
Table 1) also provides additional constraints. We adopt the TW
Hya disk physical structure from Kama et al. (2016) that
reproduces the dust SED as well as CO rotational line emission
from both single-dish observations and spatially resolved
ALMA data. In Figure 3 we show the gas temperature, number
density, dust temperature, and far-UV integrated flux.
Interstellar methanol is formed on or within icy mantles on

dust grains via CO hydrogenation (Watanabe & Kouchi 2002;
Fuchs et al. 2009; Boogert et al. 2015). CH3OH has a similar
volatility to water ice (e.g., Brown & Bolina 2007); hence,
methanol should reside on grains throughout most of the disk
( 1T 100 K). A small fraction of methanol can be released at
low temperatures via non-thermal desorption, which is
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Favre, Fedele, Semenov et al. (2018), ApJL, in press

First detection of HCOOH  
at the 4σ level without stacking!

Towards O-bearing molecules 
in protoplanetary disks

 N(HCOOH) ~ (2-4)x1012 cm-2  

HCOOH/CH3OH ≤ 1

❖ Rich organic chemistry: (that can lead to larger organic molecules, likely takes place 
at the verge of planet formation in protoplanetary disks) 

❖ HCOOH emission extends beyond 200 AU (mm dust continuum): contribution of 
small grains likely contribute to the HCOOH production

12/18



A depletion of elemental C  
in T Tauri disks

Favre et al. (2013)
Schwarz et al. (2016)
Kama et al. (2016)
Miotello et al. (2017)

CO chemical destruction via reactions with He+  
+ 

Followed by rapid formation of carbon chains (CxHx) or CO2

+
Freeze-out T higher than CO —> trap the carbon in ices

Carbon chemistry?  
(Aikawa et al. 1997, Reboussin et al. 2015)

Carbon reservoir in gas?

CO abundance relative to H2 : (0.1-3)x10-5 in 
the disk’s warm molecular layers (T>20K), lower 
than the canonical value of χ(CO) = 10-4 )

13/18



Semenov, Favre, Fedele et al. (2018), A&A, in press

A non solar C/O ratio observed via the 
emission of c-C3H2 and S-bearing molecules 

Where

c-C3H2

Bergin et al. (2016) 
Favre, Fedele, kamp (in prep.)

C2H
C/O ≥ 1

14/18
Oxygen chemistry?  
(Bergin et al. 2016)

Oxygen locking from the disk molecular layer by the 
freeze-out of water onto sedimenting large dust grains 

Carbon chemistry?



1. Protoplanetary disks  
- Interferometry for astrochemical studies: sensitivity & resolution 

2. O-bearing and S-bearing molecules in disks  
- A rich organic chemistry  
- A non solar C/O ratio in T Tauri disks 

3. Planet formation & molecules  
 - Observations of the molecular content that will be partly inherited 
by the planet(s)

Outline
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Favre et al. (in prep.)
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Planet(s) formation seen  
in both gas and dust

dust gaps

Fedele et al. (2018)

see also Isella et al. (2016), 
Teague et al. (2018),  
Muro-Arena et al. (2018)

One should be able to observe the molecular 
content in these objects that is directly inherited 

by the forming planets (and small bodies)

Talk by D. Fedele



Summary

ALMA
 

key interferometer for astrochemical studies  
But still it will be difficult to detect larger species

Complex molecules (N- and O-bearing)  
are present towards proto-planetary disks 

(resolution and sensitivity)

Observations suggest that chemistry leading to 
molecular complexity likely takes place  

in proto-planetary disks where planets might form

     - ISM inheritance?
     - Reprocessed?



« For your attention 
I thank you » 


