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How to observe molecules in star-forming regions ?

1. Infrared spectroscopy in absorption to study interstellar ices

Refractory grainRefractory grain
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H2O H2O
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CH4
NH3
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CO

CO

CO2

Early: 2 < AV < 10 mag
Late: AV > 10 mag

Interstellar ices are composed of key molecules 
for interstellar and pre-biotic chemistries 
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2. Millimetric spectroscopy in emission to study the molecular gas

Gas: sub-mm/mm

New observatories:  
NOEMA, ALMA

Taquet et al. (en prep.)

How to observe molecules in star-forming regions ?



List of detected interstellar COMs 
(CDMS database)

- 60 of the 175 detected interstellar species are complex organic molecules (COMs) 
- Importance for the formation of amino- and hydroxy-acids ?

Star formation is accompanied by a chemical complexity process
2. Millimetric spectroscopy in emission to study the molecular gas

How to observe molecules in star-forming regions ?
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3. Space missions: final composition of the Solar Nebula

Rosetta - Comet 67P

HL Tau

Dust: Continuum Gas: HCO+

50 AU Yen et al. (2016)
How to observe molecules in star-forming regions ?



Chemical census of a comet: 

How to observe molecules in star-forming regions ?



Astronomical  
Observations

Spectroscopy and 
Radiative transfer

Astrochemical 
Models

Theoretical  
calculations

Laboratory  
Experiments
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Theoretical and 
experimental chemistry

ObservationsModelling

1. Development of a gas-grain 
model GRAINOBLE

2. Single-dish and 
interferometric mm observations

Physical Models

Expertises in Astrochemistry



Gas-grain astrochemical models

Gas phase chemistry

Gas-grain processes

 Dissociation, ionisation, ion-neutral, neutral-neutral reactions 
(KIDA, or UMIST chemical databases)

~ 10,000 reactions, 1,000 species



Evolutionary  
stage

Prestellar  
core

Protostar Protoplanetary 
disk

Planetary 
system

A few organic 
molecules

Several dozens of  
organic molecules

Handful of  
organic molecules

Several dozens of  
organic molecules

How to interpret the 
observed chemical 

complexity ?

Can interstellar molecules 
survive in disks ?

Have cometary (and Solar System) molecules an interstellar origin ?

Main objectives of the AstroFIt 2 project



Main objectives of the AstroFIt 2 project

1 - Chemical complexity pathways 

What is the degree of chemical complexity reached in the ISM ? 

A) Constrain the physical and chemical processes in ices with a modelling of 
laboratory experiments IN PROGRESS (collaboration with F. Dulieu) 

B) Study the effect of new types of gas phase reactions  
    IN PROGRESS (collaboration with S. Charnley)

2 - Physical evolution and chemistry 

Have the cometary and meteoritic molecules an interstellar origin ? 

A) Follow the chemical evolution from dark clouds to disks with dynamical 
models TO BE STARTED (collaboration with M. Padovani?) 

B) Interpret interferometric observations of star-forming regions 
    IN PROGRESS (collaboration with C. Codella, C. Ceccarelli, …) 
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First detection of O2 in a comet by Rosetta:

X(O2) / X(H2O) = 3.8 ± 0.9 % with strong correlation between O2 and H2O 

O2 is elusive in space, but can O2 be detected around young stars ? 

Bieler et al. (2015)

High abundance of O2 in comets
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A primordial origin for cometary O2

1) O2 formation in molecular clouds ? 
- High observed abundance reproduced for “dense” and “warm” physical 
conditions (nH ~ 105 - 106 cm-3; T ~ 20 K) 

- O2 trapped in water ice → in agreement with Rosetta observations

Taquet et al. (2016)
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A primordial origin for cometary O2

2) O2 formation during protostellar collapse? NO 
3) O2 formation in protoplanetary disks? NO 
- O2 formation with CO2 in external disk layers  
→ Non efficient formation in cometary formation zones
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Taquet et al. (2016)



A&A proofs: manuscript no. ms

Fig. 4. Continuum images at 3.0, 1.3 and 0.87 mm (left, middle and right) at the angular resolution of each dataaset. The 0.87 mm images include
both 12 m array and ACA data, while the 3.0 and 1.3 mm images only contain data from the 12 mm array. The contour levels are given as 20
logarithmically divided levels between the 0.5% and 100% fof the peak flux at the given wavelength. The RA and DEC o↵sets are relative to the
phase center for the observations.

Fig. 3. Three-color image showing the continuum at 3.0 mm, 1.3 mm
and 0.87 mm (ALMA Bands 3, 6 and 7) in red, green and blue, respec-
tively. Before the combination the 1.3 mm and 0.87 mm images were
smoothed to match the resolution of the 3.0 mm data.

distribution of the material along the line of sight is comparable
to the projected extent on the sky the lower limit to the column
density translates into to a density & 3 ⇥ 1010 cm�3: if this dust
indeed is located in a face-on disk-like structure such as implied
by the circular distribution and narrow line-widths toward the
source (e.g., Jørgensen et al. 2011), the density should be ex-
pected to be even higher than this lower limit.

4.2. Line emission

The incredible line-richness IRAS 16293�2422 makes it a nat-
ural template source for astrochemical studies. Figure 5 shows
the full spectrum toward a position o↵set by 0.2500 (a half beam)
from IRAS16293B that is used for the analysis in this paper. Fig-
ure 6 compares the observed spectra in the 338–339 GHz spec-
tral range (including the main CH3OH 7k � 6k branch) from the
JCMT single-dish TIMASSS survey (Caux et al. 2011) to spec-
tra towards the two continuum peaks in the ACA-only and full
ALMA datasets. Also shown are spectra toward positions a half
and a full beam separated from IRAS16293B, respectively.

The most striking aspect of Fig. 5 is the di↵erence in
line widths between IRAS16293A and IRAS16293B noted pre-
viously (e.g., Jørgensen et al. 2011), with the lines toward
IRAS16293A about a factor of 5 broader than the narrow
⇡ 1 km s�1 (FWHM) lines toward IRAS16293B. This di↵erence
is consistent with the interpretation above that IRAS16293A is
an edge-on system and IRAS16293B face-on. The very narrow
line widths for IRAS16293B make it such an ideal source for line
identifications compared to, e.g., the Galactic Center and typical
high-mass star formation regions with widths of 5–10 km s�1.
Furthermore, the strong variations in the peak strengths of the
di↵erent lines between all seven panels is a clear indication that
the excitation conditions and/or chemistry change significantly
over the studied scales.

The single-dish spectrum with its beam of approxi-
mately 1400 naturally encompasses both IRAS16293A and
IRAS16293B: the line widths in this particular spectrum are gen-
erally closer to IRAS16293A suggesting that the data are more
strongly weighted toward this source. Again, this is consistent
with the emission being more extended, and thus dominating in
the single-dish beam, even though the peak strengths are not sig-
nificantly di↵erent. Some of the brighter lines in the single-dish
spectrum are in fact stronger than in the ACA data as one should
expect but there are also counter-examples. This likely indicates
that the single-dish observations were not targeted exactly be-
tween the two sources, and thus that for slightly extended tran-
sitions some of the flux is not picked-up in full by the single-
dish spectra. The point source RMS noise level in the single-

Article number, page 8 of 34page.34
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ρ Oph A

ALMA observations of the 16O18O 21-01 
transition at 233.946 GHz towards IRAS 
16293 located in the Ophiuchus cloud: 

Image credit: Jørgensen et al. (2016)

A deep search of 16O18O towards IRAS 16293
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Analysis of the 16O18O transition

Taquet et al. (2018)

Before subtraction

After subtraction



Modelling of laboratory experiments

Constrain the physical and chemical processes in ices with a modelling of 
laboratory experiments focusing on cold surface chemistry: 

- Validate the formalism used in interstellar models with “in-situ” data 

- Constrain key physical and chemical parameters

CO
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Modelling of laboratory experiments

Constrain the physical and chemical processes in ices with a modelling of 
laboratory experiments focusing on cold surface chemistry: 

H04
W04
F09
W04
I08
I10
I08
I11
I11
I11

Taquet (in prep.)



Modelling of laboratory experiments
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Methanol deuteration from low-mass to high-mass hot cores
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From Taquet et al. (2018, submitted); IRAS16293: Jørgensen et al. (2018), IRAS2A/IRAS4A: Taquet et 
al. (2018), HH212: Bianchi et al. (2017), NGC7129: Fuente et al. (2014), SgrB2(N2): Belloche et al. 
(2016), Orion KL: Peng et al. (2012), NNGC6334: Bøgelund et al. (2018)

Low-mass High-mass Low-mass High-mass

Methanol deuteration observed towards hot cores mostly regulated by the 
temperature of the progenitor cloud  
+ Other processes (time, gas phase chemistry) at work ?
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(2016), Orion KL: Peng et al. (2012), NNGC6334: Bøgelund et al. (2018)

Methanol deuteration from low-mass to high-mass hot cores

Methanol deuteration observed towards hot cores mostly regulated by the 
temperature of the progenitor cloud  
+ Other processes (time, gas phase chemistry) at work ?
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Main activities

- 14 Publications:  

Models: 
Ceccarelli, Viti, Balucani, Taquet 2018, MNRAS 

Observations: 
Taquet, van Dishoeck, Swayne et al. 2018, A&A 
Taquet, Bianchi, Codella et al. 2018, submitted to A&A 

Support to astronomers: 
Bianchi, Codella, Ceccarelli, Taquet et al. 2017, A&A 
Persson, …, Taquet et al. 2017, A&A 
Bøgelund, McGuire, Ligterink, Taquet et al. 2018, A&A 
Jørgensen, …, Taquet et al. 2018, A&A 
Manigand, Calcutt, Jørgensen, Taquet et al. 2018, A&A 
Van’t Hoff, Persson, Harsono, Taquet et al. 2018, A&A 
Bøgelund, Barr, Taquet et al. 2018, submitted to A&A 

Support to chemists: 
Rimola, …, Taquet et al. 2018, Earth and Space Chemistry 
Ligterink, Terwisscha, Taquet et al. 2018, MNRAS 
Dulieu, Nguyen, Congiu, Baouche, Taquet 2018, submitted to MNRAS 
Qasim, Fedoseev, Chuang, Taquet et al. 2018, submitted to MNRAS
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Main activities

- 14 Publications:  
2 first-author publications, 12 others with significant contributions 

- Two Invited talks since September 2017 
Ciudad Real, “Gas phase cold chemistry of COMs”, December 2017 
Paris, “Oxygen in Space”, October 2018 

- Two visits at Paris Observatory with F. Dulieu’s group
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Main activities

- One visit at the Ospedale ! 

- 14 Publications:  
2 first-author publications, 12 others with significant contributions 

- Two Invited talks since September 2017 
Ciudad Real, “Gas phase cold chemistry of COMs”, December 2017 
Paris, “Oxygen in Space”, October 2018 

- Two visits at Paris Observatory with F. Dulieu’s group


