
L'émergence de la complexité 
chimique au cours de la 
formation stellaire et planétaire
Premiers résultats du grand programme ALMA COMPASS

Sébastien Maret et l’équipe COMPASS



Plan de la présentation

1. Formation stellaire et planétaire et héritage chimique


2. Le grand programme d’observation ALMA COMPASS


3. Premiers résultats du programme


4. Perspectives : observations JWST et améliorations futures de 
de NOEMA et d’ALMA



Formation stellaire et 
planétaire et héritage chimique

Cloud

20000 au

50 au

500 au

Protostellar
Envelope

Outflow

Forming
disk

Protoplanetary 
disk

Planetary system

Credit: Bill Saxton, NRAO/AUI/NSF

van Dishoeck & Bergin (2021)



?

Build-up of ice mantle 
and frozen-in radicals

ENVELOPE 10–30 K

Radical ice chemistry, hyper-volatile
sublimation, and gas-phase warm

carbon chain chemistry

ENVELOPE 30 K

Sublimation of all ice and 
organic ice chemistry 

products

CORE >100 K

O-rich ice sublimation and change
from C- to O-dominated

gas-phase chemistry

CEN
TRIFUGAL BARRIER

CS, c-C3H2 SO, H2CO
OUTFLO

W SHOCK FRONT

Grain and ice mantle sputtering
and hot (>   400  K) gas-phase

chemistry

SiO
O H2O

Hydrogen
Carbon
Oxygen

Water ice
CO ice
Grain

Öberg & Bergin (2021)

5 000 au

L1527-IRS

Crédit: NASA, ESA, 
CSA, and STScI



Figure 1: Abundances of complex organic molecules toward the protostar IRAS16293B and the
Galactic Center source Sgr B2(N2) from ALMA and comet 67P from Rosetta measured relative to
CH3OH and HNCO, for the O- (black) and N-bearing (purple) species, respectively (from Jørgensen

et al. 2020 ). Strong correlations are seen over several orders of magnitude, yet di↵erences exist,
e.g., in the overall abundances of the N-bearing species. The proposed program will enable similar

comparisons for an additional 11 young protostars in di↵erent environments and evolutionary stages.

The importance of environment for the chemical complexity of young stars
The journey toward chemical complexity starts in the cold regions of molecular clouds where simple
species such as CO, CO2, H2O, and NH3 freeze out on the icy mantles of dust grains, or are formed
on or within them. Subsequent chemical reactions in those ices can lead to more complex species
that can then be injected by non-thermal and thermal processes into the gas phase where they
are observed at (sub)millimeter wavelengths (e.g., Herbst & van Dishoeck, 2009). In the inner warm
regions where the temperature increases above 100 K, called “hot corinos” (typically at radii . 100 au
for Solar-type protostars), the ices are fully sublimated. Observations of such regions thus provide a

unique view of the products of the chemical evolution from the cold molecular cloud to the scales where

protoplanetary disks will emerge. We emphasise that direct measurements of the ice compositions at

infrared wavelengths, even with the JWST, are much less sensitive (several orders of magnitude in

terms of abundances) than what can be achieved for the warm gas with ALMA.

The formation of complex organic molecules may depend on the unique evolutionary histories and
environments of individual sources. Observations of some of the main COMs toward prestellar cores
(e.g., Bacmann et al., 2012; Vastel et al., 2014; Jiménez-Serra et al., 2016) demonstrate that their
formation is initiated in the early phases where the temperatures do not exceed 10–15 K. Laboratory
experiments show that ice chemistry at such low temperatures can lead to the formation of complex
molecules – even prebiotic species such as sugars (Fedoseev et al., 2017) and amino acids (Ioppolo
et al., 2021). This is possibly the result of non-di↵usive reaction processes where pairs of of radicals
are formed close to each other in the ices as shown by recent theoretical modeling (Garrod et al., 2022).
But, alternatives are possible, such as reactions in the gas phase. Consequently, the exact composition
of organics in the warm gas around young protostars may be determined by the physical conditions,
such as the extinction and cosmic-ray ionisation rate, in their natal environments. By establishing
systematic inventories of complex organics for a set of sources from diverse environments, it will be
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The samemodels must also explain measured differences in the deuteration between the singly
and doubly deuterated variants of water, i.e., the HDO/H2O and D2O/HDO abundance ratios
speci!cally. Statistically, the former ratio should be four times higher than the latter, because there
are two indistinguishable variants of singly deuterated water depending on which H atom is sub-
stituted. However, direct interferometric measurements show that the D2O/HDO ratio is in fact
higher than the HDO/H2O ratio by a factor of 7 (Coutens et al. 2014)—i.e., D2O is more than an
order of magnitude more abundant than HDO with respect to what should be expected from the
HDO/H2O ratio and the statistics mentioned above. In the models by Furuya et al. (2016), the
higher D2O/HDO ratio can be explained if water ice forms throughout the evolution of the dense
prestellar cores, from the earliest more tenuous stages in which the D/H ratio is low to the later
stages in which CO freezes out and a drop in the ortho-to-para ratio of H2 causes the deuteration
to be more ef!cient. In this scenario, the bulk of the (nondeuterated) water forms early in this
evolution, whereas the deuterated species (HDO and D2O) are formed in the dense stages and
their relative abundances thus re"ect the higher D/H ratios there.

Although studies of water’s D/H ratios show interesting potential for studies of its formation
under different conditions, it should be cautioned that the samples are still relatively small. A
few studies have started addressing, e.g., the temporal and environmental variations. For example,
toward the Class I protostar SVS13b, Codella et al. (2016) derive limits to the HDO/H2O com-
parable with that of the Class 0 protostars, which again could be taken as an argument in favor
of the water formation and deuteration during the prestellar phases and little processing happen-
ing during the evolution of the protostars themselves. An example of the potential environmental
dependence is seen in recent measurements by Jensen et al. (2019) of the HDO/H2O ratios to-
ward three protostars located in more isolated cores (Figure 8). The HDO/H2O ratios for those
sources are remarkably consistent and higher by factors of 2–4 compared to those for the classical
hot corinos located in more clustered regions. These differences could re"ect the physics in the
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Figure 8
Measurements of the HDO/H2O abundance (left axis) and D/H ratio corrected for statistics (i.e., when
taking into account the number of equivalent hydrogen atoms; right axis) toward Oort Cloud and Jupiter
Family comets as well as protostars formed in clustered and more isolated regions. The two groups of
protostars show a difference in the HDO/H2O ratios by a factor of 2–4 with the ratios for the protostars
from the more clustered regions closer to those of the comets. These differences may re"ect the conditions
in the parental environments of the protostars and provide a diagnostic for the environments in which the
Sun was formed. Figure based on Jensen et al. (2019) and references therein. Abbreviation: SMOW, standard
mean ocean water.
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Le grand programme COMPASS

• Programme ALMA cycle 9: Complex Organic Molecules in 
Protostars from ALMA Spectral Surveys (PI Jørgensen)


• Relevé spectral non biaisé de 11 protoétoiles de type solaire 
proches (< 450 pc) avec un coeur chaud (hot-corino) 

• Sources à des états d’évolution divers, et dans des 
environnements variés (amas et régions isolées)


• 125 h d’observations avec ALMA.



Jørgensen et al., COMPASS I (2026)



• Relevé complet entre 279 et 312 GHz (bande 7) à 0.5 km/s de résolution

Jørgensen et al., COMPASS I (2026)



Le défi de la réduction 
des données

• Le volume des données (140 000 
canaux, 35 Tb) a posé un défi pour 
la réduction.


• Nous avons développé un pipeline 
de réduction de données basé sur 
le logiciel IMAGER.


• Comparaison avec le logiciel 
standard (CASA): résultats 
similaires, mais IMAGER est x20 
plus rapide.


• Réduction effectué dans le 
mésocentre Gricad.

BHR 71  
Methyl formate (287.8 GHz) 

Plunkett, Maret et al., COMPASS II  (2026)  

Reduction with IMAGER

Reduction with CASA



Premiers résultats
Le spectre de BHR 71

Jørgensen et al., COMPASS I (2026)

• Des centaines de raies sont 
détectées


• Des spectres très 
prometteurs mais aussi 
difficiles à analyser !


• Besoin d'outils d'analyse 
automatisés.
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Premiers résultats
Comparaison de 5 sources aux mêmes fréquences

Comparison of the five sources observed in same settings
CH3OCHO

C2H5CN
CD3OH

CH3CHO
c-C2H4O

CH3OCHO
CH3OCHO

CD3OH
CH3OCHO

Jørgensen et al., COMPASS I (2026)



Premiers résultats
Emission du méthanol dans BHR 71

• Détection de 
nombreuses raies du 
méthanol et de ses 
isotopologues (13C, 18O 
et D).


• Emission compacte: 
provient probablement 
de l’évaporation des 
manteaux de glace des 
grains.

Coutens et al., COMPASS III (2026)



Premiers résultats
Deuteration du méthanol dans BHR 71

Coutens et al., COMPASS III (2026)

• Le rapport D/H du méthanol 
est très supérieur au rapport 
D/H élémentaire (10-5)


• Plus faible dans le groupe 
hydroxyl (OH) que dans le 
groupe méthyl (CH3)


• Augmente avec le 
nombre de D dans le 
groupe méthyl.


• Probablement un résultat de 
la chimie à la surface des 
grains.

0,1 %

1 %

10 %



Perspectives
Observations JWST et ACA

• Cartographie des la 
glaces via des mesures 
d’absorption des étoiles 
d’arrière plan avec le 
JWST.


• Programme JWST Cycle 
3 d'environ 70 heures.


• Cartographie du gaz 
froid avec le ALMA 
compact array (ACA)

Observations NIR-Cam du Serpens



Perspectives
Vers une vue complète de la chimie protostellaire

~0.1–0.5 pc; 10–20 K ~100 au; > 100 K

Condensation des 
espèces simples sur les 

grains
Sublimation des glaces



• Améliorations attendues de 
NOEMA:


• Observations multi-
bande


• Frequency cycling

• Améliorations attendues 
d’ALMA:


• Wideband Sensitivity 
Upgrade (2030)


•  ALMA 2040



• Ces améliorations vont grandement bénéficier à l’étude de 
l’émergence de la complexité dans les régions de formation 
stellaire (meilleure statistique).


• Les volumes de données produits seront très importants; il est 
nécessaire de s’y préparer. 


