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Molecular composition of protostellar envelopes

Statistical astrochemistry : ALMA + NOEMA can provide a sensitive view of the 
molecular composition of envelopes and that over a range of protostellar masses

How does the molecular 
composition, in particular 
the abundance and 
diversity of COMs, depend 
on physical properties, 
such as age and mass of 
the protostar? 	

How does the complex 
interplay of physical 
processes such as radiative 
heating from the protostar, 
luminosity bursts and 
shocks impact the 
emergence of molecular 
complexity? 

Does the external 
environment (radiation field, 
multiplicity) play a role in 
the chemistry of star 
forming cores?	

large bandwidth resolution survey
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Emerging molecular complexity: when and where?

(massive) 
dense core

UC HII 
region

time/
clustering

O and early B-type stars
expanding 
HII region

hot core
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•Compared to Solar type stars, physical 
conditions for high-mass star and cluster 
formation is different (density, thermal history, 
radiation field)	

•Different path for high-mass and low-mass star 
formation: 	

‣Radiative and mechanical feedback is 
significant (M  > 8-15 M ) 	

‣High-mass stars mostly form in clusters:  
deeply embedded sources (well traced in 
thermal  dust emission + molecular lines)

⋆ ⊙Low mass stars

hot corino
Chemical differences between low and 

high-mass envelopes?
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ALMA-IMF maps 15 high-mass star forming regions

5

•Massive clumps from ATLASGAL	

•Representative of different evolutionary stages: 
Young      Intermediate      Evolved      	
•Distances: 1 - 5.5 kpc 	
•Uniform physical resolution of about 2000 au

Schuller et al. (2009) 
Csengeri et al. (2014) 

PIs: F. Motte, F. Louvet (IPAG), P. Sanhueza (NAOJ), A. 
Ginsburg (U. Florida)

What is the link between the stellar IMF and the core mass function of 
Galactic protoclusters?

https://almaimf.com/
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ALMA-IMF reveals a rich population of protostars

6

1mm dust continuum
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ALMA-IMF reveals a rich population of protostars
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1mm dust continuum

ALMA-IMF. I. Investigating the origin of stellar masses: Introduction to 
the Large Program and first results                              Motte et al. (2022)	
ALMA-IMF. II. Investigating the origin of stellar masses: Continuum 
images and data processing                                     Ginsburg et al. (2022)	
ALMA-IMF. III. Investigating the origin of stellar masses: top-heavy 
core mass function in the W43-MM2&MM3 mini-starburst 	

Pouteau et al. (2022)	
ALMA-IMF. IV. A comparative study of the main hot cores in W43-MM1: 
Detection, temperature, and molecular composition 	

Brouillet et al. (2022)	
ALMA-IMF. V: Prestellar and protostellar core populations in the W43 
cloud complex                                                                       Nony et al. (2023)	
ALMA-IMF VI: Investigating the origin of stellar masses: Core mass 
function evolution in the W43-MM2&MM3 mini-starburst 	

Pouteau et al. (2023)	
ALMA-IMF VII: First Release of the full Spectral Line Cubes: Core 
Kinematics Traced by DCN J=(3-2)                  Cunningham et al. (2023)	
ALMA-IMF. VIII. Combination of Interferometric Continuum Images 
with Single-dish Surveys and Structural Analysis of Six Protoclusters                               	
                                                                               Diaz-Gonzalez et al. (2023)	
ALMA-IMF. IX. Catalog and Physical Properties of 315 SiO Outflow 
Candidates in 15 Massive Protoclusters                 Towner et al. (2024)	
ALMA-IMF. X. The core population in the evolved W33-Main 
(G012.80) protocluster                                             Armante et al. (2024)	
ALMA-IMF. XI. The sample of hot core candidates: A rich population 
of young high-mass protostars unveiled by the emission of methyl 
formate                                                                           Bonfand et al. (2024)	
ALMA-IMF. XII. Point-process mapping of 15 massive protoclusters	

Dell’Ova et al. (2024)	
ALMA-IMF: XIII. N2H+ kinematic analysis of the intermediate 
protocluster G353.41                                Alvarez-Gutierez et al. (2024)	
ALMA-IMF. XIV. Free–Free Templates Derived from H41α and Ionized 
Gas Content in 15 Massive Protoclusters Galvan-Nadrid et al (2024)	
ALMA-IMF: XV. Core mass function in the high-mass star formation 
regime                                                                                 Louvet et al (2024)
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ALMA-IMF spectral coverage
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• Dual band approach : B3 and B6	
➡ Free-free contamination: spectral index, H  lines	
➡ Temperature probes (CH3CN, CH3CCH)	
➡N2H+ gas kinematics	
➡ Outflows (CO, SiO)	
➡ Shocks (SiO, SO, SO2)

α

ionised gas      

cores        

outflows       

filaments

Motte, Bontemps, Csengeri et al. (2022)
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Chemically rich sites in ALMA-IMF
• ALMA-IMF Band 6 setup covers the 216.1 GHz CH3OCHO lines	
• Tracer to search for chemically rich sites:	

‣Where do hot cores emerge? Methyl formate (CH3OCHO)

Data reduction presented by Cunningham et al. (in prep.)

M. Bonfand

ALMA-IMF: continuum dataMolecular line content

3Sample of hot core candidates ALMA-IMF Workshop

Continuum-subtracted spectra toward G351

Motte et al. (2022), 
A&A, 662, A8 

COMs: hot core tracers

CH3OCHO for an unbiased search for hot cores

Brouillet et al. (2022)

Bonfand et al. (in prep.)

(Motte+2021)

CH3OCHO,vt=0

(no contamination)

G338.93

CH3OCHO,vt=0

(low line contamination)

doublet 2
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Methyl formate emission in ALMA-IMF
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G333.60
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G328.25G327.29G012.80G010.62G008.67
• Integrated intensity of the CH3OCHO lines at 216.2 GHz (Eup/k ~ 100 K)
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• Two classes:  compact (central heating) and extended regions (collective 
effects, chemistry)	

• Source extraction with GExt2D  ~ 70 compact sources with region to region 
variations	

• Correlation with the dust continuum cores: 	

‣ Continuum emission towards all compact 
methyl formate sources, but association to 
compact continuum cores is not always 
trivial	

• Most massive cores (excluding free-free 
sources) are all hot core candidates

11

High-mass protostars all become hot cores
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Are all methyl formate sources hot cores?

• Most massive cores: population of hot cores with 
several new hot cores identified (76%)	
• Size distribution : 500 - 13200 au 	
• About 50% of the sources are lower mass cores

• Most extended “extreme” hot cores: could be 
consistent with a single very massive 
protostar of ~106 Lsol	

• Low-mass CH3OCHO: intermediate mass 
sources, large hot corinos or shocks?

M. Bonfand et al.: ALMA-IMF IX: The sample of hot core candidates

Fig. 15. Temperature profiles as a function of radius for centrally il-
luminated dusty cores from 12 M� to 120 M�, following Wilner et al.
(1995). The red shaded area shows the interval that corresponds to the
sublimation temperature of the ices (120–160 K). The two horizontal
black lines represent the range of radii expected for a heating source
with a luminosity of 104 L� (12 M�) and 106 L� (120 M�). The vertical
dashed line indicates the median size of the methyl formate sources in
our sample.

nosities to stellar masses bearing in mind that our understanding
of stars with M? >60 M� is very limited. Stellar evolutionary
models predict a ZAMS stellar mass of 12 M� for a stellar lu-
minosity of 104 L� (Ekström et al. 2012), while a ZAMS stellar
mass of 70 M� to a luminosity of 106 L�. Stellar models have,
however a scatter between 60 L� and 100–120 M� for the high
luminosity range (Meynet & Maeder 2000; Martins et al. 2005).
The masses inferred from the luminosity are hence lower limits
of the actual (proto)stellar masses.

Overall, the inferred luminosities likely probe embedded
heating sources that could well correspond to high-mass proto-
stars, i.e. precursors of O and early B stars. The most extended
sources could be explained by a single luminous protostar with a
current stellar mass about ⇠70–120 M� for the central objects of
G327.29 and W51-E, although multiplicity cannot be excluded.

6.3. Nature of the methyl formate sources

To further investigate the nature of the methyl formate sources,
we plot in Fig. 16 the mass-size distribution of our sample of hot
core candidates, where the mass corresponds to the core mass
inferred from the dust emission (see Sect. 5.6) and the size is
derived from the CH3OCHO emission (see Sect. 5.4). We note
that our sample of hot core candidates also consists of lower
core mass sources. Assuming a 30–100% e�ciency for the core
mass being converted to stellar mass (see e.g., Louvet et al. 2014;
Könyves et al. 2015), cores with total gas mass above 8 M� are
those expected to form high-mass stars, and thus are excellent
candidates for emerging hot cores. I’m very skeptic about 100%
e�ciencies. It’s more about 20-40% that is realistic to use. About
36% of our methyl formate sources (i.e. 27 sources) have masses
above 8M�. WHat does this give if you use the 50K and the
200K, so the lower range of temperatures? If I take the lower
T range (i.e. higher massers) : 41 cores above 8Msun. If instead
I take the higher T range (i.e. lower masses) : 19 cores above
8Msun. If instead of 100% e�ciency I use at max 40%, I ob-
tain a core mass threshold to form high-mass stars of 20Msun
and thus I have 24, 11, and 7 cores above this mass threshold at

50, 100, and 150K , respectively. These objects span a range of
sizes of over an order of magnitude, from ⇠ 1300 au to 13500 au.
This range of masses and sizes well correspond to archetypical
hot cores (see 6). Not really, earlier you argue (e.g. intro) that
they are typically more extended with a few thousands of au.
[Regarding the mass range for archetypical hot cores, I check
the ATOMS paper you forwarded me, they do not provide mass
estimates. I checked again the references I mentionned in the
caption of Table 6: In my paper from 2019, hot core masses go
down to 18Msun (with Td =150K). In Alvaro’s paper hot core
masses go down to 6-12Msun (for Td=100-50K). In Widicus
Weaver’s paper, they estimated a total mass (gas and dust) of
10Msun for a source in Orion KL.] Among these 27 emerging
hot cores, seven are not associated with a 1.3mm dust continuum
core from the getsf unsmoothed catalog (see the sources marked
with stars in Fig. 16). [HERE]: Come back to this part after
checking the sources not associated to continuum peaks once
again, using getsf raw output files.

About 64% of the sample of methyl formate compact
sources (i.e. 47 sources), have masses < 8 M�, with one ex-
ceptionally low mass core at 0.25M�. Such core masses would
correspond to hot corinos, and chemically active intermediate
mass objects corresponding to Class 0/I stage sources (see Table
6). However, these relatively lower-mass objects seem to be
more centered around 2000 au in terms of sizes, probably due
to our limit of angular resolution. It is a factor of 10 larger
than the sizes typically found for hot corinos (see Table 6),
questioning the nature of these sources. Based on the sensitivity
of the data cubes, we estimated in Paper I that a hot core, like
Orion-KL, with spectral lines as bright as ⇠20–30 K in a 2000
au beam (e.g. Brouillet et al. 2015; Pagani et al. 2017) would
be detected in ALMA-IMF, but our sensitivity is insu�cient
to detect hot corinos like IRAS 16293 (Cazaux et al. 2003) or
IRAS 2A (Bottinelli et al. 2007) and IRAS 4B with compact
sizes of at most 100 au (Bottinelli et al. 2004). Hence these
detections cannot correspond to the compact hot gas phase of a
hot corino population. Instead, they may originate from the more
extended, cold envelopes of low- to intermediate mass sources.
If originating from warm or hot gas, the wide spatial extent of
these sources cannot be explained by a single internal heating
source, since that would presumably require larger core masses
actually its the protostellar mass that matters. Alternatively, a
significant contribution from spatially extended shocks could
explain the observed CH3OCHO emission. We propose that we
see the CH3OCHO emission arising from di↵erent populations,
with the most massive cores corresponding to hot cores where
radiative heating has liberated CH3OCHO into the gas phase,
and the low-mass sources where shocks could contribute to the
emerging CH3OCHO emission.

As seen in Sect. 5.2, free-free emission associated with ex-
tended emission of methyl formate calls into question the nature
of several hot core candidates towards the G010.62 protoclus-
ter. We have estimated that ⇠9 – 100% of the flux measured at
1.3 mm towards the methyl formate sources that belong to the
bright central HII region is due to free-free emission, suggesting
that these sources are more evolved than the two other sources
in the same field (G010.62–HC7 and G010.62–HC10). Visual
inspection of spectra of the ALMA-IMF spw7 in B6 (centered at
232.450 GHz, with a bandwidth of ⇠2 GHz) extracted towards
G010.62–HC1 and G010.62–HC2, that we estimated to be 100%
due to free-free emission, has revealed plenty of strong molec-
ular lines confirming the presence of hot gas rich in COMs, de-
spite the presence of ionized gas. A possible explanation could

Article number, page 17 of 36

models with internal heating source
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Towards a statistical sample

ALMA-IMF Band 3 ALMA-IMF Band 6
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Methyl formate cores from the W51-E protocluster

Dichotomy of hot cores?
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Molecular composition of hot core candidates

• Line fitting: LTE model for 70 sources with XCLASS (MAGIX) using B3 and B6                (N, Tex)	
• Using about ~10 species: an automatic line fitting often fails, be aware of caveats!	
• Reasonable results, but many lines are still unidentified + the fit needs to be improved

    T. Kushwahaa master thesis (2022)

COMs: methanol (+ 
vib. states), ethanol, 
complex cyanides (+ 
vib. states), methyl 
formate (+ vib. 
state), dimethyl 
ether, CH3CHO, 
ethylene glycol, 
acetaldehyde, 
formamide, 
CH3NCO
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What are the best tracers of hot cores?

(Note: identification was based on B6 
CH3OCHO emission)	

• CH3CN & CH3CCH ~ 100%: 	
• CH3CH K=3 line has lower detection rate, 
K=0 line is too extended 	

• CH3OH : quite extended

• Heavy complex cyanides have lower 
detection rates	

• About half of our sample are rich hot 
cores
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Statistics of molecular composition

• Blind fitting of COMs with 
a large number of free 
parameters is difficult !	

• Suitable minimisation 
methods help, but 
manual check is still 
needed	

• Caveats: high Tex is not 
always well constrained !
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Early warm-up phase chemistry
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• Early warm-up phase seems to be well traced by 
O-bearing COMs (often below the thermal 
desorption temperature)

•Highest Tex for cyanides: 
CH3CN, C2H5CN, C2H3CN	
•Non-thermal desorption 
for O-bearing COMs

17

2mm 1mm 0.8mm

(Bouscasse et al. 2022, 2024)

• “Complete” spectral survey of six SPARKS sources 
with the APEX telescope	
•Multiple transitions of the same species allow us 
to infer the excitation conditions
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ALMA-IMF

18

3mm 1mm

NOEMA AStroChEmistry of CygNus-X proTostars	

NASCENT-stars
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Cygnus-X: an active site of star formation 

19

Cygnus X is one of the most nearby 
massive molecular cloud still actively 
forming stars

Locations of active star formation 
have been identified and well 
characterised

CASCADE 3mm continuum

Target selection: 17 source	
• 3mm: single pointing	
• 1mm: mosaics	
• matching ~1” beam	
• (1400 au) 

d ~ 1.4 kpc (Rygl et al. 2012)

Cyg OB2

DR21

W75N

DR20
DR22

Beuther et al. (2022)

Schneider et al. (2016)

Herschel 250 mμ
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Legacy value of NASCENT-stars

More relaxed timeline compared to ALMA 
LPs: data acquisition is distributed over 6 
semesters

~30%

~60%

array
SD

Project status

Evolutionary stage ionising vs. non ionising source 	
(1mm/3mm continuum, RLs)

Outflows CO (J=2-1, J=1-0)	
SiO (J=5-4, J=2-1)

Excitation Complex Organic Molecules (COMs), 
CH3CCH, H2CO, S-bearing species

Temperature Mass estimate	
Density and temperature profiles	

Kinematics N2H+, CS, HCN, HCO+

• 228 h allocated array time 
starting from 2023 WS	

• A+C config @ 3mm, C @ 1mm : 
Double (wide)-band 
interferometric spectral 
survey 	

• Ancillary dataset from the radio 
to the near-IR
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Pilot observations (CygX-N53)

3mm

21

• Bontemps et al. (2010): 7 sources @ 1mm	
• NASCENT-stars: 18 sources down to 5  	
(25 Jy @ 3mm)	

• Low-, intermediate-, high-mass protostellar 
envelopes	

• Disks?

σ
μ

Gain in continuum sensitivity

IRAC 1
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Pilot observations (CygX-N53)

3mm

22

• Overall statistics > 60 sources to get a statistical assessment	
• Heavier COMs are also detected! (C2H5OH, CH3OCH3, complex heavy cyanides)

Chemical differences among the protostars

Rest Frequency (MHz)



T. Csengeri (LAB)PCMI2024-Bordeaux 23

Full view of the molecular composition (MM1)
3mm 1mm

1mm setup is expected to be more sensitive to the 
compact and hot heating sources
PhD thesis of Devismita Panda (started in 2024)
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Age sequencing of protostellar envelopes (CygX-N53)

84.5 GHz Class I 95 GHz Class I 6.7 GHz Class II (VLA)

MM1 : The most massive and more evolved stage protostellar envelope	
MM2 : Potentially equally massive, but younger

Class I CH3OH masers : No association with continuum sources	
Class II CH3OH masers: Association with continuum suggests that it has a 
high-mass proto star	

Synergy with GLOSTAR	
(Brunthaler et al. 2021)
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Ortiz-Leon et al. (2021)
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Processing large dataset with AI/ML based new methods
Acetaldehyde

Ethyl cyanide

N. Kessler - CSI 2024 12

The distribution of COMs in the cores is representative of their physical 
properties and evolutionary state.

First analysis of detected COMs at 3mm, e.g.  (E) :CH3CHO

@ 112.2545 GHz 
6(1,6) - 5(1,5)E JPL 
Eup = 21.209 K

7 detected COMs for now (most common towards hot cores) : chemical differentiation 
between MM1 & MM2 (compactness & dynamics) and between N- & O-bearing (already seen 
by Bouscasse+ 2022, can trace the inner part or disc of sources depending on their mass).

Strong continuum towards MM3 & MM4 but present no emission from COMs : more evolved 
sources and/or lack of sensibility to detect them ? Acetaldehyde

Ethyl cyanide

N. Kessler - CSI 2024 12

The distribution of COMs in the cores is representative of their physical 
properties and evolutionary state.

First analysis of detected COMs at 3mm, e.g.  (E) :CH3CHO

@ 112.2545 GHz 
6(1,6) - 5(1,5)E JPL 
Eup = 21.209 K

7 detected COMs for now (most common towards hot cores) : chemical differentiation 
between MM1 & MM2 (compactness & dynamics) and between N- & O-bearing (already seen 
by Bouscasse+ 2022, can trace the inner part or disc of sources depending on their mass).

Strong continuum towards MM3 & MM4 but present no emission from COMs : more evolved 
sources and/or lack of sensibility to detect them ?

COMs are detected with NASCENT-stars!

• PhD thesis of N. Kessler (U. Bordeaux, 
Artificial Intelligence special action): AI 
for spectral line analysis (                 )	
                                         Cornu et al. (2022)	

• Goal: quick assessment of molecular 
content & extracting temperatures and 
column densities	

                see the talk by Nina Kessler!
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Input spectra
Convolution layer Pooling layer

Pattern extraction Classification

Neural network with n 
dense layers

Output layer predicting a 
class for a given spectrum

10

Strategy during this research :


1. Building a high quality and homogeneous annotated training sets for network learning.


2. Building and optimisation of a convolutional neural networks with                                (© 2023 David Cornu) + train them.


3. Use of trained neural network to study large samples of spectra and to look for the origins of chemical differentiation. 

No reference exists in the literature for the use of CNN on 1D spectra : 

exploring different approaches as a first step



T. Csengeri (LAB)PCMI2024-Bordeaux 26

Conclusions

ALMA-IMF: statistical sample of hot cores	

‣ ALMA-IMF (PI: F. Motte) was the first large program at ALMA to investigate 
the origin of high-mass star and cluster formation                                                                     
Motte et al. (2022), Ginsburg et al. (2022)	

‣ Chemically rich regions systematically identified using CH3OCHO emission 	
Bonfand, Csengeri et al. (2024)	

‣Non-continuous 6.7 GHz bandwidth provides limited access to excitation 
analysis of COMs	

NASCENT-stars: interferometric wide-band spectral surveys represent 
extremely powerful tools 	
‣ Astrochemistry: precise estimates of molecular abundances	
‣ Detection of strong Class I CH3OH masers towards our first target (N53)	
‣ Goal: constrain the evolutionary stage of protostellar envelopes using their 
molecular content
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Molecular diversity in hot cores


