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Molecular composition of protostellar envelopes

How does the molecular How does the complex Does the external

composition, in particular interplay of physical environment (radiation field,

the abundance and processes such as radiative multiplicity) play a role in

diversity of COMs, depend heating from the protostar, the chemistry of star
luminosity bursts and forming cores?

on physical properties,
such as age and mass of
the protostar?

shocks impact the
emergence of molecular
complexity?

survey

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

PCMI2024-Bordeaux 3 T. Csengeri (LAB)



Emerging molecular complexity: when and where?

O and early B-type stars
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e Compared to Solar type stars, physical
conditions for high-mass star and cluster
formation is different (density, thermal history,
radiation field)

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

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

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

Chemical differences between low and
high-mass envelopes?

T. Csengeri (LAB)



Clump mass [Mg,,]

ALMA-IMF maps 15 high-mass star forming regions

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

Pls: F. Motte, F. Louvet (IPAG), P. Sanhueza (NAOJ), A.

Ginsburg (U. Florida)

e Massive clumps from ATLASGAL

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

e Representative of different evolutionary stages:

. e Csengeri et al.(2017) [
o ALMA-IMF targets
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ALMA-IMF reveals a rich population of protostars

PCMI2024-

1mm dust continuum
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PCMI2024

ALMA-IMF reveals a rich population of protostars

ALMA-IMF. L. 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-IME 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-IME. 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-MMZ2&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-IME 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-IMEF. 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 H41a 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)



ALMA-IMF spectral coverage

e Dual band approach : B3 and B6

= Free-free contamination: spectral index, Ha lines

= Temperature probes (CH3CN, CH3CCH)
= N:H+ gas kinematics
= Outflows (CO, SiO)
= Shocks (SiO, SO, SO2)

ALMA Spectral Frequency Bandwith  Resolution = Main spectral lines
band window [GHz] [MHz] [kHz] [kms™!]
Band 6 SPWO  216.200 234 244 034 DCO* (3-2), CH;0CHO, OC**S (18-17), HCOOH
SPW1  217.150 234 282 039 SiO (5-4), DCN (3-2), *CH;0H, CH;0CH3
SPW2  219.945 117 282 038 SO (6-5), HY’CO (312,-21,1), CH30H
SPW3  218.230 234 244 033 H,CO (3-2), 0'3CS (18-17), HC3N (24-23), CH;0CHO
SPW4  219.560 117 244 033 CBO(2-1), C,HsCN
SPW5  230.530 469 969 1.3 CO (2-1), CH3CHO, CH30H, C,H3CN, C,HsOH
SPW6  231.280 469 488 0.63 1BCS (5-4), N,D* (3-2), OCS (19-18), CH;CHO, CH30H,
CH;*OH, C,HsCN
SPW7 232450 1875 1130 1.5  H30e, CH3CHO, CH30H, CH3;0CHO, C,HsOH, C,H5CN,
CH3;0CH3, CH3;COCH3, BCH3CN (13-12), HyC?*S (717—616), HC(O)NH,
Band3 SPWO 93.1734 117 71 0.23 NH" (1-0), CH;0H
SPW1  92.2000 938 564 1.8  CH3CN (5-4), H4la, CH3"*CN, 13CS (2-1), '*CH;3;0H, CH;0CHO
SPW2  102.600 938 564 1.6  CH3;CCH (6-5), CH30H, H,CS,C,H5CN, C,HsOH, CH3NCO
SPW3  105.000 938 564 1.6  H,CS, CH30H, C,H3CN, C,Hs0OH, CH3;0CHj3

PCMI2024-Bordeaux
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Chemically rich sites in ALMA-IMF

e« ALMA-IMF Band 6 setup covers the 216.1 GHz CH30CHO lines “’
e Tracer to search for chemically rich sites:

» Where do hot cores emerge?

Methyl formate (CH3OCHO)
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Methyl formate emission in ALMA-IMF

e Integrated intensity of the CH30CHO lines at 216.2 GHz (Evwp/k ~ 100 K)
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High-mass protostars all become hot cores

e Two classes: compact (central heating) and extended regions (collective
effects, chemistry)

e Source extraction with GExt2D ~ 70 compact sources with region to reglon
variations

e Correlation with the dust continuum cores:

=
o
o

102} .

» Continuum emission towards all compact | lgo

methyl formate sources, but association to ‘ '
compact continuum cores is not always

trivial

160

140

Number of sources

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

120

Gz 10

10 10? | 102
Core mass (Mp)

100

Ratio of MF source to dust core per bin [%]
Bonfand, Csengeri et al. (2024)

N
AN
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Are all methyl formate sources hot cores?

e Most massive cores: population of hot cores with e Most extended “extreme” hot cores: could be
several new hot cores identified (76%) consistent with a single very massive

e Size distribution : 500 - 13200 au protostar of ~106 Lol

e About 50% of the sources are lower mass cores e Low-mass CH30OCHO: intermediate mass
sources, large hot corinos or shocks?

20.0f ---- median FWHMde¢

3 5l od FWHM — 7Z8) ' models with internal heating source
5 . P FWHM dec § |
@] 3 1
: 150/ S A N :
© 7] '
€ ) v 607, |
= 12.5F / X 25 O\JQ I
(@) ) /14 OM I
“_; Lool / E’ o) \\o
s © l
£ g Sublimation temp.
s 2 5 T=160K oo -
= (TPt b b 1021 T=120K ,
g sof eRiLE |

1oV pla b | |
5 LR ] - .
= 25 ’ Bt o 7 ol - : |

O O ”"'ﬁrv' .;.ﬂ‘k:o“ .’.r' Pgﬂ | | | m }_°I| - — T T T T T .I T T T T T T T T T
' 2000 4000 6000 8000 10000 12000 14000 102 103 104
Source size (FWHM) [au] Radius [AU]

PCMI2024-Bordeaux 12 T. Csengeri (LAB)



Towards a statistical sample

Methyl formate cores from the W51-E protocluster
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T. Csengeri et al. (in prep)
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Molecular composition of hot core candidates

e Line fitting: LTE model for 70 sources with XCLASS (MAGIX) using B3 and B6 =——p (N, Tex)
e Using about ~10 species: an automatic line fitting often fails, be aware of caveats!

e Reasonable results, but many lines are still unidentified + the fit needs to be improved

Spectral window: 1

120

Ci\ﬂ\' . CH:OCHOVI=1 COMs: methanol (+
100 2" vib. states), ethanol,
” . CHAOCHO . c?mplex cyanides (+
CH,OCHO X vib. states), methyl
B C2H5CN :LZE%, C2H5CN formate (+ vib.
E 60] 1 state), dimethyl
13¢Cs ether, CH3CHO,
40/ R 1 i ethylene glycol,
o \\ ! CH,OCHO acetaldehyde,
C,HsCN 1 lf lJ formamide,

91.8 92.0 92.2 92.4 92.6

Frequency [GHZ] .
T. Kushwahaa master thesis (2022)
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What are the best tracers of hot cores?

Statistcs of ALMA-IMF hot cores

(Note: identification was based on B6 100- 99% 100% 100%
CH30CHO emission) 91%
a0l 79%
e CH3CN & CH3CCH ~ 100%:
e CH3CH K=3 line has lower detection rate, § 0 oo )
K=0 line is too extended 2 60- o0% o0%
e CH3O0H : quite extended B  Lfecdladboadaalaclleadbadaaadaa [
S 42%
g 40
e Heavy complex cyanides have lower
detection rates 20- Lo%
e About half of our sample are rich hot

cores N S Y
¢ & «zé’o &5 & o oF & O
e A o
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Statistics of molecular composition

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

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

e Caveats: high Tex is not
always well constrained !

PCMI2024-Bordeaux
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Early warm-up phase chemistry

2mm
e “Complete” spectral survey of six SPARKS sources Sl o L L || Rimn _MMH
with the APEX telescope & Y AN TR TN BT
e Multiple transitions of the same species allow us I iy JLMM
to infer the excitation conditions bl
e Early warm-up phase seems to be well traced by MMM
O-bearing COMs (often below the thermal SR

desorption temperature)

PhD thesis of L. Bouscasse (MPIfR)

250 - >
e Highest Tex for cyanides: | @ F
CH3CN, C2HsCN, C2H3CN f_ﬁls"' | & B R -B
. 100 & & . § g B - b .B.
e Non-thermal desorption 18 s 8 8 R
- 1 'C/\A '(/V\ (/$ ' \//0 | W ' Y\O | e ls ' W 'o‘(\ '\e\o '3(9‘?\
for O-bearing COMs o o o g o5 o @ T
¢ G333.46 o G320.23 m G335.78 e G343.75 ¢ G328.25 » G335.58
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NOEMA AStroChEmistry of CygNus-X proTostars
s VRN VRS

. g, 3
f j i W R% R %
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Cygnus-X: an active site of star formation

bl - - - - s 3 3, e
¥ d ~"1.4 kpedRygtet a

Schneider et al. (2016)

1 2012)

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

forming stars

PCMI2024-Bordeaux

Sec. [72000]

42°00'00"

Locations of active star formation
have been identified and well
characterised

CASCADE 3mm continuum
3 W52 0.0]
o & in,
o | XN
0 N
0 (<
AV : L‘a‘xo"s.a\‘a
< NOR
: RS
- N
S &L
S =

Beuther et al. (2022)

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

T. Csengeri (LAB)



Legacy value of NASCENT-stars

lonising vs. non ionising source

e 228 h allocated array time _
(Imm/3mm continuum, RLs)

starting from 2023 WS

® A+C config @ 3mm, C @ 1mm : m gi(())((];zs_-lzi ]]==12_-01))

Double (wide)-band

interferometric SpeCtFal m Complex Organic Molecules (COMs),

survey CH3CCH, H2CO, S-bearing species

e Ancillary dataset from the radio Mass estimate
to the near-IR Density and temperature profiles

N2H+, CS, HCN, HCO+

Project status
~30% array

More relaxed timeline compared to ALMA
LPs: data acquisition is distributed over 6
~60% SD semesters

PCMI2024-Bordeaux 20
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Pilot observations (CygX-N53)

Gain in continuum sensitivity
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Bontemps et al. (2010): 7 sources @ 1mm
NASCENT-stars: 18 sources down to 56

Low-, intermediate-, high-mass protostellar
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Pilot observations (CygX-N53)

Chemical differences among the protostar
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e Overall statistics > 60 sources to get a statistical assessment

® Heavier COMs are also detected! (C2HsOH, CH30CH3, complex heavy cyanides)
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Full view of the molecular composition (MM1)

3mm ~ 1mm
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Imm 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 | 95 GHz Class I 6.7 GHz Class II (VLA) Synergy with GLOSTAR
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Class I CH30H masers : No association with continuum sources \
Class Il CH30H masers: Association with continuum suggests that it has : a
high-mass proto star ‘
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Processing large dataset with AI/ML based new methods

COMs are detected with NASCENT-stars!

e PhD thesis of N. Kessler (U. Bordeaux,
Artificial Intelligence special action): Al
for spectral line analysis ( @anna )

Cornu etal. (2022)

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

see the talk by Nina Kessler!
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Typical analysis sequence of complex millimeter spectra

Abundance
Spectra estimates
of asingle — f \
position
ﬁ Identificati Correlation
&L —> fen : Ilca |Ion > of molecule
Pa of molecules types
Spectra per
pixel (map) \ J
Spatial
> correlation
w Step 1 Step 2 Step 3 of molecules
[ Data processing Identification of molecules Modeling (mainly LTE)
© GILDAS, CASA, CARTA, Manual process using CASSIS, WEEDs, Step 4
= YAFITS, Aladin spectroscopic databases MADCUBA, XCLASS
25 (CDMS, JPL) Analysis of results

Scientific analysis & results

Kessler et ail (in prep)
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Conclusions

ALMA-IMF: statistical sample of hot cores

» ALMA-IMF (PI: FE. 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 CH30CHO emission

Bonfand, Csengeri et al. (2024)

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

(J2000)

Dec

NASCENT-stars: interferometric wide-band spectral surveys represent

extremely powerful tools

» Astrochemistry: precise estimates of molecular abundances
» Detection of strong Class I CH30H 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

W51-IRS2 and G337 max. B3
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