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Outline

Why studying protoplanetary disk chemistry?
=> What for? How?

Can we probe the chemistry at planet-forming scales?
=> Which facilities? Which chemical tracers?

How does the disk’s environment impact its chemistry and
architecture?

=> Can we detect signatures of inheritance from the
prestellar phase and/or chemical reprocessing within the disk?



Outline

1. Why studying protoplanetary disk chemistry?
=> What for?
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Protoplanetary disks

Molecular cloud

* Pivotal stage in evolution from -
_ . ~0.5-3 Myr
interstellar molecular clouds to ' .
planetary systems. Protostar
~0.1Myr

4 > 10 Myr
‘?Lane&arv Sjsﬁem

- [Credit: Bill Saxton NSF/AUI/NRAQ]
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Chemistry in protoplanetary disks

. . o f Molecular cloud
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Chemistry in protoplanetary disks
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Chemistry in protoplanetary disks

Molecular cloud

* Pivotal stage in evolution from ~0.5-8 Myr
interstellar molecular clouds to - |
planetary systems. Lo R Prokoskar
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 Formation, excitation &
destruction of molecules?
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- Chemical (re)processing during star & planet formation?



Outline

1. Why studying protoplanetary disk chemistry?
=> How?
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~40 molecules detected In disks

Inorganic

neutrals

CO isotopologues

IR

lons

J

CH* @9

)
HCO*
H13co+ f J
HC180+ f J
o
DCO* f

@9

J

N,D* -0

J

CHs+ ¥

~J

CH,CN

CH,CN

Nitriles and
isonitriles

HCN

N
=

w
M
=z 2Z2

TRLNS . S

T 0N
N &
=

HC>N
H'3CN

O
N
=

ac
=
(@)

RN

HC,N @

J

,
w‘""}g

Hydrocarbons

O organics

C2H2 J/y‘/J

CH,

CeHs

N

3Ry
’Ji:j

4+ plethora of

Hydrocarbons
(Tabone+2023, H,CO *{‘
Arabhavi+2024) J
9
CH5OH “ Jd
3 v 9
J
HCOOH {‘ 9
J
CH3OCHO:I;‘J
9 J

(Sub)millimeter

S molecules

H,S '#‘J

5340,



~40 molecules detected In disks

CN H-0 NHs HCsN CHsCN CH30OCH:s
CS H2S H-CO HCOOH CHsOH CH3OCHO
SO C2S H2CS c-CsH: CsH> CsHe
CO SOz C2H: CH, C2He
CH+ HCO+ CHs* CH2CN CsHa
OH HCN CHs
H. HNC

NO NoH+

C:H

CO:

e >10% of all the chemical species detected in Space so far (=320)




6 S-molecules detected in disks

> 6 atoms
CN H-O NH3 HCsN CH3CN CH3OCHs3
CS H2S H-CO HCOOH CHsOH CH3OCHO
SO C2S H2CS c-CsH: CsH> CsHe
CO SOz C2H: CH, C2He
CH+ HCO+ CHs* CH2CN CsHa
OH HCN CHs
H. HNC
NO NoH+
C:H
CO:

Routinely observed in wide range of astrophysical objects:
from extragalactic sources to our own Solar System

Commonly used to probe the physical conditions (shock, infall, accretion, ...)

Key components in the formation of life building-blocks and in planet habitability
[Chen et al. 2015, Ranjan et al. 2018, Ruf et al. 2019]




Schematic “simplified” view of the
ISM sulfur chemical network
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Adapted from: Vastel, Quénard, Le Gal et al. 2018, MNRAS, 478, 5514

—3 solid state reactions
—J) gas-phase reactions
—P electronic recombinations

prestellar core (L1544)
[Vastel, Quénard, Le Gal+ 2018]

PDR (Horsehead)
[Riviere-Marichalar, ...,
Le Gal+ 2019]

O

protostellar envelope

(IRAS16293-2422)
[Drozdovskaya+ 2018]

- Intermediate species




Astrochemical modeling

Physical properties of
the modeled source
(Tgaz> N, Ay, G Go, -..)
OD/1D /2D

Physical properties of Physical properties of
interstellar dust molecules
(Tausts 1 ---) (M, Epindings ---)

Chemical

composition
(elemental &
initial)

Chemical

network
(pure gas phase,
gas/grains, grains)

Chemical species abundances
as function of time



Protoplanetary disk structure
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Protoplanetary disk structure
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Protoplanetary disk structure

Cold mid-plane




Protoplanetary disk structure

Cold mid-plane




Protoplanetary disk structure

Cold mid-plane

Temperature (K) log(Density) (cm~3) log(Ay) (mag) log(UV) (Draine's units)
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Le Gal et al. 2019a, ApJ, 876, 72



Disk chemistry modelling results
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CS In disks: Observations vs models

ALMA observation of CS Modeling results
S SO
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{ Uhd-erst-ahdin’g of the observed abundance & spatia-l structure ‘{_’
| of the most accessible sulfur molecule in disks, CS. i



H-CS in disks: Observations vs models
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H-CS in disks: Observations vs models

Debtection of H:CS it disks
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H-CS in disks: Observations vs models

Detection of HCS in disks
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H-CS in disks: Observations vs models

Detection of HCS in disks Modeling results vs observations
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H-CS in disks: Observations vs models

Deteckion of H.CS in disks Modeling resulks vs observations
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Sulfur |sotop|c ratios in disks

N(CS)/N(C*S) | N(H,CS)/N(H,CHs) | [Law, Le Gal et al. 2025,
301 . 1 ApdJ, 985, 84]
ol |
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MWC 480: Le Gal+2019, GG Tau: Phuong+2021 ; HD100546: Booth+2024 ; HD163296: Law+2025




Sulfur |sotop|c ratios in disks

35 '

N(CS)/N(C34S) N(H CS)/N(H C38) [Law, Le Gal et al. 2025,
30} - 1 ApdJ, 985, 84]
iy b

ISM b b
20F
15F
10F
OF 4 ‘ l
0 | © | Q | O
W ® Fy &L P
(003 %\, @Q \/QQ (/\',Q ,&’Q)(’ C?O \6’3
Q & N Q
< S ¢
N |

f o How does thls |mpr|nt onto formlng planet(s)'? ; |

Herblg C|IS|<S ~ T'Tauri dIS|<

{ e Do disks around Herbig stars show enhanced 34S?
e Orinherited from an unusual molecular cloud when the disk formed? |
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{ ® We need more multi-line observations of 34S isotopologues in disks.
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Outline

2. Can we probe the chemistry at planet-forming scales?
=> Which facilities? Which chemical tracers?



Molecules with ALMA at Planet-forming Scales

A http. //alma-maps info [ Oberg & MAPS collaboration, ApJS, 2021, 257, 1]
IMLup GMAur AS209 HD163296 MWC480
< o ® @ ’
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2 0 -2
ABga

- - - - 4 0 4 y DR ~ o r £ ¥
- » » . v o ° F 3 & u .
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Team: 5 co-Pls: K. Oberg, Y. Aikawa, E. Bergin, V. Guzman,C. Walsh + 39 co-Is



Molecules with ALMA at Planet-forming Scales

A http. //alma-maps info [ Oberg & MAPS collaboration, ApJS, 2021, 257, 1]

IMLup GMAur AS209 HD163296 MWC480
:Cbg 0
<l

.S [ Le Gal & MAPS coll., 2021]
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- » » . v o ° F 3 & u .
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Team: 5 co-Pls: K. Oberg, Y. Aikawa, E. Bergin, V. Guzman,C. Walsh + 39 co-Is




Disk-integrated column densities

[ Le Gal & MAPS collaboration, 2021, ApJS, 257, 12]

[ Le Gal et al. 2019, ApJ, 876, 72 ] 1 MAPS diskes
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Disk-integrated column densities

[ Le Gal & MAPS collaboration, 2021, ApJS, 257, 12]

Column density (cm™2)
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CS/SO probe for the C/0O elemental ratio

Modeling results vs observations in MWC 480
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[ Le Gal & MAPS collaboration, 2021, ApJS, 257, 12]

for the C/O ratlo |n dlSkS

[Berg/n et a/ 1997 Semenov et a/ 2018]

" => CS/SO ratio is a promiih”b‘rbbe

)



CS/SO probe for the C/0O elemental ratio

Modeling results vs 0bservations iN MYV C 480 [ e e e Y
f =>CS/SO ratio is a promising probe }

for the C/O ratlo m dlSkS
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Why probing the C/O ratio?
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Why probing the C/O ratio?

a) R (AU)
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Where do molecules reside
vertically?



ALMA Large Program: DiskStrat

A comprehensive picture of chemical and
vertical structures in protoplanetary disks

Chemistry / Gas Lines Dust Continuum

, Disk winds
Photon Dominated
Regions (PDR)

HST

------ l‘.J Y’ X >
‘ Observer
---------- o ®
-" ALMA
_________ WSMﬁk;: o
o Bare grains (~ ym) g e
® Ice-coated grains (~ ym) migration : ° e .
@ Icy pebbles (~ mm) Dust settlmg o
: | <% > < . >
30 10 Inner disk Outer disk

ALMA

PI: Le Gal + 4co-Pls: Ménard, Aikawa, Bergner, Espaillat
+ 34 co-lIs, incl. Maret (Imaging Coordinator) & Tanious (Calibration Coordinator)



ALMA-DiskStrat Sources

> 9 Edge-on-Disks:

already characterised in scattered-light by HST and JWST, mm continuum and CO
emission and spanning a range of dust distributions, masses, thermal properties,

and SFRs.

« all have guaranteed JWST observations, which will provide complete datasets for
a comprehensive picture of the full dust and gas vertical distribution from midplane
(mm) to upper layers (NIR/scattered light).

Star  SFR M, (Mg) Dist. (pc) Radius (7) Characteristics

bl o Tan 0.27 140 3.6 thick disk, jet, wind

TT Tau 0.45 140 1.8 thick disk, jet & outflow

1=l Cha 1.0 190 (.7 thin disk, jet, binary system
il Gl 0.35 160 1.0 thick disk, jet, less incl. disk
1l Cha 0.65 160 0.7 thin disk, jet & outflow

11 Oph 1.2 147 {5 thin disk, dust rings, wind

TT Oph 0.58 120 2.1 thick disk, dust obs.

HAe USco — 145 0.9 thick disk, PAH, jet, binary system
HAe — 20 250 5.0 thick disk, PAH, GoHam b




Outline

How does the disk’s environment impact its chemistry and
architecture?

=> Can we detect signatures of inheritance from the
prestellar phase and/or chemical reprocessing within the disk?



Chemical exploration of Class | YSOs

e Several spectral surveys
probed the chemistry of:
(1) the earliest stages of

star formation:
>»TIMASSS (Caux+2011),
> PILS (Jorgensen+2016),
> ASAI (Lefloch+2018),
»SOLIS (Ceccarelli+2017),
»FAUST (Codella+2021)

(2) and of late planet-

forming disks:

>DISCS (Oberg+2010, 2011),
>CID (Guilloteau+2016),
» ALMA-MAPS (Oberg+2021)

HL Tau (Class | disk)

ed)

aliz

(norm

Surface brightness

Segura-cox+2020 (Nature)




Chemical exploration of Class | YSOs

e Several spectral surveys

probed the chemistry of:
(1) the earliest stages of

star formation:
>»TIMASSS (Caux+2011),
> PILS (Jorgensen+2016),
> ASAI (Lefloch+2018),
»SOLIS (Ceccarelli+2017),
»FAUST (Codella+2021)

(2) and of late planet-

forming disks:

>DISCS (Oberg+2010, 2011),
>CID (Guilloteau+2016),
» ALMA-MAPS (Oberg+2021)

The IRAM survey [PI: Le Gal] =

Source R.A.(%) Dec.(®) Toor L@ ML M) M./ RY - RV Visg  Dist

(J2000) (J2000) (K)  (Lo) (Mo) (Mp) Mgny.  (au) (au) (km/s)  (pc)
IRAS 04302+2247  04:33:16.501 22:53:20.400 1229 0.4  0.017F0:0%¢  0.11479-019 6.7 1086 244  55[1] 1613
IRAS 04295+2251  04:32:32.055 22:57:26.670 270 0.3 0.037F0:0%%  0.01840.001  0.49 1081 127 53[1] 161434
IRAS 0436542535  04:39:35.194  25:41:44.730 164(Y 2.1 0.07179-9% 003079902 (.42 1829 143 6.6 [2] 140441
IRAS 04016+2610  04:04:43.071 26:18:56.390 226 7.0 0.02370:01%  0.0094+0.001  0.39 1446 497  681[2] ~1409
IRAS 0416642706  04:19:42.627 27:13:38.430 75! 0.2 0.10040.009 0.02740.003  0.27 1209 180  6.7[3] 160+3)
IRAS 0416942702  04:19:58.449  27:09:57.070 133(® 0.8  0.05572-90%  0.01240.001  0.22 672 39 6.8[2] 160+3)
IRAS 0418142654A  04:21:11.469  27:01:09.400 346(®) 0.3  1.2347%58%  (0064+0.001 4.8e-3 >20000 47  7.1[1] 160+3)

—0.391

[Le Gal, Oberg, Huang, Law, Ménard, Lefloch, Vastel, Lopez-Sepulcre, Favre, Bianchi, Ceccarelli et al. 2020, ApJ, 898,131]
[Tanious, Le Gal, Neri, Faure, Gupta, Law, Huang, Cuello, Williams, Ménard, 2024, A&A, 687,A92]



First results of the CHEMYSO survey

% Class | YSOs are molecule-rich! (Le Gal et al. 2020):

> C, N, O, and S carriers (e.g. small cyanides, hydrocarbons, etc.) and variety of D,13C, 15N, 180,

170 and 34S isotopologues

» Other organics (Natoms > 3) & COMs: H.CO, CsH>, CH3z0OH, HC3N, CHsCHO, etc.
“ Detailed analysis: tracers of (i) dense cold gas, (i) shocked gas & dense ionized gas

“ Interferometric data required to distinguish between YSO components
=> NOEMA data (Tanious+2024, A&A & Tanious+2025 submitted),

PHD of M. Tanious (2022-2025)
(supervisors: R Le Gal & A. Faure)




Protostellar system environment

Herschel SPIRE
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nvironmental influences on disk /&

WORK IN PROGRESS

NOEMA+30m @ 3mm (Tanious et al. 2024) NOEMA @ 1mm (A configuration, 0.36” x 0.13”) in prep
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WORK IN PROGRESS

Environmental influences on disk

[ Crédit : NASA/ESA/CSA/STSci ]

PHD of H. T’Kindt (2024-2027)
(supervised by S. Maret and R. Le Gal)

JWST 3.3 pm

IRAM 30m + NOEMA project:
a chemical inventory of the gas
infalling onto an emblematic
nascent protoplanetary disk

—> check Hugo’s Poster in S17
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Summary and perspectives

> The latest high-resolution telescopes (e.g. JWST, ALMA and now NOEMA!) allow
detailed studies of the chemistry and structure of planet-forming disks:

4+ Map the vertical and radial molecular gas distributions (MAPS, exoALMA, DiskStrat)

4+ Key chemistry findings: S-reservoir in disks may be more organic than thought!

4+ Search for new species in disks predicted by models & obs. in # astrophysical objects.
4+ Synergy with JWST (GTO & GO programs) to probe the icy and warm gas disk composition

> Astrochemical modelling to interpret observations (chemical history & astrophysical
probes)

4+ CS/SO0 is a promising probe for the elemental C/O ratio

4+ C/0 = 1 in most disks —> outer disk regions (?)
4+ S/H ratio : is sulfur partially released from clouds to disks?

> Prospectives:

4+ Probe the impact of large-scale environments on disk structure and composition

4+ Identify what chemical abundances can be expected on nascent planets
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Summary and perspectives

> The latest high-resolution telescopes (e.g. JWST, ALMA and now NOEMA!) allow
detailed studies of the chemistry and structure of planet-forming disks:

4+ Map the vertical and radial molecular gas distributions (MAPS, exoALMA, DiskStrat)

4+ Key chemistry findings: S-reservoir in disks may be more organic than thought!

4+ Search for new species in disks predicted by models & obs. in # astrophysical objects.
4+ Synergy with JWST (GTO & GO programs) to probe the icy and warm gas disk composition

> Astrochemical modelling to interpret observations (chemical history & astrophysical
probes)
4+ CS/SO0 is a promising probe for the elemental C/O ratio

4+ C/0 = 1 in most disks —> outer disk regions (?)

Hiring
postdoc!

4+ S/H ratio : is sulfur partially released from clouds to disks?

> Prospectives:

4+ Probe the impact of large-scale environments on disk structure and composition

4+ Identify what chemical abundances can be expected on nascent planets
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