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Large variety of planetary systems all ditfferent from each other and
from our Solar System
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- Low mass star formation process

Protostar

Time = 0 gravitational collapse

Time = 10%yr
o

Planet fi I isk
Planetary syste anet forming dis

Time = 1056 yr
Time > 106 yr
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Evelutionary Classification of Young Stellar Objects

0-20 0 L1544'- Optical L1544 - Opt+IR
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pung Protosta “6‘3
O AS[ ;\531 — Spectral energy distributions (SEDs) of
| o o the different formation stages of a Sun-
s }5,; | ,_\-b " ‘ like star (Adapted from Persson 2014).
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Chemical Evolution in Young Stellar Objects

STEP 1: Molecular cloud clump Gas-grain sputtering STEP 2: Protostar

%- ‘{0\')\@ (and LO
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w‘%
"

Icy mantle formation Hot corino

Icy mantle sublimation

Molecular layer

Dust agglomeration

STEP 3: Protoplanetary disk
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1 I 1 ] 1
Inner

— 1000 au

Tkin ~ 10-30 K
(down to 6 K in the central core)
n~1046cm-3

1,000 au ~
1 I 1

Caselli et al. 202?
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‘Starless and Prestellar Cores: Cold but complex!

In the central 2000 au, 99.99% of all species
heavier than He are frozen onto dust grains

C-C3H2 CH3O
C4H C-C3H20
HNCO HCOOH
H,CCC  CH;0H
H,CCO  CH,CN

Icy mantle formation

Hydrogenated species

L1544 - Opt+IR

© ESA /Herschel / SPIRE

1 1 I 1 ] 1 I 1 1 1 I 1 1
- Inner
— 1000 au .

l.2mm

o | CH30H 353-292 A" L1498 |

/—/ 72 ) //;"/
Dust@cak VK
ys ‘S \ I
,1 / 7 ,I/J’
!" \ S
/(/ /\ /
@empf_dk

Jimenez-Serra et al. 2021 :

a(arcsec)

H H H
ES+ Gas CO |—| HCO |—»| H,CO |—*| CH3;0 |—»| CH3;OH
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C-C3H2
CH
HNCO
H,CCC
H,CCO
HCsN
HC,N
HCyN
C,H:CN

Stg::less and Prestellar Cores: Cold but complex!

24°00.0"

Rather complex,

1200.0"{™

CH;0 structurally ... :

Q +26°00°00.0"

C-C3H20 . " =
CH,OH
CH,CN
CH,CHCN
CH;CCH
CH;CHO
HCOOCH,
CH,OCH,

e T
24m00.00s 21m00.00s 18m00.00s 4h15m00.00s
RA (j2000)

31 cores in Taurus
CH3z0H ~100%
CH3;CHO~70%

N(CH3;CHO) em™> (\'
[ PAL_LN

Vastel et al. 2014, 2016, 2018, 2019, Jiménez-Serra et al. 2016, 2021, Punanova et al. 2018, McGuire et al. 2018, Fuente et i
al. 2019, Caselli et al. 2019, Cernicharo et al. 2021, 2023 Burkhardt et al. 2021, Scibelli et al. 2020,2023, Bianchi et al. 2023 §

N(CH;0H) cm™2

= 1
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arless and Prestellar Cores Cold but complex'
- McGuire et al. 2020 g

. The cm saga'

2 5 = 5t K
- - ; ™ *_" ." el | [ ! & “»., i b B 4R ®
il i & *", 2 ‘n;' > ) ¢ i ".\"/" $ » | o LTS
' GBT: GOTHAM, ARKHAM  YEBES: QUIJOTE. SANCHO

..and chemically

¢-CH,  CH30 c-CeHy HCCCH2CCH

CH c-C;H,0 c-CoHg NCCHCS

HNCO  HCOOH C,Hs;OH HNCCC

H,CCC  CH;0H C,HsCHO @ CcHsCN
H,CCO CH,CN CH,COCH, benzomtrl/l»-«

HCsN  CH,CHCN CH;CHCO

HC,N  CH,CCH  HCCCH,

HCgN CH3 CHO c-C 5H4CCH2

C,H;CN HCOOCH; C¢HsCN
CH;0CHj;

RA (J2000)

f—\d
N

Widespread presence of complex organic | Cernicharo et al. 2023
molecules, carbon chains and and benzonitriles |

I McGuire et al. 2018, Burkhardt et al. 2021, Agiindez et al. 2023, 2024, Fuentetajaet al. |
+ES+ 2023, 2024a,b, Cernicharo et al 2021ab 2022a..d, 2023a,..e, 2024a..f, Cabezas et al. 2024 |
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https://ui.adsabs.harvard.edu/search/q=author:%22Fuentetaja%2C+R.%22&sort=date%20desc,%20bibcode%20desc
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Ice Observations of Prestellar Cores

'* . Carbon |
i' MOnOX|de Smcates

Rl Carbon

: Ammonia Dioxide

m Methanol _'
. 7]
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b ICE AGE
| I I l I [ | | g
3 ) %710 20
Major ice Silicates
components: it ... HOIb.
- Water ~";
Z NIR38 (A,~60)

- CO § continuum fit
= COz g
- NHy
- Methanol
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ol ﬁ"LOW mass star formation process

Protostar

Time = 0 gravitational collapse

Time = 10%yr
o

Planet fi I isk
Planetary syste anet forming dis

Time = 1056 yr
Time > 106 yr

+ES+ ~. ,
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Protostars: astrochemical laboratories and molecular factories

CS,H.CO, | CH;OH
.
- Outflow/jet

Infalling envelope

>

. ~ Core/Disk
HCO+, N H+ | " 4
N,D+ DCO* (cold) ¥/ :
\ 1iCOMs, carbon chains,

cyanopolyynes
(+ isotopologues)

Disk chemical composition
in young protostars —>
initial chemical budget for

H,CO, HGC3N, SO forming planets L
(others?) (Caselli & Ceccarelli 2012, Oberg& ‘

Accretion streamer

S d Bergin 2021, Ceccarelli et al 2023)
+E© + / : |-|
+ Marta De Simone e 20 October 2026 &' ’ 12 .




The energetic phenomena around protostars

Ouflows, cavities and winds

b)

. B SO knots

.t
N

Rotation velocity (km/s)

Position Offset (arcsec)
o

0.4
Position Offset (arcsec)

Tabone et al. 2017, Lee et al. 2021

Position Offset (arcsec

+ Low density molecular gas seen at high velocities 10-50 km /s
+ Red and blue wings spatially separated —> bipolar flow

+ Usually poorly collimated —> length /width ~ 2

+ Extent ~ arcmins (~ 0.1-3 pc); Mass ~ 0.1-100 Mgun

+ Wind launching radius ~ 4 to 40 au

*+ = b, Ny ® Disk
200  —100 0 100
+ES+ B jat )

+ Marta De Simone fi‘ff;%glsyfg‘fu%%%}, 20 October 2026 | ¢ 2,13 ¢




The energetic phenomena around protostars

Jets

Resolution does matter!
e — HH211 Outflow

Greyscale: NIR image
Contours: CO (2-1)

!21" beam

Blue
lobe

Red

lobe €O J=2-1

High velocities

H, v=1-05(1)/ 12CO J=2-1

+ Rapid heating (from ~10 K to a few 1000 K) and
compression of the gas (Shock chemistry)——

5 arcsec

+ Jet launching radius ~ 0.05-0.20 au.

Shell1

+ High-T chemistry: endothermic reactions )
+ Ice sublimation & grain disruption = p
+ The gas acquires a chemical composition ohells fi
distinct from that of the unperturbed medium Shell4
"
+ES+ *
Q| Marta De Simone Agfroplsics Schaol
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Resolution does matter!
10.

The energetic phenomena around protostars
g o Jets

Greyscale: NIR image

40.

15. 20. 25.
10° au

Log10[n] [cm™®]  t=2000yr

5

5 arcse:
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& ..&».eenergétic' phenomena around protostars

» . " i .
R R Shocked Regions
AR . TR seiae. Ty Unique environments to study
- N e e Shocks sputter. / shutter possible time-dependent effects
4 By By . dust grains
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A e e | Shocked Regions

The energetic phenomena around protostars

SlO

W d874+128 km Unique environments to study

Shocks sputter/shutter possible time-dependent effects

« ; dust grains
I~6oo =4 i : De Simone 5 -

et al. 2025

Dec. offset (asec)
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R.A. offset (asec)

Tracers:

SiO —> Si, released from the refractory core to the gas phase, fast oxides
(e.q. Caselli et al. 1997; Schilke et al. 1997; Gusdorf et al. 2008a,b; Guillet, Pineau Des Foréts & Jones 2011) (\-'

+—1 CH30H —> formed efficiently on the grain mantles and released into the gas phase
+ES+ (e.g. Watanabe & Kouchi 2002 ; Rimola et al. 2014; Flower, Pineau des Foréts & Rabli 2010)

Marta De Simone e 20 October 2026




Protostars: astrochemical laboratories and molecular factories

Si0, 12CO, H,CO,
CH;OH

r ol
-4’ T

CS, H.CO,

Infalling envelope

e

HCO+*, NoH~
N>D+ DCO+* (cold)

Carbon chains § /—\
- . Outflow/jet

Core/Disk

1COMs, carbon chains,
cyanopolyynes

¢ ' (+ isotopologues)

Disk chemical composition
in young protostars —>
initial chemical budget for

H,CO, HGC3N, SO forming planets L
(others?) (Caselli & Ceccarelli 2012, Oberg& ‘

Accretion streamer

S d Bergin 2021, Ceccarelli et al 2023)
+E© + / : |-|
+ Marta De Simone e 20 October 2026 &' ’ 18 .




The accretion streamers

| 8

'*»:" 100 au

+ Natural outcome of axysimmetric
cloud collapse

+ Observed at all stages of SF process

+ May feed the disk at a rate 10-100
times larger than the disk-to-star
accretion rate

+ May perturb the disk and produce
spirals

e GO 1) P 1<
Image: HC3N (10 — 9)

Pineda et al. 2022 - ® sl
® Per-emb-2 5,000 au | Cacciapuoti et al. 2023 "“‘
.‘ RS-

o
< 'CHsCN 125-113 1
i Hsich et al. 2023 290

.. .’
., .t
------

_300au ‘4
~ IRS63 -

ES+
0

5

. . . : au ) . Podi l. 2024.
+ May bring in fresh material and ® per-emp-50 .(,)90, o e e ‘.0 oerat 2%
alter the chemistry at the accretion
shock front
Marta De Simone e 20 October 2026




Protostars: astrochemical laboratories and molecular factories

Si0, 12CO, H,CO,
CH;OH

r ol
-4’ T

CS, H.CO,

Infalling envelope

e

HCO+*, NoH~
N>D+ DCO+* (cold)

Carbon chains § /—\
- . Outflow/jet

Core/Disk

1COMs, carbon chains,
cyanopolyynes
(+ isotopologues)

Disk chemical composition
in young protostars —>
initial chemical budget for

H,CO, HGC3N, SO forming planets L
(others?) (Caselli & Ceccarelli 2012, Oberg& ‘

Accretion streamer

S d Bergin 2021, Ceccarelli et al 2023)
+E© + / : |-|
+ Marta De Simone e 20 October 2026 &' ’ 20 .




In the earth of protostars

Hot Corinos:
Compact (<100 au), hot (>100 K),
dense (>107 cm-3) region enriched in iCOMs*
chemistry dominated by ice mantle sublimation
Ceccarelli 2004 Ceccarelli et al. 2007

FOREST of lines

Bianchi et al. 2020

LI B B | l

E
F
g

Continuum 1983

CH5OH
~ CH3OH

]A1111111:“1‘1'111111111

CHOH
"3CH50H

HCOOCH:;
HCOOCH;

HCOOCH;

i
!
|

2954 255.6 23358 254 234.2 234.4 234.6
v (GHz)

*iCOMs (interstellar Complex Organic Molecules):
C-bearing molecules with more than six atoms and containing heteroatoms (like N, O, ...)
(Herbst & Van Dishoeck 2009, Sakai &Yamamoto 2013, Ceccarelli et al. 2023)

Marta De Simone e e 20 October 2026 L' 21
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Ice observations of protostellar environments

H,CO CHsOHYang et al. 202

H,CO* NHa* NHa4+*
|
Ny

\mn HCOOH HCOO-
Detection of COMs in the 3 4 Class 0 IRAS 15398-3359 “2<0  ©HatHo

ices around young protostars

HCOOH* H20

and in the really hot gas

<
=
=
i)
9
T B1l-c JWST/MIRI spectrum i HCOOH : H,0: CH30H (6:68:26, 15 K)
Tg overall fitting CalflsOH : H20:(1:20; 15 K)
! CH,4:H,0 (1:100, 13 K) CH3CHO';: H>0O (1:20, 15 K)
8‘ OCN~ (15 K) CH30CH3: H,0 (1:20, 15 K)
HCOO~ (14 K) CH30CHO:CO:H;CO: CH30H
1 H,CO (10 K) (1:20:20:20; 15:K)
CH3COCH3:H;0:CO> (1:10:10, 15 K)
7.6 7.8 8.0 8.2 8.4 8.6 8.8
Wavelength (pm) Chen et al. 2024
et
O | Astrophysics School — _ ¥ 0,
- strop yszcs choo -
+ Marta De Simone “Franicesro Lucchin” 20 October 2026 22




In the earth of protostars

Hot corinos mainly studied at mm wavelengths

~ PABI/NOEMA ALMA

IRAS2A1 Joergensen et al. 2016, Manigand et al. 2020

SVS13B
SVS13A
IRAS4A1
IRAS4A2
IRAS4B
IRAS4B2

Belloche et al. 2020

SOLIS SETUP 5

\\\\\
)

o

CH,DOH
]HCOOCH3

FAUST L1551 IRSS

cis—CH, Q85

HCOOCH;
CH-CH,OH

"] CH;0CH,
] cHz0CH;
HCOOCH

Tg (K)
(@)}
:}CHSOCHS
_] cH50CH;
:}CHSOCHS
CH5OCH5
HCOOCH,
tA
CH,DOH
CH,DOH
HCOOCH,
HCOOCH;
CH,DOH
HCOOCH;
HCOOCH;
CH4OH
HCOOCH;
CH3CH,0H
3CH;0H
HCOOCH,

205 205.2 205.4
v (GHz)

Ceccarelli et al. 2017

2533.4 233.6 233.8 254 25342 234.4 234.6
v (GHz)

+ PEACHES & ORANGES

Oth er La rg e Prog rams: Yang et al. 2021, Bouvier et al. 2022

Joergensen et al. 2026

Marta De Simone e 20 October 2026
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_In the earth of protostars

. N BN

Nitrus oxide (N20O)

- Methyl isocyanate (CH3NCO) Cyanamide (NH2CN)

Ligterink et al. 2017 ' Coutens et al. 2018
N |
¢
. e
| Methyl isocyanide (CH3NC) %
’ y >
~ Methoxymethanol -
Methanimine (CH2NH)
¢ ¢ * (CH3OCH20H) Ligterink et al. 2018
Acetone (CH3COCH?3) e .
Ceo ¢ ®
< . Vynil cyanide (CH2CHCN)
¢ . " Calcutt et al. 2018
9 Propenal
‘ " Propylene (C3H6)  (CH2CHCHO) trans-ethyl methyl ether
Propanal (CH3CH2CHO) Manigand et al. 2021 - (t-C2H50CH3)

Lykke et al. 2017 Manigand et al. 2020

% e
P Fa

: 3-hydroxypropenal (HOCHCHCHO)
e Nitrous acid (HONO) I\/Iethyl Chloride (CH3C|) Coutens et al 2022
+ES+ Coutens et al. 2019 Fayolle et al. 2017 '
O Marta De Si Astrophysies Schgol 20 October 2026
+ drta e simone “Francesco Lucchin” O
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~ In the earth of protostars

~ Does every protostar possess a hot corino? NO!

Protostars are far to be fully chemically characterised

* Not every protostar possesses a hot corino region
* Protostellar systems show different mm molecular spectra
% Very few hot corinos are resolved

NH2CH...)

<5WCCC < 30 iCOMs-rich Hot
Rich in carbon chains < 3 Hybrids Corinos
(e.g., C3H2, (WCCC+ hot corino) Rich in organics
CxHx,HCxN, etc.) (e.g., CH30H, CH30CH3,
7
+ES+
O : Astrophysies School
+ Marta De Simone ) St Ml Sl s 20 October 2026




In the earth of protostars

: “

\‘l ~ Does évefy' protostar possess a hot corino? NO!

Protostars are far to be fully chemically characterised

* Not every protostar possesses a hot corino region
* Protostellar systems show different mm molecular spectra
% Very few hot corinos are resolved

Hot corino

interstellar complex organic molecules (iCOM:s)

e.g. HCOOCHs3;, CH30OCH3, CH3CH,OH, NH,CHO...

oo 1.:

W'# Abundances ~100x WCCCs

Examples: IRAS4A, IRAS16293... size < 100 au
’  \
4 4 "
e e '\'\ g %Q
s Unsaturated (long) carbon chains 2
O Scomly = TP priceriviag f e.g. C4H,, C4H, CeH, HC7N, HCoN... b
interstellar Comp/é); (l)rg:;anic:» I:/Iol;ecu/es ’
r Courtesy by M. Bouvier !
+ES+ Examples: L1527 size ~ 2000 au
+ Marta De Simone e 20 October 2026




s | In the earth of protostars

~ Does every protostar possess a hot corino? NO!

Protostars are far to be fully chemically characterised

* Not every protostar possesses a hot corino region
* Protostellar systems show different mm molecular spectra

% Very few hot corinos are resolved

Different timescale of the ice mantle formation

NH3 HZO
Long (108yr)

CH,OH

CH,

H,O
Short (10°yr)

Hydrocarbons
deficiency in
Enriched in iCOMs™ envelope
e.g. CH:OH, CH30OCHs, NH2CHO

interstellar Complex Organic Molecules

Courtesy by M. Bouvier

. Astrophysics School
+ Marta De Simone ) S Al S A

20 October 2026




| In the earth of protostars
o B WCCC vs Hot Corinos

To HIl region

ORion Alma New GEneration Survey (ORANGES)
Perseus ALMA Chemistry Survey (PEACHES)

ORANGES are different from PEACHES
Unbiased survey ALMA Band 6, same
sensitivity and angular resolution
—> how many hot corinos and WCCCs?

In Orion 30 % hot corinos
"% In Perseus >50% hot corino
— @_ CCH and c-CsHz not good tracers for

_ [ To Ma3 #£CS033-b ) A
2 c5033-c B .
2 - CeleE Bouwvier et al. 2020, 2021, 2022

VORI & Fontani et al. 2017, Lattanzi et al. 2023, Chahine
Sl M U g et al. 2022, Favre et al. 2018, Ceccarelli et al. 2014

cluster

L
b
&

WCCC, need for longer chains and rings

N
N
=)
N
-
©
b
()
x
2
>
=)
O
Q

+

Courtesy by E. Bianchi
Marta De Simone e 20 October 2026
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7n s In the earth of protostars
: * . WCCC vs Hot Corinos

‘FAUST: Fiffy AU STudy of the chémistry in disk/envelope systems of Solar-like protostars

FAUST View of Solar-type Protostars ;'a* 2,

L1551 x 0.2 IRS63 S O
ettt gt sttt ottt gttt
M Flas23
GSS30

BHBO7-t1 ‘ ' ‘ l I

CB68 NGC1333 IRAS4AC
IRAS15398 L1527
4 -
2P VLA1623 RCrA IRAS7B
: -—Mm
0 i o
- 246.0 246.5 247.0 247.5
Frequency (GHz)
. Astrophysies School
+ Marta De Simone ) St Ml Sl s 20 October 2026




In the earth of protostars
«Hidden Hot Corinos

Optically thick dust No dust contribution

mim cm
O

| i P ’ . ] .0" ’
]‘PJHWA,NJ\\ H“U\rLJL u_r' L fth‘},#-L[/LUJ‘[*%J Lr/\ JJ\J‘LU | 1t &

dust opacity effects on iCOMSs emission
through mm + cm observations of CH;0OH

Marta De Simone e 20 October 2026




In the earth of protostars
«Hidden Hot Corinos

Optically thick dust No dust contribution

dust opacity effects on iCOMSs emission
through mm + cm observations of CH;0OH

¢ “‘:

Moving from millimetre to centimetre wavelengths

. IRAS4A at mm | . .IR-A.S-LL.A atem "

" . 1.2 mm - continuum iCH3 | ' 3 CH30H AD 1 </\’

Q 200 au _ i : s - VLA
S 4 6, W
ALMA A g ’ | ; -

IRAS4A at mm ' = ] Fa - Al %I | The mm dust is
Hot Corino in one of | — _z a L - hiilln}% tln © IRAS
the two companion | # ALMA (@[ o L, ViA ot corino

Lopez-Sepulcre et al. 2017 De Simone et al. 2020a
* hot corinos may be hidden behind the dust
+ .
LES+  mm molecular abundances are underestimated!
O - Astrophysies School
+ Marta De Simone ) St Ml Sl s 20 October 2026




In the earth of protostars
Resolving Hot Corinos

Accretion shocks

L I TPy rurda

HDO SVS 13A

HH212, B335, IRAS4A:
Disk Atmosphere & stratification (chemical differentiation)

s o A s B Py B s

5 (a) E, < 120 K Lee et al. 2022 324" L IRAS 4A2 - TM1
_ o
N e
’ 3 382" |
: :3_)-; I f ",“! N\ ‘,: :
- £o 32.0" /A Y/ ciucho
7 - 1 \ X I/ e ) . :
a |?_| - |
l "%,l -
\ 1
. 31.6" - \—— CH,OHCHO 1
also Garufi et al. 2022 - Frediani, De Simone et al. 2025
h m 5 s ) ‘s‘ J‘ ‘sA o ‘s‘ ll'
High multiplicity & iCOMs in hot spots 329 10481046 1044 1042 1040

Maureira et al. 2022 20 AU
IRAS 16293

. 10au . HCOOH &

2 NH,CHO &
Okoda et al. 2022 : i
CHOH =
Continuum =—

Rotation temperature [K]

w
©
=
L
X,
>
=
2]
c
5}
2
=

02 -015 -0.1 -0.05 0 005 01 0.5 2 [
Q N H 2 C H O( 5 ‘4) -200 _ = § Angular offset along the envelope direction [arcsec] %
o | rE
P - S
» 32 ¢
& 1\\ Q :

U

Marta De Simone e 20 October 2026 L

“Francesco Lucchin”




In the earth of protostars

e : . Disk stratification
Angular resolution 10 au! "'« Resolving Hot Corinos

(a) E, < 120 K Lee et al. 2022
Lee et al. 2017 NH,CHO Continuum

(b) Eu>120K (c) Continuum

The dusty disk in the

middle is obscuring
molecular lines.

N
>
O

~—~

-+
o
2]
Y—
y—
®)
c
O
=
(2]
o
(A

Position Offset (au)

Different species traces different scales
due to different binding energies

(b)

Lee et al. 2022

/HCOOH

VS
3
O

N

-+
O
9]

Y—

Y

)
-

.

pr o
11p]
O

o

,CHO/HNCO,

A \'7‘\\ NH
Temperature (K)

Position Offset (au)

Radius (au)

Astrophysies School

+ES+ Chemistry gives information on the physical disk structure
9 Marta De Simone ) St Ml Sl s 20 October 2026




In the earth of protostars , e
Y : . Disk stratification
, ; - Resolving Hot Corinos

' IRAS 4A2 - TM1

Value (K)

" r \ —a V4 1 -
:'.v'-.,'v ] - N |
| \— CH;0HCHO Wy
- Frediani, De Stmone et al. 2025] e |

3 29" 10 48 10 46 10.44° 10.42° 10.40° 246 246.5 247
[LSRK] Frequency (GHz) CchH O

+ES+ Chemistry gives information on the physical disk structure
0 Marta De Simone e 20 October 2026

+




In the earth of protostars

g : . Disk stratification
Angular resolution 50 au! ReSOZVlng Hot Corinos

e Methanol trace the most extended CH,OH
emission, followed by:
¢ Methyl formate,
* Acetaldehyde,
- - e Ethanol, CRZCHIOB
e + g ;‘\ | . & Formamide the ¢  CH,OHCHO
% + ‘ most compact (unresolved) emission | SEEG—C—G—c_"

HCOOCHj;

w
w

CH5CHO

w
o

~—

N
w

o
©
D)
o
-
T
(]
S
o
o
-
4
H
-
=
=

N
o

Frediani, De Simone et al. 2025
200 300
Eu[K]

w

L e o B e A oy e [ e P Sy fo R ot B i T P e e 1 |

'L IRAS 4A2 - TM1 —— CHOH All lines

T (r)(X v =1.0(0.2)

Gas temperature [K]
N N w
o wm o
(@] o (@]

ot
(&)
o

\ ]

\ 4

; III \—— CH;OHCHO
Fredzm’%z, De Sugzone et al.l. 2025

e |y

3"20™10.48%10.46° 10.44° 10.42° 10.40° 25 30 35 40

- Radial distance [au]

+ES+ Chemistry gives information on the physical disk structure
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In the earth of protostars

g : . Disk stratification
Angular resolution 50 au! ReSOZVlng Hot Corinos

e Methanol trace the most extended CH,OH
emission, followed by:
¢ Methyl formate,
* Acetaldehyde,
-— e Ethanol, @ CHCH:OH
T .+‘:\" ~_ o & Formamide the ¢  CHOHCHO
% + | most compact (unresolved) emission | SEEG—C—G—c_"

s
o

HCOOCHj;

w
w

CH5CHO

w
o

N
w

o
©
D)
o
-
T
(]
S
o
o
-
4
H
-
=
=

4507

N
o

Frediani, De Simone et al. 2025
200 300
Eu[K]

with dust obs.
T(r)oe r-0.8(0.2)

The dust absorption affects both column density
and temperature estimation (with optically thick lines)

Gas tempayature [K]

Temperature profile traced observationally

using different species down to 50 au! _ . v
20 25 30 35 40

Radial distance [au]

+ES+ Chemistry gives information on the physical disk structure
i Y I
Q) Marta De Simone Astrophysics Scl}tlool 20 October 2026
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ol ﬁ"LOW mass star formation process

Protostar

Time = 0 gravitational collapse

Time = 10%yr
o

Planet fi I isk
Planetary syste anet forming dis

Time = 1056 yr
Time > 106 yr

+ES+ ~. ,
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_Planet forming disks

gt _ Warm molecular layer -

4 . \
S T ok e |
g bzl
Garufiet al. 2021%, - 4

0-H2CS 716615

HD 163296 MWC 480 3 mm continuum
S
T~ =} A ." _
’ Q ' \' . E CO) CS) DG Tau 'l—"'l "' .’ Undetected
3| H2CO, CN, . .o PO
:‘\'__"',“ '. R\ z,,._..\. . ¥ v,
H2CS, \ ) & % % :
= H DG Tau B i3 g 2. : € Undetected
. L3 o P B NV
Z CH30H, . e
“ . X, . N . "' "
[non-detection] | | | CH3CN, ‘ » - ' \..‘ :
O HCOOH, Haro 6-13 = ' Undetected
I
o - ' F ) & 2| CH30CHO, >
y = .
[tentative) CH3OCH3 HL Tau

v
ol N A

2
¢HED-O

s - 90

@ [tentative] Ilee et al. 2021

e Gaps and rings in both gas and dust

+E+S+ e Different molecular distribution

@ -
+

-~
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Planet forming disks

IRAS

04302+2247

Emission lines absorbed in the midplane
—> need for cm wavelength observations

T40 0 —40 40 0 -—40 40
HH212 Position Offset (au)

Howeuver, need for ~10au
resolution at high sensitivity

Marta De Simone

Astrophysies School
“Francesco Lucchin”
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Planet forming disks

IRAS

04302+2247

Height [au]

R Iy /

Emission lines absorbed in the midplane
—> need for cm wavelength observations

Dust Ring

150 250 350 450 50 150 250 350
Radial distance [au] Paneque-Carreﬁo et al. 2023 Radial distance [au]

(j) Eu<120K

= o
= '»‘
= -
= Zoo

v 'g )\-.-‘

HH212 Position Offset (au)

Howeuver, need for ~10au
resolution at high sensitivity

Vertical stratification

|

Paneque-Carrerio et al. 2022, 2023,
2024, Law et al. 2021a, 20210,
Dutrey et al. 2025, Temminik et al. 2025

- Astrophysies School
Marta De Simone ,,anic’esyc S P Ao
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s Planet forming disks
£

E

T

g

- o
o ey Molecules more complex than CO, CN, HCO+,
' o _‘ | HCN are more difficult to observe...

. Need for < 5 au resolution at high sensitivity
X XX 4

3§88 &

V883, Tobin et al. 2024

HDO 225.896 GHz CH,OH 241.85 GHz CoU=2-1)

species
frozen
on grain

. e e
1ce mantle .y

o, %
iy sublimation '*\ <

_==""snow line
>

Outburst [
c— —
0.1* (40 AU) . ‘ 0.1* (40 AU) . .

pe—
0.1* (40 AU)

- Outburst move snowlike outwards

ES+ S
0
+
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ol ﬁ"LOW mass star formation process

Protostar

Time = 0 gravitational collapse

Time = 10%yr
o

Planet fi I isk
Planetary syste anet forming dis

Time = 1056 yr
Time > 106 yr

+ES+ ~. ,
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Solar System objects and planets
Follow the heritage...

Lippi et al. 2024

Rosetta - 671
Outlier!

[CH30H] / [H,CO]

:
F 3

Star-formin Class Il - :
oy Class 0 Class II erDik - DN LP JF . Raet Rp > 1 ©  Ros. Pre- Ros. Post-

[12, 108] (6.4, 90] © [2.07, 20.5) [1.73, 56.0) [5.93,56.33] : [1.73, 13.38] [2.29,56.33] : [0.53,2.15] [1.26, 4.92)

Meteorites Planets

* H © CH;OD @ HCN * Bulk Amino acids
@ H0 ® CH;DOH CH3CN & IOM(Bulk) spot analysia
# D20/HDO CHa ® Refractory Cdust @ 1OM spot

@

ge O

<
Earth (VSMOW)

PR D/H (solar)

T

<

e s

“Francesco Lucchin”



Future steps...exoplanets?
Follow the heritage...

il

Prestellar Cores Protostars/hot corinos Protoplanetary disks Exoplaget pop
Oy A
A

& P N

- When and how planetary systems ——— .
' form and how much can they inherit? | Is the observed exoplanet diversity a result of |

“
|

L , — the planet forming disk chemical properties?

[ _ e

\'\'Q BAND 1-2

+ WSU

Search for good proxies to follow the evolution:
Isotopologues, deuteration, molecular/elemental ratio ?

Marta De Simone e 20 October 2026




Future steps...exoplanets?

Isotopic ratios for super Jupiters .

Zhang+2021ab, 2022, 2024; Line+2021; Finnerty+2023, 2024;
Gandhi+2023, 2025; Costes+2024; Xuan+2024ab; de Regt+2024, 2025;
Gonzidlez Picos+2024, 2025, Hood+2024, Mulder+2025, Grasser+2025,
Molliere+2025, Wang+2026, Liu+2026
10! 104 \

Planet mass (M,,;,) | oo

Dépletior; _

e 12C /13C ongoing work
e 14N /15N to understand in YSO
e Waiting D/ H in exoplanets

I

— E.nrichm-ent

’

+
ES+ Prestellar Cores Disks Brown Dwarfs Planets Comets Meteor

O
+

Marta De Simone

: | | |
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In Summary....

STEP 1: Molecular cloud clump Gas-grain Sputtermg STEP 2: Protostar

%- ‘{“\’)\e (and LO
)

Mpj
Y, -
log

a’y‘%
3

Icy mantle formation Hot corino

Icy mantle sublimation

Molecular layer

Dust agglomeration

STEP 4: Planet formation imone, ERC- .}'ﬁ STEP 3: Protoplanetary disk

: Astro hysies School
Marta De Simone “ anlcoesyco Lucchin”




Let’s take a step back...

e

Marta De Simone

—
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" .\.Ch.einic'al compléxity of the ISM

B e =

. Nitrus oxide (N20) ,
- Methyl isocyanate (CH3NCO) Cyanamide (NH2CN)
. Ligterink et al. 2017 ’ Coutens et al. 2018
Ethylene oxide c-C2H40 .’ ‘ ‘
Methyl isocyanide (CH3NC) ﬁ

® £ Methoxymethanol

|\ | 9. ¢ (L IDNTLIN

Why do we have so many molecules in space?

" 3: . Vynil cyanide (CH2CHCN) Y.
@\ . é B e Calcutt et al. 2018
D ropenal
‘ " Propylene (C3H6)  (CH2CHCHO) trans-ethyl methyl ether

Propanal (CH3CH2CHO) Manigand et al. 2021 (t-C2H50CH3)
Lykke et al. 2017 I , Manigand et al. 2020

//‘\.’ ;.'0

B Nitrous acid (HONO) Methyl Chloride (CH3Cl) 3‘hydrOgthrOper;a|l(|-2|g)2CZHCHCHO)
+ES+ Coutens et al. 2019 Fayolle et al. 2017 - I G

@ Marta De Simone ) Astrophysics School “50 October 2026
+ arta O “Francesco Lucchin”




Diffuse Cloud

The ISM-.'- g
cycle i 1

Super
Important!

J— " e ' Protoplanetary W
Evolved Star L 2E s Y S System eo”
nd / Stellar System e , :

©‘Marta De Simone, ERC-DOC f\-

+ Marta De Simone — —4strophysics School 90 October 2026




. llfe cycle of the interstellar medlum

AR -+ Dense Molecular Clouds

. e, ) qv- - ) ‘
2 i e Diffuse Clloud' | S . - M Collapsing Cloud
g 10-30 K
. N1 04-6 cm-3
Young Protostar
Super
Important!
«tn 4079 Cm-3
: A Egolyed
Prd’téstar
Physical conditions |
in the ISM are very Steuar/m.amet'o\“J &
different from X 5
those on Earth: 5 . S5
% i - . ' rotoplaneta &
1019 A Evolved Star 2 = : : : tS}}r)s}temt 7 ?‘Odo
n ~ cm- o uf tellar System -
tEarth itm 1 t 273 K : . #2%% ‘©'Marta De Simone ERC-DOCﬁ Tkin > 1 OO K A
at sea level a ' o e —
n~10%1cm= |
¥ : ”
S+ Is there ANY chemistry at play under these harsh conditions?
+E
0 —— phyeieSda g
+ Marta De Simone JStropysics SC100% 20 October 2026




erything start. .

The Origins of the Elements

1 18
1A VIIA
1A . . 8A

1 Periodic Table of the Elements 2
H p) 13 14 15 16 17 He
Hydrogen A Atomic A IVA VA VIA VIIA Helium
(L 2A Number 3A 4A 5A 6A 7A "
3 . 4 ) 6 7 8 9 10
Li || Be Symbol B C N @) F || Ne
Lithium Beryllium Name Boron Carbon Nitrogen Oxygen Fluorine Neon
6.941 9.012 10.811 12.011 14.007 15.999 18.998 20.180
Atomic Mass
11 12 13 14 . 15 16 17 18
Na || Mg 3 4 5 6 7 8 9 10 11 12 Al Si P S Cl Ar
Sodium Magnesium 1HIB 1VB VB VIB VIiB Vil IB IIB Aluminum Silicon Phosphorus Sulfur [T Argon
22.990 24.305 3B 4B 5B 6B 7B f 8 \ 1B 2B 26.982 28.086 30.974 32.066 35.453 39.948
19 20 21 22 23 24 25 26 27 28 . 29 30 31 KV 33 34 35 36
K|[Cal|Sc| Ti||l V||Cr||Mn| Fe| Co| Nif[CullZn|| Ga|l Ge| As| Se | Br | Kr
Potassium Calcium Scandium Titanium Vanadium Chromium Manganese Iron Cobalt Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton
39.098 40.078 44.956 47.88 50.942 51.996 54.938 55.845 58.933 58.693 63.546 65.38 69.723 72.631 74.922 78.971 79.904 84.798
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb|f Sr|| Y || Zr||Nb| Mo Tc|| Ru|| Rh||Pd]||Ag||Cd| In | Sn| Sb | Te | || Xe
Rubidium Strontium Yttrium Zirconium Niobium Molybdenum Technetium Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon
85.468 87.62 88.906 91.224 92.906 95.95 98.907 101.07 102.906 106.42 107.868 112.414 114.818 118.711 121.760 127.6 126.904 131.294
55 56 SYAVA 72 73 74 75 76 77 78 79 80 81 82 83 . 84 85 86
Cs || Ba Hf | Ta|| W || Re| Os| Ir || Pt||Au|{Hg| TI || Pb| Bi || Po|f At || Rn
Cesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
132.905 137.328 178.49 180.948 183.85 186.207 190.23 192.22 195.08 196.967 200.59 204.383 207.2 208.980 [208.982] 209.987 222.018
87 88 89-103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Fr || Ra Rf | Db || Sg || Bh| Hs| Mt| Ds|| Rg|[Cn | Nh| FIl || Mc| Lv | Ts || Og
Francium Radium Rutherfordium Dubnium Seaborgium Bohrium Hassium Meitnerium Darmstadtium} | Roentgenium Copernicium Nihonium Flerovium Moscovium Livermorium Tennessine Oganesson
223.020 226.025 [261] [262] [266] [264] [269] [268] [278] [280] [285] [286] [289] [289] [293] [294] [294]
57 58 59 ]0) 61 62 63 64 65 66 67 68 69 70 71
Lanthanid
swnanide | La || Ce || Pr|{ Nd||Pm|[Sm| Eu|[Gd| Tb || Dy | Ho |l Er || Tm|[ Yb | Lu
Lanthanum Cerium Praseodymium| Neodymium Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
138.905 140.116 140.908 144.243 144.913 150.36 151.964 157.25 158.925 162.500 164.930 167.259 168.934 173.055 174.967
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Actinid
cide | Ac || Th || Pal|l U || Np|| Pu||Am|[Cm| Bk || Cf|| Es||Fm| Md| No| Lr
Actinium Thorium Protactinium Uranium Neptunium Plutonium Americium Curium Berkelium Californium Einsteinium Fermium Mendelevium Nobelium Lawrencium
227.028 232.038 231.036 238.029 237.048 244.064 243.061 247.070 247.070 251.080 [254] 257.095 258.1 259.101 [262]
+
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Where everything start. ..

The Origins of the Elements

Element | Abundance
H 1.00 4.2x10°
He 0.075 3.1x106

Cosmic (solar) abundances elements

Hydrogen
1.008

llllll
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The Origins of the Elements

Element | Abundance
H 1.00 4.2x10°
He 0.075 3.1x106

Where everything start. ..

Cosmic (solar) abundances elements
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ythlng start..'-. |

o o »
"
1 18
A Vil
1 H 2
Hydrog;n Helium '
I ° 3 Be' a4 O 8 F 9 N s 10
Lithium ;:I‘ﬁuﬁ ’ n ' Oxygen Fluorine Neon
1 12 16 17 18
NaMe . L s s e/ Lo
111B IVB VB VIB VIIB
Sodium Magnesium =20 AR =] (=R -] Sulfur Chlorine Argon
21 T' 22 23 24 25 34 35 36
i [V ~ICr " Mn S e BB KB
ol ol o8 &

Thorium Protact;nlum

NeptunTum

CollfornIA

Mendel@

andiu Titanium Vanadium Chromiu m Manganese Selenium Bromine Krypton
?9 o 40 ‘41 M 4‘2 TC .43 Te 5.2 I 53 Xe 54
@, Z‘ Je JK s JEai
Zirconium Niobium Molybdenum Technetium Tellurium lodine Xenon
72 73 74 75 84 85 86
Hf " Ta "W . Re Po. At ."Rn.
¢ Je Jé & |8 (@
Hafnium Tantalum Tungsten Rhenium Ssmiu Polonium Astatine Radon
104 105 S 106 107 116 uz O 18
o e Rf “Db "Sg " Bh. Lv "Ts ,'|0g,
Frunciu‘r‘: Radium‘ Rutherfo% Dubniuv‘ Smbo@ Bohrium‘ Livermo@ Tenness@ Ogunes#
57 — 58 59 60 69 70 71
. La/|Ce " Pro N Tm " Yb "|Lu
S AL A4S A4S > LT
Lanthanum Cerium Praseodymium | Neodymium Promethium Samariul m Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
89 90 91 o8 99 100 101 102 103
| Ac.’[Th "|Pa. Es “|Fm ™~ Md"|No “Lr

Nobelluv‘

The big bang Dying ~ Dying White dwarf
P low-mass stars___high-mass stars supernovae
— < -

The‘Origins of the Elemenfs

A

Human-made

5

Merging
neutron stars

-

//
s

Cosmic ray
collisions

Radioactive
decay

- &

‘\
1
I
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In the cm
YEBES & GBT

The chemical complexity in the ISM

Detection Wavelengths
centimeter

sub-millimeter
Infrared

&
=
N
&

Total: 240 |

o O
() (@]
= —
(@) o1

Since 1968: 3.9 detections/year
Since 2005: 6.0 detections/year

(D)
+—
(ge]
E
)
(V)]
L
2
)]
s
)
QO
2
)
(g0)
A ®)
O
ot
Qo

N

50 75 100 125 150
Atomic Mass (amu)

<«— GBT (2001)

O
()

“As of October 2026, about 350 molecules
have been detected in the interstellar
medium or circumstellar shells” [CDMS]

Nobeyama (1982)

<«— NRAO 36-foot (1968)

Cumulative Number of Detected Molecules

(@)

I I I
1940 1960 1980 2000
Year
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e Detected Interstellar Molecules .

Not complete list!

2 atoms 3 atoms 4atoms 5 atoms 6 atoms 7 atoms 8 atoms 9 atoms 10 atoms 11 atoms 12 atoms >12 atoms
Cs* c-C3H s CsH CeH CH3C3N CH3C4H CH3CsN HCgN c-CeHeg" Ce0"
CoH I-CgH C4H I-HoCy4 CHoCHCN HC(O)OCH3 CH3CH.CN (CH3)2CO CH3CgH n-CgH7;CN  Cyp*
C,0 CsN CoHy* CH3CoH CH3COOH  (CH3)20 (CH20H)2 CoH50CHO i-C3H7CN Ceo™
C,S C30 CH3CN HCsN CsH CH3CH,CH CH3CHCHO CH30C(0O)CH; CyHs50CH3z  ¢-CgHsCN
CsS CHaNC CH3CHO  GCgH2 HC7N CH3CHCH»0 CH3C(O)CH20OH 1-c-CsHsCN  HCq4N
CH3OH CH3NH> CHoOHCHO CgH CH30CH20H c-CsHg 2-c-CsHsCN  1-C1oH7CN

CH3SH c-CoH40 I-HCgH* CH3C(O)NH>» c-CgHa HOCHoCHoNHs CH3Cy7N (7) 2-C49H7CN
(2022)

HC3NH* Ho.CCHOH CHoCHCHO CgH~ HoCCCHC3N HoCCCHC4H n-CaH70OH c-CgHg
(2022) (2022)

HCCCHO  CgH- CH2CCHCN  C3Hg CoHsNCO CioH™ (2023)  i-CsH;0H  1-c-CsHsCCH
(2022)

NHoCHO CH3NCO HoNCHo,CN CH3CH»>SH CoHsNH> (?) 2-¢c-CsHsCCH

CsN HCs0 CH3CHNH CH3NHCHO HC7NH* (2022) c-CsH4CCH»
(2022)

HOCHsCN CH3SiH3 HC-,0O CH3CHCHCN 2-CoH7CN
(2022) (2022)

HCCCHNH HoNC(O)NHy HCCCHCHCN CH3C(CN)CH2
(2022)

Some are common on Earth, some others are radical, ions,
transient species that do not survive on Earth
and, among them....

Astrophysies School
“Francesco Lucchin”
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' Detected Interstellar Molecules
v ;

Organic and prebiotic compounds!

/ Building blocks \
' DNA

Proteins

Amino Acids

e
&
p _0’ Yo
e
v'eo ©
. . . . . X
*jCOMs: Saturated C-bearing molecules with more than six atoms and containing heteroatoms FR%

(Herbst & Van Dishoeck 2009, , Yamamoto 2017, Ceccarelli et al. 2023) %

=
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' Detected Interstellar Molecules
v

‘a.

o{.j
: ‘ » "./:‘K‘ :
:‘ > : > * ““to

Organic and prebiotic compounds!

Interstellar Complex Organic Molecules (iCOMs™) W
op

How can you form these species in the harsh ISM environment?

How and where do we observe these molecules?

How can we use these species?

r———

*1COMs: Saturated C-bearing molecules with more than six atoms and containing heteroatomls I

=

“Francesco Lucchin”

i

(Herbst & Van Dishoeck 2009, , Yamamoto 2017, Ceccarelli et al. 2023) %
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b sl o ikl Detéct’ed Interstellar Molecules _ |
Interstellar Complex Organic Molecules (iCOMs™)
> he AN li
o % c’/ e

= C U W
o i Al o 2 ¢
o a ¢ @ “
‘“ ¢l‘ :!’. ’ ’ .‘Lt'

Organic and prebiotic compounds!

How can you form these species in the harsh ISM environment?
How and where do we observe these molecules?

How can we use these species?

* *1COMs: Saturated C-bearing molecules with more than six atoms and containing heteroatomls I
+ES + _ (Herbst & Van Dishoeck 2009, , Yamamoto 2017, Ceccarelli et al. 2023 )

Marta De Simone | R - 20 October 2026 h' ,60 ¢
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Do 'yokl;ﬂ,;now.how water (H:0) is formed?

We have three atoms,
how do we combine them?

Marta De Simone e 20 October 2026




\o

This is efficient on Earth, but not in space...why?

Marta De Simone e 20 October 2026



""v__.;,(_)le‘culqs' form in the ISM?

A+B —> AB*

. AB* must loose the internal energy
on Earth atmosphere n~101? cm-3 —> three-body reactions

AB*+M—=5>.AB

—> not efficient in the ISM gas conditions!

HOW"_.

+ l
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on Earth atmosphere n~101? cm-3

lecules form in the ISM?

A+B—>AB*

AB* must loose the internal energy

AB*+M—=5>.AB

—> not efficient in the ISM gas conditions!
A

A

—> three-body reactions

>
5 > 3
& c 2
c | Reactant ) ) Products
o o o
& - O
— LL
r | AE<O m AE>0
Releases Absorbs
energy Products Releases Products Reactan energy
energy (
> > - —i‘\
ic Time | Ti Time
B Exoergic Exoergic Ime : %
+E©§+ barrierless with barrier _ Endoergic 1
+ | Marta De Simone AsOphycies Sha) 20 October 2026 | ¥, 64




_,;__lecules form in the ISM?

A+B—>AB*

. AB* must loose the internal energy
on Earth atmosphere n~101? cm-3 —> three-body reactions

AB*+M—=5>.AB

—> not efficient in the ISM aas conditions!

A

>

> MAYBE NO!
| Reactant
o
Q
Y
c | AE<O

Releases

energy Products

> >
- Time : Ti
+ Exoergic Exoergic ime = .
+E(§+ barrierless with barrier ) doergic

+ Marta De Simone e 20 October 2026




.ﬁlecules form in the ISM?

A+B—>AB*

. AB* must Ioose the internal energy
on Earth atmosphere n~101? cm-3 —> three-body reactions

AB*+ M —> AB

In the ISM:
dust grains act as third body for molecular reactions,

>

> or in the gas phase barrierless reactions can occur
S | Reactant
)
D
o
c | AE<O

Releases

energy Products

) >
- Exoergic 'Ime
+E@S+ barrierless i i

+ | MartaDeSimone ——Agiaophysics Schaol




erything starts: Ha

"The' rééctidﬁ that starts the chemistry in the ISMis the one between
two hydrogen atoms (H) to form molecular hydrogen (Hy).
This reaction happens on the surface of dust grains.

adsorption
desorption J
L% 0 - OH- H,0

reaction

s N - NH - NH, — NH,

>
C - CH - CH, - CH; - CH,

CO - HCO - H,CO —» H;CO — CH;0H

Thermal hopping

Tielens & Hagen (1982); Tielens & Allamandola (1987); Hasegawa
et al. (1992); Tielens 1993; Cazaux & Tielens (2002); Cuppen &
Herbst (2005); Cazaux et al. (2008); Garrod (2008); Garrod+(2022)

: Once H2 is formed, the fun starts...
+ES+
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The formation of water on
interstellar dust particles

. Universiteit N
: Leiden
" 'The Netherlands

Discover the world at Leide:



In Summary....

STEP 1: Molecular cloud clump Gas-grain Sputtermg STEP 2: Protostar

%- ‘{“\’)\e (and LO
)

Mpj
Y, -
log

a’y‘%
3

Icy mantle formation Hot corino

Icy mantle sublimation

Molecular layer

Dust agglomeration

STEP 4: Planet formation imone, ERC- .}'ﬁ STEP 3: Protoplanetary disk

: Astro hysies School
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b sl o ikl Detéct’ed Interstellar Molecules _ |
Interstellar Complex Organic Molecules (iCOMs™)
> he AN li
o % c’/ e
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o i Al o 2 ¢
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‘“ ¢l‘ :!’. ’ ’ .‘Lt'

Organic and prebiotic compounds!

How can you form these species in the harsh ISM environment?
How and where do we observe these molecules?

How can we use these species?

* *1COMs: Saturated C-bearing molecules with more than six atoms and containing heteroatomls I
+ES + _ (Herbst & Van Dishoeck 2009, , Yamamoto 2017, Ceccarelli et al. 2023 )

Marta De Simone | R - 20 October 2026 h' 70,4
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everything starts: H;

 Ha is the key to the whole interstellar chemistry. Some important
species (C, O, N,...) can react with H, but how to decide which ones?

C+ H,—-CH + H
C* + H,—-» CH" + H
O+ H,-OH + H

O + H, - OH* + H

: Once H2 is formed, the fun starts...
+ES+
Q) Marta De Simone e 20 October 2026




verything starts: Ha

H, is the key to the whole interstellar chemistry. Some impaortant

'species (C, O, N,...) can react with H, but how to decide which ones?
| | | Dissociation energy (eV)

4.48 eV 3.47 eV

=
)
448eV  4.09 eV -
Ct + H2 S CH* + H Reactant
448eV  439eV AE<0O
O+ H, - OH + H Releases
2 ri— Products
4.48 eV 510 eV . g
O" + H, - OH" + H Exothermic ~ Time
barrierless
: Once H2 is formed, the fun starts...
+ES+
O M - Astrophysics School
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"“”’.gything starts: H>

H, is the kéy to the whole interstellar chemistry. Some important

'species (C, O, N,...) can react with H, but how to decide which ones?
| | | Dissociation energy (eV)

4.48 eV 3.47 eV

C + H,>sCH + H by 1.01 eV > ¢
448eV  4.09eV chj
C* + H,><CH' + H by 0.39 eV eactant
448eV  4.39eV AE<O
O + H,*sOH + H by 0.09 eV Releases
2 energy Products
4.48 eV 510 eV >
O+ -+ H2 — OH+ -+ H Exothermic by 0.62 eV Exothermic Time
barrierless
- Once H2 is formed, the fun starts...
+ES+
O : Astrophysies School b
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nd of gas-phase reactions?

. lon-Neutral reactions AT + BFPe Clg+ D

Fast, with no activation barrier, and dominant at 10 K
Herbst & Klemperer 1973; Anicich & Huntress 1986

- Neutral-Neutral reactions A 4+ BC —- AB + C
e (0 o o e.g. OH + CH;OH — CH;0 + H,0

shock chemistry Duley & Williams 1984, Shannon et al. 2013

- Cosmic rays + _
Create ions and initiate chemistry H2 + — H2 + C +

Hf + H, > HY + H

<%

Marta De Simone Astrophysics School 20 October 2026
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Oxyge
' Once H3

.arb_oh gas phase chemistry

Is formed, a cascade of ion-molecule reactions enhances the

” chemical CO'.r'np|e»Xity'of the ISM (Hs* easily donates a proton)

_|_
H3 Hydrogen
0O abstraction
reactions
OH+ Dissociative
* H2 recombination
H,0*
v___H,
H,0"
e c
4Me\>
H,0 | | OH O
+y O
02

Oxygen Chemistry

Marta De Simone

Astrophysics School
“Francesco Lucchin”

20 October 2026




3

Carbon gas phase chemistry

Once Hs" is formed, a cascade of ion-molecule reactions enhances the

” ‘chemical complexity of the ISM (Hs* easily donates a proton)

Hr Hr H,*enables chemical pathways
3 Hydrogen 3 that are inefficient in cold
O art;s;‘gigz;/;n C molecular clouds
OH+ Dissociative CH+ (such as CH and OH from C and O)
7 H, recombination 7 H,
H,0% C,H*
v__H v H
e
H,O0 | | OH 0 CH, CH
L 0
02
Oxygen Chemistry Carbon Chemistry
=T
+E©§+
+ Marta De Simone AsixoplysiesScyaa) 20 October 2026
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Oxygeg‘,‘@?arbon gas phase chemlstry

Once H3"

‘.

H;_ Hydrogen H;
0 abstragtion C

OH* pissociv CH*

* H2 recombination * H2

H,O" C,H*

v__H v__H

H,0" C,H* | > |HCO"
4%6\65 Ay\eu
H,0 OH O CH, CH

L 0

02

Oxygen Chemistry

Carbon Chemistry

is formed, a cascade of ion-molecule reactions enhances the
' Chemlcal Comp|eX|ty of the ISM (Hs" easily donates a proton)

H,*enables chemical pathways
that are inefficient in cold

molecular clouds
(such as CH and OH from C and O)

Nitrogen Chemistry
N + H;r-»NHJr + H,

N + OH—-NO + H -
N + CH—-CN + H

Flower et al. 2006; Hily-Blant et al. 2010 E

Marta De Simone

Astrophysiecs School
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How deuteration works?

“Catastrophic” CO

freeze-out within the central
7000 au

C70(1-0) emission
(Caselli et al. 1999)

Color: dust emissior

Dust grain

Molecules
freeze out
onto dust
grains in the e graphite and
silicates
center of pre-
stellar cores

<«—ice coating
¢

>90% of CO molecules are frozen onto

+ dust grains

+ES+
O M De Si Astrophysics School 20 October 2026
+ arta e simone “Francesco Lucchin” ctober




How deuteration works?

Dynamical and freeze-out timescales

10° -
g 1 LI lll 1 LI ll 1 L E The freeze_out tlmescale
- . decreases very rapidly
I 41 with density, faster than
10 £ - the gravitational collapse
. - . timescale.
- -
> S J
.6
o 10" & 3 P _ 3
O - 3 free— fall ~—
o . free—fall ! 32Gp
e 5[ I~ 4 %x107/\[n,, yr
E 1 O == = H y
= = freeze—out 3
10* | | I - 2
= = eeze— out
I il ~10°/n, yr
3
']O ] L a1l ] Ll
S 4 D 6 S
10 10 s 10 10

+E§+ Shu, Adams & Lizano 1987; Walmsley 1991, Bergin&Tafalla (2007)

CO is removed from the gas phase, the chemistry ‘
changes, and deuterated species are enhanced

R
Marta De Simone e 20 October 2026 L' :— 79 -:
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=

+ H, + 230K

Marta De Simone
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HY +X - XH"+H, |H,D*+X - XD*"+H,

These conditions are typical in dense and cold cores.

XD+/XH+ are order of magnitude larger than the elemental interstellar D/H

Marta De Simone

Astrophysics Sd}‘l""l 20 October 2026

“Francesco Lucchin”




How can we form iCOMs in the ISM?

non-thermal and 3
thermal (T>100K) processes

accretion of simple species and hydrogenation
T~10K

1COM

Mantle warming
thermal diffusion

SWISTURYDIW SAISNJJTP-UoU

Formation& ,,
)O“ . 4 " £

) ) [

D’
: oR
o

Gas-phase reactions

By

between the injected ice mantle species

Yy —

Surface reactions

Mantle desorption
) .o
9
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How can we form iCOMs in the ISM?

onaSE
e

Step 0: Icy mantle formation

accretion of simple species and hydrogenation

Mantle desorption

non-thermal and )9{)
thermal (T>100K) processes

o

between the injected ice mantle species

- —___ Astrophysies School
Marta De Simone ”anigesyc S P Ao




How can we form iCOMs in‘the ISM?

Step 0: Icy mantle formation

accretion of simple species and hydrogenation

T~10K

Mantle desorption

L2 s % :
 lon-Neutral reactions

Fast, with no activation barrier, and dominant at 10 K
Herbst & Klemperer 1973; Anicich & Huntress 1986

non-thermal and
thermal (T>100K) processes

 Neutral-Neutral reactions

Often requires activation energy; slow at low
temperatures (~10 K), important in warm gas,

-phase reaction )
Gas-phase reactions shock chemistry Duley & Williams 1984,

9"

—

"\‘ n
- Cosmic rays
between the injected ice mantle species m I ra -
N,

Create ions and initiate chemistry -.s‘

r
| kY l
Marta De Simone e 20 October 2026 L'; 84 .+




How can we form iCOMs in the ISM?

accretion of simple species and hydrogenation
T~10K

Mantle warming
thermal diffusion

SWISIUeYdoW 2AISNJJIPp-uou

Yy —

Surface reactions

Mantle desorption
) .o
9

- | —_Astrovhysies School
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How can,,we form molecules in the ISM?

Step 0: Icy mantle formation

accretion of simple species and hydrogenation

T~10K

Mantle warming
thermal diffusion

SLUS[UE'L{DSLU SAISNJJIP-uou

Eley-Rideal

Diffusion via Thermal Mantle desorptlQon

thermal . desorption
hopping Reaction (Eges) D“

(Edif) /\

O O\ @

Adsorption from
gas phase

ice surface

+E>+

9 Marta De Simone e 20 October 2026




nstrain iCOMs formation routes?

Affected by assumption to
reduce computational costs

1 H,CO

Need a reliable chemical network.
However, not all the reactions are properly studied yet

Cannot reproduce the ISM conditions
(reach low T but not low n and viceversa)

. Astrovhysies School
Marta De Simone ,,Franiges?/’co [P T

20 October 2026




The role of cqmpu'tational chemistry and laboratory

- St'udy‘reaction né‘t’work/pathways and rate coefficients

- Retrieve binding energy values/distribution

- Study Chemical/reactive desorption

Quantum chemical

techniques
Radical radical | Energy
chemistry / \ dissipation
I Static calculations Dynamic calculations
activation
energy + *
o — No temperature, no Temperature & time
| time evolution evolution
Properties of a given Within thermodynamic
stationary system ensembles (NVE, NVT, NpT...)

e.g. reaction barriers, binding
energies, spectra, reaction

+ES+ mechanisms...

Marta De Simone e 20 October 2026

e.g. energy dissipation,
diffusion, spectra...




The

> of cqmpu’tational chemistry and laboratory

- St'udy'reaction né‘t’work/pathways and rate coefficients

- Retrieve binding energy values/distribution

- Study Chemical/reactive desorption

- ¥ .
p "_ 'i.\‘ : » a ’/. " ’ \ + 1 .. '. \ e ’
S 2 g HCO NH\
- g »: : . F
> g .-—-‘:‘:" » "‘v: .\.’, ‘. A.::;?_: ; '~.E HCO CH3 ) » 2
L - ,‘ ! .
A 1 +"9 Form acetaldehyde - formamide?
e ’-_‘_ Y e i o ’ ’ (CH3CHO - NHQCHO)
o Bk T o .
VT G W Not necessarily....
P.... o. % ".
» , . . .
N o Some radical-radical reactions have
b competitive channels
[TT—————
e.g., Enrigue-Romero et al. 2019,2021, 2022
+
+]E©§*
+ | Marta De Simone AgLzmpiyeierscin) 20 October 2026 | ¥.,,89,




The role of computational chemistry and laboratory

- Study reaction network/pathways and rate coefficients

- Retrieve binding energy values/distribution

- Study Chemical/reactive desorption

BE [Kelvin]
4000 6000

molecular BE comPuted

Methanol Pt
Wit Pcriodic surface models of water Bariosco25) /. e

0.13 043
/

Frequency count
= N N w
(5] o

-
o

0.00

20 30 40 50 60 70
BE [kJ/mol]

BH(0) [K]
1,200 2400 3,600 4800 6,000 7,200

2809-6038(4423) 48-102(75)
3071-6194(4632) 52-104(78)
2400-8400(4800) 41-140(81)

Ferrero et al. 2020, 2022

64-144(104)
- 3

4314-7549(5931) 73-126(100) Temperature Programmed Desorption
3605-6111(4858) 61-103(82) Ferrero et al. 2022

Frequency count

molecule BE depencls on its structure

and on the binding site on the ices BH(0) [kJ/mol]
+C27 See also Perrero et al. 2022, Molpeceres et al. 2022, Tinacci et al. 2023, Bariosco et al. 2024, Kakkan et al. 2025
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The role of computational chemistry and laboratory

- Study reaction network/pathways and rate coefficients

- Retrieve binding energy values/distribution

- Study Chemical/reactive desorption
Pantaleone et al. 2020

owo)\ouoﬂ\m\o»
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- -»
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See also Martin-Domenech et al. 2016; Minissale et al. 2016, Chuang et al. 2018, Enrique-Romero et al. 2020
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~+_ Detected Interstellar Molecules’ s
Interstellar Complex Organic Molecules (iCOMs™)
4 e o o{
‘ .
.

%

» | ¢ '... ° hd
R Sl g

Organic and prebiotic compounds!

®e
¢
%
‘4

How can you form these species in the harsh ISM environment?
How and where do we observe these molecules?

How can we use these species?

* *1COMs: Saturated C-bearing molecules with more than six atoms and containing heteroatomls I
+ES + _ . " (Herbst & Van Dishoeck 2009, , Yamamoto 2017, Ceccarelli et al. 2023 )
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Gas phase molecules
: N - .. T
are studied in emission

ve observe molecules?

- Background star

Solid state (ice) molecules
are studied in absorption

y (strong IR) e
sy Ot gas
Warm gas . \ Target
S s S
N’ N
o o
Ice band’s
>
A A
+
+ES+ bserver
O M De Si Astrophysics School
+ arta De Simone “Francesco Luechin” 20 October 2026
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e observe molecules?

&

IR - mm - cm
facilieties

Astrophysies School =
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- > . Bianchi et al. 2020 lg T L -
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o 53, > 2 5|2
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< 9 233 233.2 233.4 233.6 233.8 234 234.2 234.4 234.6
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IRAS 23385+6053 Source A+B
S " Beuther et al. 2023 and Gieser et al. 2023.
'\.A o s glo 1 ) )
> 3 = 3
s?! ,éﬁ / 4h [m] -
15 X Co,
VA S Nt = 3 Gas :
4 3 <71 = S L \ HD 0.042 4
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https://arxiv.org/abs/2303.13172
https://arxiv.org/abs/2309.10410

How can we observe (gas phase) molecules?

V/bratlonal modes E i Eel 4 EV1b e Erot
e“/ ”*% éé/ % @"‘" ‘%

¢ % o 000

Rotational modes

9‘?’ "’\%

ioratons

Excited electronic state .
Rotational

Electronic

v=1 Vibrational

Ground electronic state v=0

£ AE® > AE" > AE™
+ .
9 Marta De Simone e 20 October 2026 L'; 96:




How can we observe (gas phase) molecules?

THE ELECTROMAGNETIC SPECTRUM

Wavelength

5x10° 10°10 1012

About the size of...

Bli =& & v o

Buildings Humans HoneyBee Pinpoint Protozoans Molecules Atoms Atomic Nuclei

Frequency #:#
(H2)

104 108 1012 1015 1016 1018

Energy < | ] ] ] l | | | ] ] L1 ] l ]
(eV) 10712 10°10% 10710 105 10~* 103 102 107! 1 10! 102 10° 10
¥ | P |
Rotational (Micro-Sub-mm) Electronic (vis-UV)
E~meV Vibrational (Far-Mid-IR) E~ 1-100 eV

E~0.1-0.01 eV

: | Astro hysies School i
Marta De Simone “ anlcoesyco Lucchin”




How ciwe ObSéI"Ve (gas phase) molecules?

. e~

TREEECTROMAGNETIC SPEQ)\UM

: ‘.-\o W Visible light ’

gy observable from "'\Q‘O‘

== Earth with some
atrospheric

distortion
Garmuma rays, Xotays and ultraviolet ﬂ N/ Most of tht Radio waves observable

light blocked by the upper mtrmosphere from Earth,
(best observed from space),

qam(bm
observed

L.) from space).

1} VI 1 T ] 1 T

0.1 rvn Inm

Frequency :
i_}{[r .

104 108 1012 1013 10'6

Energy < | ] l | ] | | | ] | 1 ]
(eV) 1072 10°10210°710°10°10%4 102102 107! 1 10! 102 100  10°
3 | b 4
Rotational (Micro-Sub-mm) Electronic (vis-UV)
E~meV Vibrational (Far-Mid-IR) E~ 1-100 eV

E£~0.1-0.01 eV

Marta De Simone e 20 October 2026
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| j__e o‘b‘self\?e (gas phase) molecules?

=3 :
: 3
1=2% } ' > Z
- (]
* L3 = | |
*J=0 %
0 20 40 60 30 100

Permitted transitions following H\P st E\Ij Frequency(GHz)

the quantum mechanic rules

®
In the case of Rotational transitions —> In the case of diatomic linear molecule —>
Al ==x1
+
+E©§+
+ Marta De Simone e 20 October 2026




Wwe observe (gas phase) molecules?

J=3 =

J=2 | : > Z
‘ L
* J=1 EJ |
\
. J=0 >
5 e A 0 0 4 100
Permitted transitions following 0 0 o i
. — Frequency(GHz)
the quantum mechanic rules -
In the case of Rotational transitions —> In the case of diatomic linear molecule —>

Al ==x1

AE(J+1+J)=ZB(J+1)

constant Dipole moment

B = — UX™ | Separation )
Rotational  S7T2C 1 \/f_/ [ | <p>|
m;my

— Atomic Masses

The rotational frequency of a molecule are “just” determined by the

v masses and how they are arranged in the 3D space

Q) Marta De Simone e 20 October 2026




1 we observe (gas phase) molecules?
. J.=3.._ : l *. _ A
5, - J ' >

* | J=1

J=0

Intensity

\4

0 20 40 60 80 100

Permitted transitions following H\Ij st E\P Frequency(GHz)

the quantum mechanic rules

,1&3.,‘
A
»e i

Each molecule has its own spectrum —> Fingerprint!
More complex is the molecule, more transitions are there and more
complex is the spectrum

Symmetric (e.qg. Hz) and Spherical Molecules (e.g. CHJ), )
f have zero dipole moment —> do not have Rotational transitions!

? More complex is the species, more transitions are present

Marta De Simone e 20 October 2026




How can we observe (gas phase) molecules?

Large molecules peak at lower Frequencies

Predicted LTE
spectrum

Frequency [GHz]

Frequency [GHz]

Increasing complexity

Simple prediction for a pre stellar core with T=10 K, N=10"1 cm-2, FWHM=0.2km/s, and extended emitting size

+

ES+
0
+
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Detected Interstellar Molecules

- ..
"
.

%

‘e . .’

Organic and prebiotic compounds!

How can you form these species in the harsh ISM environment?
How and where do we observe these molecules?

How can we use these species?

—

* *1COMs: Saturated C-bearing molecules W1th more than six atoms and containing heteroatomls I
+E@S+ S ' (Herbst & Van Dishoeck 2009 Yamamoto 2017, Ceccarelli et al. 2023)
+ | MartaDeSimone ﬁff;giggg{gcguig’;ggl 20 October 2026 h'.’ms =.




Line Profile

What t‘l(umolecular emission tells us?

From the lines we can get important physical mformatlons

>

Amplitude
€
2
=
<
Amplitude

> :
I/O Frequency

IJO Frequency

The line width and velocity
peak depends on the ice
composition.

Line profile gives
iInformation on kinematics

|
r

The line intensity and profile depends on physical properties (temperature, abundances) B
oW
[

.-

]

+ES+
O M De Si Astrophysiecs School 20 October 2026
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Lorentzian

Gaussian

I/O Frequency

natural thermal observed
Avpwam < AVpwam < AVpwhM

In most
cases

*e.g. CH30H at 96.8 GHz at 100K has a thermal line width of 0.4 km/s

e molecular emission tells us?  Line Profile|

Natural Broadening

|
mAvy, 1+ 4w — yy)?/Av2,

D) =

Thermal (or Doppler) Broadening

v— 1/0)2
— p)

Al/D

c
Avp\/ 7T
D\/_ vy [2kg T
AUD= p "
X

Heavily dependent on the frequency and
the Temperature of the gas

O(v) =

Non-thermal Broadening

Turbulence or systematic motions, velocity fields

———

D y) y)
Ayobs = Avp + Av

) \
Syst + Av fturb i“

. Astrovhysies School
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What the molecular emission tells us? Line Profile

e Red/blue shifted shoulders e Double-peak profile
Ejecting jet/outflow Rotating Disk

Blueshifted lobe

Intensity

Velocity

Redshifted lobe

=3
N
=
o
=
=
!

V Observer £ 2N
Nr

Q| Marta De Simone R A e 20 October 2026 | ¥,




What the molecular emission tells us? Line Profile

10
IIIIIII]IIIIIII

J=6—5

|
TAERININNRRINET

""Illlllllll

6,563 & -

= B
Q

I ll|IIII|IIII|II

(0,+12)

Illlllllllllll

4—-3

*”#Trﬁrﬁ..

[ 5N AL |

LI

0

[

lllIlllllllllllllll

11 I L1 1l I L1 1 I LAl 1l l L

ll][l!ll

v Lol
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-500 O 500

-2
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Derive physical properties of the emitting gas —> column density and temperature

The integrated line profile gives us access to:

- Temperature (via level population)

- Column density /abundance (via line strength)

- Density (affects excitation, LTE vs sub-thermal)

Amplitude

These depend on:
- Spectral properties of the molecules

-  Environmental conditions

>
BUt---HOW? Frequency
+
+ES+
O De Si Astrophysics School 20 October 202
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What the molecular emission tells us? Integrated emission

Derive physical properties of the emitting gas —> column density and temperature

Einstein coefficients:

Aul —> spontaneous emission

Bul —> stimulated emission

Biu —> absorption

Cul and Ciy —> collision coefficient

De-excitation of upper energy level
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What tMmolecular emission tells us? *Integrated emission

Derive physmal propertles of the emlttmg gas —> column density and temperature

|
Cul

| Einstein coefficients:
% Aul —> spontaneous emission
Bul —> stimulated emission
Biu —> absorption
Cul and Cjy —> collision coefficient

How much of the emitted radiation reaches us?
How does it reflect the physical properties of the gas?
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What t\ molecular emission tells us? *Integrated emission

Derive phy31ca1 propertles of the emlttlng gas —> column density and temperature

The radiation emitted by the molecules that we observe depends on :

ow much radiation reach us (emitted vs absorbed)

|_
- The temperature of the gas (which affects level populations)
T

ne column density of the molecule (how many emitters there are)
Radiative

dr,
transfer

equation dS

=j1/ I kay

Emission: \

Absorption:
lated to A
reatet 1o A related to Bu,Bu
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he molecular emission tells us? *Integrated emission

The radiation emitted by the molecules that we observe depends on :

|_
The temperature of the gas (which affects level populations)
T

ow much radiation reach us (emitted vs absorbed)

ne column density of the molecule (how many emitters there are)

dI Optically
thin LTE

al propertles of the emlttlng gas —> column density and temperature
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molecular emission tells us? Integrated emission

What the
Derive phygiéél properties of the emitting gas —> column density and temperature

The radiation emitted by the molecules that we observe depends on :

How much radiation reach us (emitted vs absorbed)
- The temperature of the gas (which affects level populations)
The column density of the molecule (how many emitters there are)

A
3 [TBAV
g k hy 2kyv?
) 0, A w7 ¥ ) I, < ——T
472- 1% C2 B
e N = | Myds ===l ’
y ¢ ul
+ES+
AskiipiysiesStuaal 20 October 2026

Q) Marta De Simone




What t\ ‘ molecular emission tells us? *Integrated emission

Derive physmal propertles of the emlttlng gas —> column density and temperature

The radiation emitted by the molecules that we observe depends on

How much radiation reach us (emitted vs absorbed)
- The temperature of the gas (which affects level populations)
The column density of the molecule (how many emitters there are)
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What t\ molecular emission tells us? *Integrated emission

Derive phy31ca1 propertles of the emlttlng gas —> column density and temperature

The radiation emitted by the molecules that we observe depends on :

ow much radiation reach us (emitted vs absorbed)

|_
- The temperature of the gas (which affects level populations)
T

ne column density of the molecule (how many emitters there are)

LTE (Local Thermodynamic Equilibrium) Conditions

" . I, gu _h »
Collisions dominate and matter — = —e KT probability of a molecule

follows Boltzmann distribution: n, g occupying a particular energy state

if we consider all the energy levels, that hv = (Eu - E|) and integrating along the line of sight: N, = Z 1

|
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— = e~ kT QT) = ) ge /KT
T |
gu Q( ) —> Partition function ,
+
+ES+ Column density and Temperature of emitting gas
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What the molecular emission tells us? Integrated emission

Derive physical properties of the emitting gas —> column density and temperature

Linkedto Nu Fu :
In . — In Assumptions:
[TBAV Q(T) k LTE and optically thin lines

Niot = 35(5)-10¢ cm™2
Lot = T6(8) K

Multi-line
analysis!

Different transitions of
the same species with
different spectral
parameters (e.g.,
excitation of the upper

state E.)
¢ CH3O0H
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What the molecular emission tells us?

How do I know if emission is optically thin?

- QObserve less abundant isotopologues (e.g., 13CO, 13CH30H....) and
compare the ratio with elemental isotopic ratio from the Sun, local ISM, ...

- QObserve possible signature in the emission spectra

- Check for signs of it in the Rotational Diagram

More abundant isotopologues are more likely to have optically thick emission

HCOOCHj3 HCOOCH3

@ No dust obs.
2 With dust obs.

300
Frediani et al. 2025
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How to constrain 1C()Ms formation routes?
...Looking at shocked regions

..Looking at correlations

Bouwvier, De Simone,
OBSERVATIONS _Enrique-Romero et al. 2026

Observed N/O ratiovariationsacrossscalesand environments \\\\
N

OV =

i 2
Molecular abundances, spatial dlfferentlatlon, phys:cal properties %
7~
Physncal‘Lcondltlons Physical | conditions

[ LABORATORY CHEMISTRY )

DesorplionaliaiaCspecios, Bindingenergies of N-andO-species
spectroscopy, branching ratios ' A rate constants, reaction mechanismé w_

Physical
context

>

NH20H

Physical
properties

NH2CHO

Desorption

* Radiation field

4 H -
Dynamics reactants Products " Abundances
* Evolutionary e Temperature " Reaction coordinates * Temperature

| * Densit
stages Inputslto model Inputs|to model ensiy
- ¥ Environment

- ASTROCHEMICALMODELS

Chemical networks + time-dependent evolution

Relative Energy

Bayesian
inference &
uncertainties

Abundance

Reaction
network i Abundance/similarity
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How to constrain iCOMs formation routes?
| - P ...Looking at shocked regions

e Detection of formamide (NH2CHO)
and acetaldehyde (CH3CHO)
segregated

63°02'00"

e In the shock we have temporal
evolution, B1 is younger than B2

68°01'20"

NH,CHO vs. H,CO NH,CHO vs. CH3;CHO

] <—>
8 1500 AU

(&)

63°00'40"

Dec. Offset (arcsec)

20"39™15°%0  10%0 05%
o (J2000)

Codella et al. 2015,2017 R.A. Offset (arcsec)
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How to constrain iCOMs formation routes?

CH,CHO /NH,CHO

]
o
O

?

(@)
<
.
T
N
()]
Q
C
O
©
|
.|
il @)
<C

—

gas
— — —gramn

500 1000 1500

Codella et al. 2015,2017 Time (yr)

NH, + H,CO = NH,CHO + H

Formamide formed

in gas phase

Codella et al. 2017, Barone et al. 2015,
Vazart et al. 2016, Skouters et al. 2017
Lopez-Sepulcre et al. 2024

...Looking at shocked regions

See also De Simone et al. 2020b, Giani et al. 2026

e Detection of formamide (NH2CHO)
and acetaldehyde (CH3CHO)
segregated

CH5CHO
NH,CHO

e In the shock we have temporal
evolution, B1 is younger than B2

NH,CHO vs. H,CO NH,CHO vs. CH3;CHO
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How to constrain iCOMs formation routes?
...Looking at shocked regions

Robuschi et al. 2025

7000 au

Suggesting a
gas phase
formation of
glycolaldehyde
in Bl and B2
(not in B0)

From ethanol
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How to constrain iCOMs formation routes?
| - P ...Looking at shocked regions

 Cen s Time n(Hz)=107 cm™3 _ Giani et al. 2023, 2026
— 10714 — 300 yr — T S
— 10-15 e 1000 vr ] = , CH?RACN Dl

10716 - L CH3OH 1'ed/,// \\‘\CH3OH bl

/

" S68Nb

I - 134
i 5 hlue

v

CH3OH / CH3CN

[—
()

o
T —

101% -
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CHsCN formation routes
FORMATIONONGRAINS =~ FORMATION IN THE GAS
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Species correlations does not imply same origin but can be a chemical link
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How to constrain iCOMs formation routes?
| - P ...Looking at correlations

Cer 57Y) Time

i 10~ 14 100 yr
| —— 1071 —==- 500 yr

CH30OH / CH3CN

100

With a robust chemical network, the

CH;,OI:I (5,,4—41.3 A) —'E,=49.7 K
7 V=[98 ; 11.8] kms™' | physical properties can be derived
*_'CHsCN (14,—13,); E,=92.7 K/

“ v=[8.0 ; 13.0]}%5
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How to constrain iCOMSs formati

= Original Network
- Revised Network

Giani et al. 2023

TMC-1 observations

(=
o
o

[CH3CN]/ H2

10% 10°
Time (yr)

Chahine et al. 2024

IRAS 2. ' A

; + Por *sos.\* T

IRAS 4A2

Class 0 Class I

on routes?

...Looking at correlations

A correlation can be a hint of chemical link,
Not necessarily of a shared formation route
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How to constrain 1C()Ms formation routes?
...Looking at correlations

F q=0.7
7L m=0.957
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® Strong correlation between o ",‘
Dimethyl Ether and Methyl Formate :
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onstrain iCOMs formation routes?
e S gt 3. ...Looking at correlations

On‘the grain surface:

Phase Ill: warm-up

Garrod & Herbst 2006; Garrod et al. 2008; Oberg et al. 2009; Kalvans 2015
Not clear the efficiency, and how to release the i(COMs in cold objects?

In the gas phase

Balucani et al. 2015

grain desorption — CH,OH

CHy,0

e +OH OIU UDJECLS Th h t
e gas phase route
+ CH30 can reproduce the
~— observations,

+Cl especially in COLD
 ——
CH3 OCH3 +OH objects ...

Dimethyl Ether
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+ Chemistry starts early: complex molecules are already present in cold
prestellar cores

+ Chemistry evolves with star formation: collapse, shocks, irradiation and
disks continuously reshape the molecular inventory

+ Tracing chemical inheritance is the natural next step, but requires careful
treatment of observational and methodological biases

+ Molecules are powerful diagnostics: they trace temperature, density,
kinematics and physical structure.

+ A interdisciplinary approach is crucial: Observations + computation/
experiments + modelling

Chemistry is one of the most powerful tools we have to understand how planetary systems emerge

+

ES+
0
+
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The origin of chemical complexity
from clouds to disks

Questions, curiosities?

Marta De Simone
ESO - Arc Astronomer

Advanced Topics in astrophysics I - Bologna - 9 December 2025
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