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PRE-STELLAR CORES 
(the stellar system cradles)

Credit:	ESA/Herschel/SPIRE	

~ 1 light year



B68

L1544

Keto & Caselli 2008

The two classes 
of starless cores

Thermally
subcritical
nc ≲ 105 cm-3

Tc ~ 10 K
Spectral line 
profiles consistent 
with oscillations 
(Lada+2003)

nc > 105 cm-3

Tc ~ 6 K
Spectral line 
profiles consistent 
with contraction 
motions 
(Tafalla+1998; 
Caselli+2002)

Thermally 
supercritical

Pre-stellar →

THE TWO CLASSES OF  
STARLESS CORES



ALMA observations of a 8 M⦿ pre-stellar core reveal a 
dense (106 cm-3) “kernel” of 0.16 M⦿ and radius 1800 au

Caselli, Pineda, Zhao+ 2019 

1.3mm continuum of L1544 with 2” resolution

consistent with non-ideal MHD simulations 
of a contracting pre-stellar core with peak 
density ~107 cm-3. 



“Catastrophic” CO freeze-out within the 
central 7000 au of pre-stellar core L1544 

In pre-stellar cores, molecules freeze out onto 
dust grains

Central density: 
≥106  H2 per cc
(Keto & Caselli 2008)

Central temperature:
~6K 
(Crapsi+2007)

>90% of CO molecules are frozen onto dust grains  

IRAM 30m
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In the central 2000 au, 99.99% 
of all species heavier than He 
are frozen onto dust grains

Caselli, Pineda, Sipilä+2022 (see also Pineda+2022)

Center

5.0"

10.0"

Total-depletion-factor profile

fDtot

[NH2D]/[H2]

L1544
pNH2D(111-110)

ALMA

f D
to

t



Image credit: Alves+(2001)
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Surprisingly strong ortho-H2D+

Vastel et al. 2006
(see also Parise et al. 2010)Caselli et al. 2003, 2008

• Led to strong revision of astrochemical models (e.g. Roberts et al. 2003)
• Triggered new laboratory work (e.g. Hugo et al. 2009)
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Surprisingly strong ortho-H2D+ in pre-stellar cores 

See also Vastel+2004, Parise+2011, Brünken+2014, Harju+2017, Redaelli+2021

CSO

Caselli et al. 2003, 2008   



Rate coefficient 
measurements of 
light ion-molecule 
reactive systems 
with the cryogenic 
22-pole radio 
frequency  
ion trap in our 
laboratories 

Jiménez-Redondo, Sipilä,  
Jusko & Caselli 2024

[Rates are needed for our 

astrochemical models]
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Just before stellar birth, in the central 2000 au of pre-
stellar cores, almost all (99.99%) species heavier than 

He are frozen onto dust grains (Caselli+2022).

Dust grains are covered with thick icy mantles, storing 
molecules for the next stages of planet formation. 



Just before stellar birth, in the central 2000 au of pre-
stellar cores, almost all (99.99%) species heavier than 

He are frozen onto dust grains (Caselli+2022).

Dust grains are covered with thick icy mantles, storing 
molecules for the next stages of planet formation. 



Image credit: Alves+(2001)

New JWST data coming up soon  !! 

PI: Izaskun Jiménez-Serra



New (rare!) pre-stellar cores have been identified with APEX 
and Herschel, and are currently being studied with ALMA 

Caselli+2025 , Redaelli+2025, Spezzano+2025, Giers+, in prep.



Harju+2020

oNH2D

CH3OH & oNH2D

H-MM1 

See also:

Complex organic molecules 
(COMs) form at the edge of the 
catastrophic CO freeze-out zone 

(see astrochemical models by Vasyunin+2017) 

Marcelino+2007
Öberg+2010 
Bacmann+2013 
Bizzocchi+2014
Vastel+2014 
Bacmann&Faure 2016 
Jiménez-Serra+2016, 2021 
Spezzano+2016, 2017, 2020  
Scibelli & Shirley 2020, Scibelli+2024
Ambrose+2021 
Punanova+2022, 2025
Remijan+2025
Lin+2026
Ceccarelli+2023, PPVII



Drozdovskaya+2019, 2021, 2022
67P/Rosetta - ESA

Jørgensen+2016

Similar complex organic abundances in comets and star-
forming regions suggest pre-stellar core inheritance

“The volatile composition 
of cometesimals and 
planetesimals is partially 
inherited from the pre- 
and protostellar phases of 
evolution.” 
-Drozdovskaya+2019

see also Biver+2015, Rivilla+2020, Ceccarelli+2023, Rocha+2024, Scibelli+2025
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DMS/CH3OH ~ 10-3 

ESA/Rosetta/NAVCAM(NASA/JPL-Caltech/S. Stolovy, Spitzer Science Center/Caltech)

in the GC cloud G+0.693-0.027 in comet 67P



Protostellar disks can be hot and 
gravitationally unstable 

Zamponi, Maureira, Liu+2021
(see also van’t Hoff+2020 ; Nazari+2023 ) 

Joaquin
Zamponi

IRAS16293B ALMA observations: high brightness 
temperatures with  Tb(3mm) > Tb(1mm), indicative 
of hot mid-plane.  

Simulations of a gravitationally unstable disk reproduce 
ALMA observations. The high temperatures allow the 
evaporation of icy mantles and the processing of dust.    
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Young protostars are fed  
by the surrounding cloud via streamers

Pineda, Segura-Cox, Caselli+2020, Nature Astronomy
IRAM-NOEMA

(See also Valdivia-Mena+2022, 2024; Hsieh+2023, Flores+2023; Gieser+2024; Codella+2024; Taniguchi+2024…)

Per-emb-2



Planet formation starts early!

Segura-Cox+2020, Nature

centroid velocity
(Age: 0.1-0.5 Myr)



Planet formation starts early!

Segura-Cox+2020, Nature

centroid velocity
(Age: 0.1-0.5 Myr)



Planet formation starts early!

Segura-Cox+2020, Nature

centroid velocity

Due to disk 
instabilities triggered 
by streamers (?)

(Age: 0.1-0.5 Myr)



Planet formation starts early!

Segura-Cox+2020, Nature

centroid velocity

Due to disk 
instabilities triggered 
by streamers (?)

Segura-Cox+, in prep.
see also Flores+2023, 
Cacciapuoti+2023,
Podio+2024



Every protostellar disk tells a different story 
when viewed with ALMA at high resolution (~7.5 au)

Maureira, Pineda, Liu+2024, 2025

María José Maureira



Protoplanetary 
disks in their 
natural habitat

Mayer, Naab, Caselli, Ivlev, Grassi+2025

Alexander Mayer)

&

Following the formation of pre-
stellar cores, stars and disks via 
simulations of supernova-driven 
turbulent ISM



Pre-stellar cores: nc ≥ 106 cm-3, Tc = 6-7 K, almost complete 
freeze-out (>99%), D-fraction (>20%) and COMs ➝ First steps 
toward pre-biotic chemistry.

Planet formation starts early, and chemical complexity builds: 
tracking gas and dust evolution (grain growth + chemistry/
mineralogy) is key to understanding planets and life’s first steps.

Large-scale flows bring cloud/core material on disk  ➝ Important 
for disk dynamical and chemical evolution.  

Similar COM fractional abundances in comets and star-forming 
regions ➝ Storage of pre-stellar ice.
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MANY  
CONGRATULATIONS,  

DEAR RICCARDO! 

After a lifetime of precision 
astrophysics and precise lunch 

times, it’s finally time to relax…  

I also need a new picture!! 🙏

…at exactly the same 
time every day 


