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Solar-type protostellar chemistry: 

Prestellar Core Protostellar core Protoplanetary Disk Planetary System

(e.g. Andre et al. 2000, Caselli & Ceccarelli 2012, Öberg & Bergin 2021)

Class 0/I (~104-5 yr)

Tychoniec et al. 2020
Segura Cox et al. 2020

Cridland et al. 2022

The protostellar chemical content can be linked to what forming planets can inherit 

Planet formation starts early in the disk?ⓒ Marta De Simone

Sheehan et al. 2018,

Harsono et al. 2018; Podio et al. 2020, Manara et al. 2018; Sanchis et al. 2020 
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Prestellar Core Protostellar core Protoplanetary Disk Planetary System

(e.g. Andre et al. 2000, Caselli & Ceccarelli 2012, Öberg & Bergin 2021)

Class 0/I (~104-5 yr)

Compact (<100 au), 
hot (>100 K),  

dense (>107 cm-3) 
region enriched in 

iCOMs* 
Ceccarelli 2004,  

Ceccarelli et al. 2007

*iCOMs: Saturated C-bearing molecules with more than six atoms and containing heteroatoms 
(Herbst & Van Dishoeck 2009, Ceccarelli et al. 2017)        . 

ⓒ Marta De Simone

Protostars are far to be fully 
chemically characterised 

Protostellar chemical nature

always studied at mm wavelengths  
(where iCOMs emission is bright)

Cazaux et al. 2003, Jörgensen et al. 2016, Öberg et al. 2014, Imai 
et al. 2016, Jorgensen et al. 2016, Coutens et al. 2016, Lee et al. 
2017b,  De Simone et al. 2017, Oya et al. 2017, Marcelino et al. 
2018, Ospina-Zamudio et al. 2018, Manigand et al. 2020, …
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Codella et al. 2021

Bianchi et al. 2020

Codella et al. 2022

Imai et al. 2021

Okoda et al. 2021

Vastel et al. 2021

At present 25 iCOMs-rich hot corinos 
(~40 with methanol only) are known 

(e.g., De Simone et al. 2017, Belloche et al. 2020, Bouvier et al. 
2021, Chahine et al. 2021, Yang et al. 2021, …)

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

Hot Corinos

WCCC 
(Warm Carbon Chain Chemistry)

Rich in organics  
(e.g., CH3OH, CH3OCH3, NH2CHO, etc.) 

Rich in carbon chains  
(e.g., C3H2, CxHx,HCxN, etc.)

Hot Corinos:  
rich chemistry in young Solar-type protostars

Ceccarelli 2004, Ceccarelli et al. 2007

Sakai et al.  2013
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Several possibilities: 

• Observational biases 

• presence of small scale structures 

• different grain mantle composition
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❖ Not every protostar possesses a hot corino region
❖ Protostellar systems show different mm molecular spectra

Codella et al. 2021

Bianchi et al. 2020

Codella et al. 2022

Imai et al. 2021

Okoda et al. 2021

Vastel et al. 2021

Hot Corinos:  
rich chemistry in young Solar-type protostars

 (See also Aikawa et al. 2020,  Nazari et al. 2022, Van Gelder 2022)

need for cm wavelength observations!!!

Why so few Hot Corinos?  
Why so different?
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Several possibilities: 

• Observational biases 

• presence of small scale structures 

• different grain mantle composition
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❖ Not every protostar possesses a hot corino region
❖ Protostellar systems show different mm molecular spectra
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Hot Corinos:  
rich chemistry in young Solar-type protostars

 (See also Aikawa et al. 2020,  Nazari et al. 2022, Van Gelder 2022)

Why so few Hot Corinos?  
Why so different?
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Observational biases:  
the dust contribution

Dust optically thick No dust contribution dust opacity effects on iCOMs emission  
through mm + cm observations of CH3OH

IRAS4A at mm
Hot Corino in one of the two companion

The dust is hiding the 
IRAS 4A1 hot corino

Moving from millimetre to centimetre wavelengths

iCOM abundances at millimeter 
wavelengths are underestimated!

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

Codella et al. 2021

Bianchi et al. 2020

Codella et al. 2022

Imai et al. 2021

Okoda et al. 2021

Vastel et al. 2021

Hot Corinos:  
rich chemistry in young Solar-type protostars

 (See also Aikawa et al. 2020,  Nazari et al. 2022, Van Gelder 2022)

Why so few Hot Corinos?  
Why so different?

Several possibilities: 

• Observational biases 

• presence of small scale structures 

• different grain mantle composition
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Not all protostars are the same:
Retrieving their ice mantle history

Direct observations of the ice mantle composition is challenging!
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Not all protostars are the same:
Retrieving their ice mantle history

Boogert et al. 2015, McClure et al. 2023

Retrieve the 
ice mantle 

composition 
indirectly!
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NH3 and CH3OH best critical tracers of the ice mantle composition
VLA

Well known formation paths 
(Watanabe & Kouchi 2002; Rimola et al. 2014;  

Le Gal et al. 2014; Song & Kästner 2017; Jonusas et al. 
2020, Tinacci et al. 2022, Ferrero et al. 2023)

The NH3/CH3OH depends on the 
cloud temperature and density, and 
the ice mantle formation timescale

Taquet et al. 2012a, Aikawa et al. 2020

Cm range

e.g, an old grain mantle would likely be 
enriched in CH3OH

Ceccarelli et al. 2018

NH3

CH3OH

Not all protostars are the same:
Retrieving their ice mantle history
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Abundance ratio  
(non-LTE LVG):

NH3

CH3OH

0.015 − 0.5< 0.5
IRAS 4A1 IRAS 4A2

0.003 − 0.3
IRAS 4B

Continuum Continuum

The three protostars have the same chemical history:  
They were formed from pre-collapse material with similar physical conditions

VLA

De Simone et al. 2022, ApJL

Not all protostars are the same:
Retrieving their ice mantle history -> the case of IRAS 4A
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Abundance ratio  
(non-LTE LVG):

NH3

CH3OH

0.015 − 0.5< 0.5
IRAS 4A1 IRAS 4A2

0.003 − 0.3
IRAS 4B

Continuum Continuum

De Simone et al. 2022, ApJL

Not all protostars are the same:
Retrieving their ice mantle history -> the case of IRAS 4A

Astrochemical model (gas+grain) 
GRAINOBLE (Taquet et al. 2012, 2013, Ceccarelli et al. 2018) Pre-Collapse conditions

T ≥ 17 K

Typical of the less dense 
material in NGC 1333 south

Zari et al. 2016; Zhang et al. 2022

Too warm for a prestellar core at 60 au!

Premature 
collapse!
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Take home messages
Looking to the future…

What   next?

Cm + mm observations are crucial for the correct study of hot corinos

• Multi-wavelength approach (mm + cm and IR):  
unveil the hot corinos nature with a strong multiline analysis

• Surveys at high sensitivity and angular resolution:  
observe iCOMs less abundant than methanol at < 10 au 
in different sources in the same/different regions

BAND 1 
35-50 GHz Cm -facilities

We constrained the chemical and dynamical 
history of the IRAS 4 protostars without 

being biased by dust opacity effects

IR -facilities

ELT

JWST

Full coverage of the entire sky,  large frequency coverage
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More complex is the species, at much 
lower frequency is its emission peak

Multiwavelength approach
centimiter + millimeter

cm
- No dust absorption
- Complex species in less crowded spectra
- Mantle history (with NH3 and CH3OH)

mm - Bright simple species + deuterated

cm+mm
- Correct dust absorption factor 
- Complete chemical census 
- Strong multiline analysis

McGuire et al. NAS ASTRO2020 WhitePaper
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Predicted spectrum of some 
iCOMs at 5 - 50 GHz

17

Relative scales not representative
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Not all protostars are the same:
Retrieving their ice mantle history -> the case of IRAS 4A

Cold ~ 8 K
  Dense ~106 cm-3

Hot ~100 K 
More dense ~107 cm-3

Proposed scenario:

IRAS 4A1, 4A2, 4B did not experience the usual prestellar core phase

Warm ~ 17 K
  Less dense ~104 cm-3

Typical scenario:

De Simone et al. 2022

Could have been the 
expanding bubbles that 

shaped NGC 1333?  
(Dhabal et al. 2019; 

De Simone et al. 2022)

A premature collapse has 
been triggered where no 

prestellar core existed

External Triggers?
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Shock as result of cloud collisions: 
the case of the NGC1333 IRAS 4 system

Dhabal et al. 2019

NOEMA

De Simone et al. 2022 MNRAS

Narrow (~1.5 km/s) 
elongated structure 
around the systemic 
velocity (~6.7 km/s)
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Shock as result of cloud collisions: 
the case of the NGC1333 IRAS 4 system De Simone et al. 2022 MNRAS

NGC 1333 could have been shaped 
by two clashing expanding bubbles.

Could this clash have 
triggered the formation of the 

protostars on the filament?

Stay tuned…
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