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methylidyne (CH or C1H1) 
(Swings & Rosenfeld 1937)
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methylidyne (CH or C1H1) 
(Swings & Rosenfeld 1937)

Cyclopentindene (c-C11H8) 
Fuentetaja et al. (2026)

Víctor M. Rivilla

CHEMICAL COMPLEXITY

Prebiotic molecules in ALMA Band 2



2026 1937

methylidyne (CH or C1H1) 
(Swings & Rosenfeld 1937)

Cyclopentindene (c-C11H8) 
Fuentetaja et al. (2026)
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Cyanocoronene (c-C24H11CN) 
Wenzel et al. (2025)



Galactic ISM

Courtesy of Brett McGuire
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> 340 molecules
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McGuire et al. 2018

McGuire et al. (2022)
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CHEMICAL COMPLEXITY

>100 new species

> 340 molecules

From 2021 ….
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Ingredients for life

Ruiz-Mirazo et al. (2014)
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Becker et al., Science (2019) 

RNA  
nucleotides RNA world

Molecular 
Precursors
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Deep unbiased broadband 
spectral surveys 
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• Many molecules • Many transitions

• Solid identification 

• Excitation —> N —> abundances

• Weak transitions of low-abundant species.

• Increasing molecular complexity. 
• Isotopologues (double!)

Large spectral coverage

Prebiotic molecules in ALMA Band 2

Deep unbiased broadband 
spectral surveys 
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BILL SAXTON/NSF/AUI/NRAO
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High Sensitivity
• Many molecules • Many transitions

• Solid identification 

• Excitation —> N —> abundances

• Weak transitions of low-abundant species.

• Increasing molecular complexity. 
• Isotopologues (double!)

•  Large sample of molecules 
•  Homogeneous datasets 
•  New interstellar molecules

Large spectral coverage

Prebiotic molecules in ALMA Band 2

Deep unbiased broadband 
spectral surveys 



ULTRADEEP 
ASTRONOMICAL 
OBSERVATIONS

MOLECULAR 
SPECTROSCOPY 

IN THE LAB
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GUAPOS: G31.41+0.31 Unbiased ALMA  sPectral Observational Survey 
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Star-forming regions

Hot cores/corinos
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Well “known” astrochemical star-forming regions: hot cores/corinos
IRAS 16293-2422 Sgr B2(N) 

  

Zeng et al. (2019) 

HONO
Coutens et et al. (2019) 

Fayolle et al. (2017) 
CH3Cl

HOCH2CN

Methyl chloride

Glycolonitrile

Nitrous acid

Image: PILS survey  
(Jørgensen et a. 2016)

eMoCA & ReMoCA survey  
(Belloche et. al.)

Propylcyanide

N-Methyl 
formamide

Aminoacetonitrile

Urea

i-propanol

NGC  6334I 

Methoxyethanol

Methoxymethanol

Fried et al. (2024)

McGuire et al. (2017)

G31.41+0.41 

Glycolaldehyde(*)

Beltrán et al. (2009)

Minninni et al. 2020, 2023, 
Colzi et al. 2021,  

Fontani et al. 2024,  
López-Gallifa et al. 2024, 2025, 

Cesaroni et al. (2026).

Prebiotic molecules in ALMA Band 2



Line confusion

ALMA data

High-mass  
star-forming region 

Low-mass  
star-forming region 
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Crowded spectra

Line confusion

Frequency

En
er
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Frequency

Hot regions 
(Tex>100 K)
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Regions with 
Tex < 20 K

IDENTIFICATION 
OF NEW 

MOLECULES

“Cleaner” spectra

Crowded spectra

Line confusion

Frequency

Hot regions 
(Tex>100 K)

En
er

gy
En

er
gy
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GOTHAM  
McGuire et al.

QUIJOTE 
Cernicharo et al.

TMC-1
Cold molecular clouds

Wenzel et al. (2024a,b)

Víctor M. Rivilla

Cernicharo et al. (2021)

Prebiotic molecules in ALMA Band 2



The Central Molecular Zone (CMZ) of the Galaxy 

Credit: Ian Heywood (Oxford U.), SARAO / Juan Carlos Muñoz-Mateos (ESO) 

G+0.693-0.027  
molecular cloud  
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G+0.693-0.027

SgrB2 N

SgrB2 M
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The G+0.693-0.027 molecular cloud

G+0.693-0.027

SgrB2 N

SgrB2 M

ALMA 3mm  
continuum 

Ginsburg et al. (2016)
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G+0.693-0.027

SgrB2 N

SgrB2 MALMA 3mm 
continuum

Ginsburg et al. (2016)
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The G+0.693-0.027 molecular cloud

G+0.693-0.027

SgrB2 N

SgrB2 M

ALMA 3mm  
continuum 

Ginsburg et al. (2016)

Ethanol  
(CH3CH2OH)
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G+0.693-0.027

SgrB2 N

SgrB2 MALMA 3mm 
continuum

Ginsburg et al. (2016)
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The G+0.693-0.027 molecular cloud

G+0.693-0.027

SgrB2 N

SgrB2 M

ALMA 3mm  
continuum 

Ginsburg et al. (2016)

Ethanol  
(CH3CH2OH)

Víctor M. Rivilla

• No signspots of ongoing star formation (yet)  
prestellar cluster candidate (Colzi et al. 2022,2024)

Prebiotic molecules in ALMA Band 2



G+0.693-0.027

SgrB2 N

SgrB2 MALMA 3mm 
continuum

Ginsburg et al. (2016)
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The G+0.693-0.027 molecular cloud

G+0.693-0.027

SgrB2 N

SgrB2 M

ALMA 3mm  
continuum 

Ginsburg et al. (2016)

Ethanol  
(CH3CH2OH)

• Intermediate densities n(H2)~104-105 cm-3 (Zeng et al. 2020, Colzi et al. 2024)

low excitation temperatures Tex=5-20 K << Tkin~100 K

sub-thermal molecular excitation

Víctor M. Rivilla

C

• No signspots of ongoing star formation (yet)  
prestellar cluster candidate (Colzi et al. 2022,2024)
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G+0.693-0.027

SgrB2 N

SgrB2 MALMA 3mm 
continuum

Ginsburg et al. (2016)
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The G+0.693-0.027 molecular cloud

G+0.693-0.027

SgrB2 N

SgrB2 M

ALMA 3mm  
continuum 

Ginsburg et al. (2016)

Ethanol  
(CH3CH2OH)

• Intermediate densities n(H2)~104-105 cm-3 (Zeng et al. 2020, Colzi et al. 2024)

low excitation temperatures Tex=5-20 K << Tkin~100 K

sub-thermal molecular excitation

Only low Eup transitions are excited

Identification of new species

Spectrum much less crowded, with less line contamination

Víctor M. Rivilla

• No signspots of ongoing star formation (yet)  
prestellar cluster candidate (Colzi et al. 2022,2024)

Prebiotic molecules in ALMA Band 2



G+0.693-0.027

SgrB2 N

SgrB2 MALMA 3mm 
continuum

Ginsburg et al. (2016)
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G+0.693-0.027

SgrB2 M

ALMA 3mm  
continuum 

Ginsburg et al. (2016)

Ethanol  
(CH3CH2OH)

SgrB2 N

G+0.693

SMA+APEX
Zeng et al. (2020)

SiO(3-2) 

The G+0.693-0.027 molecular cloud

SHOCKS

RICH MOLECULAR 
COMPLEXITY

SgrB2 N

Víctor M. Rivilla Prebiotic molecules in ALMA Band 2
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Ultrasensitive broadband spectral survey towards G+0.693-0.027

• ~ 300 hr of telescope time  
• Frequency coverage from 12.73 GHz to 275.98 GHz 
• Total bandwidth of 196.7 GHz 
• Extremely high sensitivity: rms < 0.5 mK

GBT 100m  
(West Virginia)

Yebes 40m 
(Spain)

IRAM 30m 
(Spain)

APEX 12m 
 (Chile)

Víctor M. Rivilla Prebiotic molecules in ALMA Band 2
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Becker et al., Science (2019) 

RNA  
nucleotides
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hydroxilamine (NH2OH)



u

Becker et al., Science (2019) 

First detection of hydroxilamine (NH2OH) in the ISM

RNA  
nucleotides

Rivilla et al. (2020b) 
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NH2OH
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NH2 OH
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NH2 OHCH2CH2

Ethanolamine

Víctor M. Rivilla Prebiotic molecules in ALMA Band 2



Phospholipids

Phosphatidylethanolamine	(PE)

Phospholipid bilayer

Ethanolamine
NH2CH2CH2OH

hydrophilic		
head

hydrophobic		
tails

Víctor M. Rivilla Prebiotic molecules in ALMA Band 2



First detection of NH2CH2CH2OH in the ISM 

Rivilla et al. (2021a),  PNAS,  118, 22 

Yebes 40m

IRAM 30m

Víctor M. Rivilla

Rivilla et al. (2021a),  PNAS,  118, 22 
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1,2-ethenediol 
Prebiotic molecules in ALMA Band 2



Melosso et al. (2022)

Mattia  
Melosso

Víctor M. Rivilla

1,2-ethenediol 
Prebiotic molecules in ALMA Band 2



First detection of 1,2-ethenediol  in the ISM

G+0.693-0.027

Rivilla et al. (2022a)
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Credit: Ian Heywood (Oxford U.), SARAO / Juan Carlos Muñoz-Mateos (ESO) / Víctor M. Rivilla (CAB) & Miguel Sanz-Novo (CAB & UVA)

G+0.693-0.027  
molecular cloud

Galactic  
Center 

First glycine isomer detected in the interstellar 
medium! glycolamide  — NH2C(O)CH2OH

Rivilla et al. (2023)



Víctor M. Rivilla Prebiotic molecules in ALMA Band 2

Sanz-Novo, et al. (2023)

Carbonic acid 
HOCOOH



G+0.693-0.027 molecular cloud Pushing the limits of interstellar complexity

POSTER  
Miguel Sanz-Novo
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POSTER  
Miguel Sanz-Novo

High-energy  
structural 
isomers

N-cyanomethanimine

Zeng et al. (2025)
New HCN dimer 

H2CNCN 

cis N-methyl formamide

CH3NHCHO 
San Andrés et al. (2024)



G+0.693-0.027 molecular cloud Pushing the limits of interstellar complexity

POSTER  
Miguel Sanz-Novo

New cations
+

Rivilla et al. (2022b)
PO+

HOCS+
Sanz-Novo et al. (2024a)

N-cyanomethanimine

New HCN dimer 
H2CNCN 

cis N-methyl formamide

CH3NHCHO 
San Andrés et al. (2024) Zeng et al. (2025)

High-energy  
structural 
isomers



G+0.693-0.027 molecular cloud Pushing the limits of interstellar complexity

POSTER  
Miguel Sanz-Novo

New cations
+

Rivilla et al. (2022b)
PO+

HOCS+
Sanz-Novo et al. (2024a)

Climbing the  
complexity  

ladder

Alcohols Isocyanates S-bearing speciesAmines Amides

CH3CH2CH2OH
Jiménez-Serra 


et al. (2022)

CH3CH2NCO CH2CHNH2 NH2COCH2OH CH3CH2SH CH3SCH3HCOSH
Rodríguez-Almeida


et al. (2021b)
Rodríguez-Almeida


et al. (2021a)
Zeng et 


al. (2021)
Rivilla et al.


 (2023)
Sanz-Novo


et al. (2025a)

Imines

HCCCHNH
Bizzochi et al.


 (2020)

N-cyanomethanimine

Zeng et al. (2025)
New HCN dimer 

H2CNCN 

cis N-methyl formamide

CH3NHCHO 
San Andrés et al. (2024)

High-energy  
structural 
isomers



G+0.693-0.027 molecular cloud Pushing the limits of interstellar complexity

POSTER  
Miguel Sanz-Novo

New complexity frontiers

New cations
+

Rivilla et al. (2022b)
PO+

HOCS+
Sanz-Novo et al. (2024a)

Sanz-Novo et 

al. (2024b)

First interstellar 
molecule with N, S and O

HNSO
First interstellar molecule 

with 3 oxygen atoms

HOCOOH
Carbonic acid

Climbing the  
complexity  

ladder

Alcohols Isocyanates S-bearing speciesAmines Amides

CH3CH2CH2OH
Jiménez-Serra 


et al. (2022)

CH3CH2NCO CH2CHNH2 NH2COCH2OH CH3CH2SH CH3SCH3HCOSH
Rodríguez-Almeida


et al. (2021b)
Rodríguez-Almeida


et al. (2021a)
Zeng et 


al. (2021)
Rivilla et al.


 (2023)
Sanz-Novo


et al. (2025a)

Imines

HCCCHNH
Bizzochi et al.


 (2020)

N-cyanomethanimine

Zeng et al. (2025)
New HCN dimer 

H2CNCN 

cis N-methyl formamide

CH3NHCHO 
San Andrés et al. (2024)

High-energy  
structural 
isomers
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2,5-cyclohexadien-1-thione (c-C6H6S) Benzonitrile (c-C6H5CN)
Araki, Sanz-Novo et al. (2026), Nat. Astro. Rivilla et al. (in prep.)

Víctor M. Rivilla Prebiotic molecules in ALMA Band 2

First detection in the ISM First detection(s) beyond dark clouds



Rivilla et al. 

(2019b)

Z-cyanomethanimine
Rivilla et al. (2020c)
Hydroxylamine

Bizzochi et al. 

(2020)

Propargylimine
Rodríguez-Almeida 


et al. (2021a)

Thioformic acid
Rodríguez-Almeida 


et al. (2021a)

Ethyl mercaptan
Rodríguez-Almeida 


et al. (2021b)

Ethyl isocyanate
Rivilla et al.


 (2021b)

Cyanomidyl

Rivilla et al. (2021a)
Ethanolamine

Zeng et al. (2021)
Vinyl amine

Jiménez-Serra 

et al. (2022)

n-propanol

Rivilla et al. (2022b)

Phosphorus  
oxide cation Rivilla et al. (2022a)

Z-1,2-ethenediol
Fatima et al. (2023)

Isobutene

San Andrés et al. 

(2024)

N-cyanomethanimine
Massalkhi el al. (2023)

Silacyclopropynylidene
Sanz-Novo et al. (2023)

Carbonic acid Protonated  
carbonyl sulphide

Sanz-Novo et al.  (2024a)
Sanz-Novo et 


al. (2024b)

Thionylimide

Sanz-Novo et al. (2025a)
Dimethyl sulfide Trans methyl formate

Sanz-Novo et al. (2025b) Zeng et al. (2025)
Cis N-methyl formamide

Araki et al.

 (2026)

2,5-cyclohexadien 
-1-thione

Rivilla et al. (2023)
Glycolamide

Rey-Montejo 

et al. (2024)

Magnesium  
sulfide

Sodium  
sulfide

Lactaldehyde
Sanz-Novo et al. (2026)

Methoxacetaldehyde

New interstellar species discovered by our group including species with the 6 key chemical elements for life: 

(H, C, O, N, S y P) + Si + Mg + Na

Víctor M. Rivilla Prebiotic molecules in ALMA Band 2
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28 new detections in G+0.693
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New detections in G+0.693 
Víctor M. Rivilla
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including species with the 6 key chemical elements for life: 
(H, C, O, N, S y P) + Si + Mg + Na
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G+0.693-0.027

SgrB2 N

SgrB2 MALMA 3mm 
continuum

Ginsburg et al. (2016)
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The G+0.693-0.027 molecular cloud

G+0.693-0.027

Ethanol  
(CH3CH2OH)
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no beam dilution

50 arcsec ~2 pc



G+0.693-0.027

SgrB2 N

SgrB2 MALMA 3mm 
continuum

Ginsburg et al. (2016)
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Ethanol  
(CH3CH2OH)

Víctor M. Rivilla Prebiotic molecules in ALMA Band 2

beam  
single-dish

Extended  
emission

single-dish
no beam dilution

50 arcsec ~2 pc

But we lack SPATIAL INFORMATION

G+0.693-0.027

The G+0.693-0.027 molecular cloud



G+0.693-0.027

SgrB2 N

SgrB2 MALMA 3mm 
continuum

Ginsburg et al. (2016)
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50 arcsec ~2 pc

ALMA FoV
ALMA BAND 1 OBSERVATIONS

Sergio Martín and  
David San Andrés

G+0.693-0.027



Longmore et al. (2026): arXIV:2602.20340 + 5 other publications

ACES ALMA Large Program

Víctor M. Rivilla Prebiotic molecules in ALMA Band 2

HNCOG+0.693-0.027



Longmore et al. (2026): arXIV:2602.20340 + 5 other publications

12m-array + ACA + TP recover all the flux

Víctor M. Rivilla Prebiotic molecules in ALMA Band 2

ACES Band 6 vs. IRAM 30m

Courtesy of L. Colzi



Longmore et al. (2026): arXIV:2602.20340 + 5 other publications

12m-array + ACA + TP recover all the flux

Víctor M. Rivilla Prebiotic molecules in ALMA Band 2

TP is needed to recover 
the extended emission

Courtesy of L. Colzi

ACES Band 6 vs. IRAM 30m
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Star-forming regions??



Rivilla et al. 

(2019b)

Z-cyanomethanimine
Rivilla et al. (2020c)
Hydroxylamine

Bizzochi et al. 

(2020)

Propargylimine
Rodríguez-Almeida 


et al. (2021a)

Thioformic acid
Rodríguez-Almeida 


et al. (2021a)

Ethyl mercaptan
Rodríguez-Almeida 


et al. (2021b)

Ethyl isocyanate
Rivilla et al.


 (2021b)

Cyanomidyl

Rivilla et al. (2021a)
Ethanolamine

Zeng et al. (2021)
Vinyl amine

Jiménez-Serra 

et al. (2022)

n-propanol

Rivilla et al. (2022b)

Phosphorus  
oxide cation Rivilla et al. (2022a)

Z-1,2-ethenediol
Fatima et al. (2023)

Isobutene

San Andrés et al. 

(2024)

N-cyanomethanimine
Massalkhi el al. (2023)

Silacyclopropynylidene
Sanz-Novo et al. (2023)

Carbonic acid Protonated  
carbonyl sulphide

Sanz-Novo et al.  (2024a)
Sanz-Novo et 


al. (2024b)

Thionylimide

Sanz-Novo et al. (2025a)
Dimethyl sulfide Trans methyl formate

Sanz-Novo et al. (2025b) Zeng et al. (2025)
Cis N-methyl formamide

Araki et al.

 (2026)

2,5-cyclohexadien 
-1-thione

Rivilla et al. (2023)
Glycolamide

Rey-Montejo 

et al. (2024)

Magnesium  
sulfide

Sodium  
sulfide

Lactaldehyde
Sanz-Novo et al. (2026)

Methoxacetaldehyde

Víctor M. Rivilla Prebiotic molecules in ALMA Band 2

Only 2 of them have been detected in star-forming regions !!
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ALMA Band 2 SV
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The G31.41+0.31 massive star-forming region
IR Spitzer 8microns image

N2H+
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The G31.41+0.31 massive star-forming region
IR Spitzer 8microns image

N2H+
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The G31.41+0.31 massive star-forming region

Beltrán et al. (2009)

IR Spitzer 8microns image

N2H+
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The G31.41+0.31 massive star-forming region
IR Spitzer 8microns image

N2H+

Rivilla et al. (2017a)
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GUAPOS: G31.41+0.31 Unbiased ALMA 
sPectral Observational Survey 

• PI: Maite Beltrán  

• Target: G31.41+0.31 hot molecular core 

• Spectral resolution (~0.5 MHz) = 1.2-1.7 km/s 

• Final spatial resolution 1.2”  (about 4500 au). 

• rms = 0.5 - 1.9 mJy/beam. 

Prebiotic molecules in ALMA Band 2
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GUAPOS: G31.41+0.31 Unbiased ALMA 
sPectral Observational Survey 

LTE modelling considering all species identified 

Prebiotic molecules in ALMA Band 2
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GUAPOS I (Mininni et al. 2020)
GUAPOS II (Colzi et al. 2021)
GUAPOS III (Mininni et al. 2022)

García de la Concepción et al.  (2023)
Cesaroni et al.  (1994)

GUAPOS V (Lopez-Gallifa et al. 2024)
GUAPOS VI (López Gallifa et al. 2025)

GUAPOS IV (Fontani et al. 2023)

GUAPOS VII (Cesaroni et al. 2026)



Víctor M. Rivilla

MOLECULAR SAMPLE •51 different species 

•42 isotopologues 

•23 COMs (> 5 atoms)
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BUT…  
none of these are detected 

MOLECULAR SAMPLE •51 different species 

•42 isotopologues 

•23 COMs (> 5 atoms)
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BUT…  
none of these are detected Line confusion

Prebiotic molecules in ALMA Band 2



Víctor M. Rivilla Prebiotic molecules in ALMA Band 2

ALMA Band 2

Beltrán & Rivilla (2018)

ALMA Band 2 (and 1)

Significantly lower line density

Line blending mitigation

New detections
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Line density decreases with frequency

G31 model
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Line density decreases with frequency … but also line intensity

ALMA Band 2 can provide a good compromise

G31 model
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G31.41+0.31 in Band 2 
Prebiotic molecules in ALMA Band 2

Band 3 (GUAPOS) 

MOLECULAR SAMPLE •51 different species 
•42 isotopologues 
•23 COMs (> 5 atoms)
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G31.41+0.31 in Band 2 
Prebiotic molecules in ALMA Band 2

Band 3 (GUAPOS) 

MOLECULAR SAMPLE •51 different species 
•42 isotopologues 
•23 COMs (> 5 atoms)

Band 2



# of lines expected in the range 67-90.5 GHz 
• 1863 lines above 2 K  
• 883 lines above 5K 
• 406 lines above 10 K
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• ALMA Band 2 SV (spectra from María Díaz Trigo’s talk yesterday)



• LTE modelling prediction from GUAPOS (Band 3)
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• ALMA Band 2 SV (spectra from María Díaz Trigo’s talk yesterday)
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Take away messages: chemical complexity in the ISM 
Ultra-sensitive broadband spectral surveys  

Cold galactic disk clouds 

Galactic Center clouds 
Star-forming regions 

Emission  
extended TP needed ! 

Band 1 (Q-band)

Spatial information 

Band 2

Compromise between  
line intensities and line blending 

Wideband Sensitivity 
Upgrade (WSU)



67 GHz

86 GHz

72 GHz
76 GHz

80 GHz

Prebiotic molecules in ALMA Band 2
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