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ASTROCHEMISTRY

FILL IT PLEASE

2



WHAT IS ASTROCHEMISTRY? 3

Wolfgang Steffen/Boy Lankhaar et al. (molecules: Wikimedia Commons/Ben Mills)



THE STUDY OF HOW MOLECULES AND 
CHEMICAL PROCESSES AFFECT THE DYNAMICS 
OF GALAXIES, STARS AND PLANETS 
FORMATION!



WHEN DID ASTROCHEMISTRY START? 5

Wolfgang Steffen/Boy Lankhaar et al. (molecules: Wikimedia Commons/Ben Mills)

A BIT OF HISTORY



IT DOES EXIST SINCE EVER (~13.7 BILLIONS YEARS - SOMETHING)

6ASTROCHEMISTRY 



THE MOLECULAR UNIVERSE TIMELINE
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1937 CH: Swings & Rosenfeld

CH, CN: McKellar

CH+: Douglas & Herzberg

1940

1941

Optical absorption lines of interstellar clouds towards bright stars!

Spectral lines in 
optical band (300 
GHz and 3000 THz)

ASTROCHEMISTRY 



THE MOLECULAR UNIVERSE TIMELINE
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I write about molecules with great diffidence, having not yet rid myself of 
the tradition that atoms are physics, but molecules are chemistry, but the 
new conclusion that hydrogen is abundant seems to make it likely that the 
above mentioned elements H, O, and N will frequently form molecules. 

Sir A.S. Eddington 1937

1937-1939 Eddington and Stromgren suggested the existence of H2

Thirty years later, Gould & Salpeter (1963) and Hollenbach et al. 
(1971) predicted that it could be a large fraction of all hydrogen 
(studying formation of H2 on the surface of grains.
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THE MOLECULAR UNIVERSE TIMELINE
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First astrochemical models (Kramers, Bates & Spitzer)

1946-1951

ASTROCHEMISTRY 
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THE MOLECULAR UNIVERSE TIMELINE
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First astrochemical models (Kramers, Bates & Spitzer)

Primate Astrochemistry

1946-1951

ASTROCHEMISTRY 

THE MOLECULAR UNIVERSE TIMELINE



12

First astrochemical models (Kramers, Bates & Spitzer)
Primate Astrochemistry

1946-1951

WHEN THE FIRST ASTROCHEMICAL MODELS?

ASTROCHEMISTRY 
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First astrochemical models (Kramers, Bates & Spitzer)
Primate Astrochemistry

1946-1951

WHEN THE FIRST ASTROCHEMICAL MODELS?

1. From these models it was already clear that detection contained important 
astrophysical information

2. These studies provided useful probes of interstellar regions

3. For instance: CH and CN were easily explained by equilibrium models while 
CH+ required more dynamics (e.g. post-shock chemistry)

4. Two types of interstellar regions:  

tchem < tdyn (equilibrium) and tchem > tdyn (non-eq) [VERY IMPORTANT]

ASTROCHEMISTRY 



THE MOLECULAR UNIVERSE TIMELINE (RADIO AND UV ASTRONOMY)
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For various reasons (distraction towards space flight) 
no real development during 1941-1969

OH (in radio at 18 cm by Weinreb+)  

towards SNR Cassiopeia A

Late ‘60 Development of radioastronomy which started during WWII

1963

Rotational spectroscopy

ASTROCHEMISTRY 
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Radioastronomy & HI 21 cm line

1944 - Hendrik van de Hulst predicts the existence 
of the HI 21-cm Hyperfine spin-flip transition

ASTROCHEMISTRY 
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1950 - Doc Ewen worked 40 hours a week to design and build the 
apparatus for the new cyclotron at Harvard

+ he has to complete his PhD 
(working at nights and week-ends) 

+ Building a receiver to detect 21 cm 
HI line (supervised by Purcell)

ASTROCHEMISTRY 
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1950-1951- Purcell received 500 USD to build the antenna

6 weeks later - Muller & Oort 
confirmed the detection

ASTROCHEMISTRY 
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Discovery of spiral arms (neutral HI)

Oort, 1958

ASTROCHEMISTRY 
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Image Credits: N(HI) HI4PI Collaboration 2016

Cold HI emitting @ 21-cm makes up most of the mass of the ISM gas in the Milky Way
Its observation represented a revolution

ASTROCHEMISTRY 



THE MOLECULAR UNIVERSE TIMELINE (RADIO AND UV ASTRONOMY)
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H2O (Cheung+ at 1 cm, i.e. 22 GHz)

NH3 (First polyatomic molecule in radio @ 1 cm by Cheung, Townes+)1968
1969

Development of UV astronomy + mm (first detection of H2 and CO)>1970

ASTROCHEMISTRY 



THE MOLECULAR UNIVERSE TIMELINE (RADIO AND UV ASTRONOMY)
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H2 (Smith in absorption towards delta-Scorpii N[H2] ~3 x 1019 cm-2)

H2 (Carruthers, First detection in absorption towards the star zeta-
Persei, N[H2] ~1.3 x 1020 cm-2)1970

1973

ASTROCHEMISTRY 

George Carruthers 
Pioneer of UV astronomy



22

ORION MOLECULAR CLOUD (MM ASTRONOMY)
D = 400 pc Nearby high-mass star-forming cloud with strong lines emission (HST image)

discovery of many new molecules> 1980 First mm surveys: 

Sutton+1985, Blake+1986, Blake+1987

ASTROCHEMISTRY 



THE MOLECULAR UNIVERSE TIMELINE (IR ASTRONOMY)
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2003-2009 Spitzer Space Telescope (High-sensitivity)

1995-1998 Infrared Space Obs.

>1980 Development of IR astronomy IRAS: obs. of  dust particles and PAH

Nature and composition of grains, H2 in shocks

Evolved Astrochemistry

First survey at 2-200 micron (symm. mol. C6H6, CH3, C2H4, CO2)

First full-sky survey @ 12, 25, 60, and 100 micron

Ices, silicates, PAHs

1980

2009

ASTROCHEMISTRY 
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INVENTORY OF ICES

Boogert+2013,2015

ASTROCHEMISTRY 

THE MOLECULAR UNIVERSE TIMELINE



25ASTROCHEMISTRY 
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Yao-Lun Yang+, 2022, August

ASTROCHEMISTRY 
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Yao-Lun Yang+, 2022, August

They confirmed some of the laboratory 
and observational work 

They also found some new interesting 
features @6.31 and 7.24  micron

ASTROCHEMISTRY 



THE MOLECULAR UNIVERSE TIMELINE (ALMA ERA)
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2018 ~ 200 molecules have been detected (not counting isotopes) 
(https://www.astro.uni-koeln.de/cdms/molecules)

Established Astrochemistry
2004 ALMA CONSTRUCTION STARTED

ASTROCHEMISTRY 

https://www.astro.uni-koeln.de/cdms/molecules
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~ 200 molecules have been detected (not counting isotopes) 
(https://www.astro.uni-koeln.de/cdms/molecules)

ASTROCHEMISTRY 

https://www.astro.uni-koeln.de/cdms/molecules


30

GUAPOS Survey, Mininni, 2020

Line confusion limit

ASTROCHEMISTRY 



HTTPS://CDMS.ASTRO.UNI-KOELN.DE/CLASSIC/MOLECULES
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McGuire, 2020
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McGuire, 2020

0 25 50 75 100 125 150
Atomic Mass (amu)

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

P
ro
ba
bi
lit
y
D
en
si
ty

E
st
im
at
e

89

137

13

18

5

Detection Wavelengths

centimeter
millimeter

sub-millimeter
infrared

visible/ultraviolet

ASTROCHEMISTRY 



35

McGuire, 2020

SFR

Carbon Star

Dark Cloud

Other

LOS Cloud

10.0%

13.3%

24.2%

27.9%

36.2%

6

3
52

19

Carbon Stars

2

9

10

56

17

Dark Clouds

Molecule Types

Anion

Cation

Cyclic

Neutral

Radical

6
18

9

LOS Clouds

13

4

74 7

SFRs

More than 50% of molecules observed in dark clouds and SFR

85% are neutral

Where most of the molecules are
ASTROCHEMISTRY 
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FIRST INTERSTELLAR NOBLE GAS MOLECULE

37

▸ 617 GHz absorption line identified by Barlow+2013 

▸ A molecule which traces purely atomic gas (diffuse, 
f(H2)~10-4-10-2) 

▸ It is a tracer of cosmic-rays (very reliable)

Jacob+2022

ASTROCHEMISTRY 
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Güsten+2019

Observed with SOFIA in a 
planetary nebula

SECOND INTERSTELLAR NOBLE GAS MOLECULE

ASTROCHEMISTRY 



SAGITTARIUS B2: COMPLEX ORGANIC MOLECULES
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It is well known for tasting like raspberries and smelling like rum! 

It contains ethyl formate which is an ester known for tasting like raspberries.  

It also contains enough ethanol for each person on earth to drink 300,000 pintes a 
day for a billion years.

SAGITARIUS B2

One of the largest GMC in our galaxy (M ~ 3 x 106 M_sun)

GMC @ 120 pc from the center of the MW

ASTROCHEMISTRY 
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Credit: ALMA (ESO/NAOJ/NRAO)/L. Calçada (ESO) & NASA/JPL-Caltech/WISE Team

Glycolaldehyde: observed close to a star 
similar to our Sun (the simplest 
molecules related to sugars). 

Hydrogen (H)
Carbon (C)
Oxygen (O)

COMPLEX ORGANIC MOLECULES

ASTROCHEMISTRY 
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COMPLEX ORGANIC MOLECULES

Propargylimine
Hydrogen (H)
Carbon (C)
Oxygen (O)

Nitrogen (N)
Hydroxylamine
Precursor of RNA Building block of 

amino-acid

ASTROCHEMISTRY 
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COMPLEX ORGANIC MOLECULES

Ethanolamine

Hydrogen (H)
Carbon (C)
Oxygen (O)

Nitrogen (N)

Relevant role in the evolution of the 
first cellular membranes needed for 
the emergence of life (from a proto-
solar nebula to early Earth).  

Credits: Rivilla+2022

ASTROCHEMISTRY 
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COMPLEX ORGANIC MOLECULES (IRAM)

Credits: Rivilla+2022

ASTROCHEMISTRY 
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LARGE MOLECULE STATISTICS

Credits: McGuire2019

ASTROCHEMISTRY 
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NEW DISCOVERIES 

Credits: Öberg2019

ASTROCHEMISTRY 
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PHOTOCHEMISTRY
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and photodissociation
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NEW DISCOVERIES 

ASTROCHEMISTRY 

Credits: J. Tobin et al. 2023

in V883 Orionis the 
snow line is located 
further from the star, 
there is sufficient 
gaseous water to be 
detectable
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49ASTROCHEMISTRY 

Observation of a dozen of PAHs in a dark molecular cloud 

McGuire et al. 2022

It suggests that PAHs are not just the byproducts of dying stars, but may be assembled from smaller 
molecules.
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Molecular Cloud Prestellar core Protostellar object Protoplanetary disc Planetary system

10 pc 0.1 pc 1000 AU 50 AU

Formation of simple molecules 
Surface chemistry

104-106 cm-3 

10 K
107-1013 cm-3 

10-3000 K

Formation of complex molecules* 
Desorption due to T-increase

Conservation / delivery of  
old molecules+life

Grains agglomeration

*COMs: molecules with at least 6 atoms (must include C, Herbst & Van Dishoeck 2009)

1 pc = 3.08 x 1018 cm

1 AU = 1.5 x 1013 cm

102-103 cm-3 

10-20 K
106-107 cm-3 

10-300 K

Feedback/accretionGravitational collapse

Molecular Complexity

Star/planet formation process

ASTROCHEMISTRY 
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SEARCHING FOR MOLECULES IS NOT EASY

Credits: AstroBites, Abygail Waggoner

ASTROCHEMISTRY 
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SEARCHING FOR MOLECULES IS NOT EASY

Credits: AstroBites, Abygail Waggoner

COMs and prebiotic molecules difficult to observe: need theoretical support

Kinetics / models  

Provide a way to compare with 
observations. If the results do not 
match it means we miss some 
chemical / physical process

ASTROCHEMISTRY 
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SEARCHING FOR MOLECULES IS NOT EASY

Credits: AstroBites, Abygail WaggonerCredits: AstroBites, Abygail Waggoner

How many ways I have to arrange atoms in a molecule? Hydrogen (H)
Carbon (C)
Oxygen (O)

ISOMERS

ASTROCHEMISTRY 
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SEARCHING FOR MOLECULES IS NOT EASY

Credits: AstroBites, Abygail Waggoner

Propadienone is the most stable isomer: is it the most abundant?

ASTROCHEMISTRY 
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SEARCHING FOR MOLECULES IS NOT EASY

Credits: AstroBites, Abygail Waggoner

OBSERVATIONS question the minimum energy principle and the idea on 
relying on kinetics for chemical models

ASTROCHEMISTRY 
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WE WILL FIND WALLY IN A FEW LECTURES

Credits: AstroBites, Abygail Waggoner


