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Matter cycle in Galaxy



Abundances of “metals” in diffuse ISM:

Element n(X)/n(H)

N 7.60e-5

O 2.56e-4

C 1.20e-4

S 1.50e-5

Si 1.70e-6

Fe 2.00e-7

Na 2.00e-7

Mg 2.40e-6

Cl 1.80e-7

P 1.17e-7

F 1.80e-8

Fractional abundances of molecules cannot exceed ~ 1е-4 (except for Н2 and HeH+)



Interstellar and circumstellar molecules

Two atoms

AlF AlCl C2 CH CH+ CN CO CO+ CP CS CSi HCl H2 KCl NH NO NS NaCl OH PN SO SO+ SiN 
SiO SiS HF SH
Three atoms

C3 C2H C2O C2S CH2 HCN HCO HCO+ HCS+ HOC+ H2O H2S HNC HNO MgCN MgNC N2H+

N2O NaCN OCS SO2 c-SiC2 CO2 NH2 H3
+ SiCN

Four atoms

c-C3H l-C3H C3N C3O C3S C2H2 CH2D+? HCCN HCNH+ HNCO HNCS HOCO+ H2CO H2CN 
H2CS H3O+ NH3 SiC3

Five atoms

C5 C4H C4Si l-C3H2 c-C3H2 CH2CN CH4 HC3N HC2NC HCOOH H2CHN H2C2O H2NCN HNC3

SiH4 H2COH+

Six atoms

C5H C5O C2H4 CH3CN CH3NC CH3OH CH3SH HC3NH+ HC2CHO HCONH2 l-H2C4 C5N 
Seven atoms

C6H CH2CHCN CH3C2H HC5N HCOCH3 NH2CH3 c-C2H4O CH2CHOH C7
–(?)

Eight atoms

CH3C3N HCOOCH3 CH3COOH C7H H2C6 CH2OHCHO 
Nine atoms

CH3C4H CH3CH2CN (CH3)2O CH3CH2OH HC7N C8H 
Ten atoms

CH3C5N? (CH3)2CO
Eleven atoms HC9N 
Thirteen atoms c-C6H5CN



Discovery of space molecules since 1930s

McGuire 2018



Sketch of a low-mass star formation

M.Hogerheijde 1998, after Shu et al. 1987



Зимняя студенческая 
конференция «Физика 
Космоса» — 2003



Complex organic molecules (COMs)

Herbst & van Dishoeck (2009)

Six+ atoms including 
carbon
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Time10К

200+К

Temperature in a developing protostar



1. Organic molecules in cold cores

TMC-1 spectrum, Kaifu et al. (2004)

HCxN – cyanopolyynes,
CxH – unsaturated hydrocarbon radicals,
CH3OH – methanol

Abundances of unsaturated species are higher 
than of saturated ones;

Dispersion in abundances between the sources



2. Organic species in hot cores/corinos

IRAS16293-2422 spectrum, Caux et al. (2005)

Predominantly saturated molecules:
CH3CN, CH3OH, HCOOCH3, CH3OCH3, CH3C2H,
fractional abundances ~ 10-8 – 10-7

Abundances are similar in different objects

«Prebiotic» molecules:
Aminoacetonitrile (NH2CH2CN) – found
Ethylene glycol (HOCH2CH2OH) – found
Glycine (NH2CH2COOH) – not found (yet?)

IRAS16293-2422, image from Jorgensen et al. (2016)



Formation and destruction of molecules in the ISM

Gas phase reactions

DesorptionAccretion

Surface chemistry

Core

Based on a slide by D. Semenov

Ice bulk chemistry?

N(r) ~ r -3.5, 10-6 < r < 10-4 cm

CRP, UV



Diffusive surface chemistry

Molecular hydrogen formation: H + H → H2

Hydrogenation:
CO → HCO → H2CO → H3CO → CH3OH
CH → CH2 → CH3 → CH4

NH → NH2 → NH3

COMs formation:
HCO + H3CO → HCOOCH3 etc.



Chemical (reactive) desorption

Heat of reaction = Σ Heats of formation of reactants - Σ Heats of formation of products

Heat of reaction ejects certain fraction of products to the gas:

grX+grY -> grZ + Z(gas)

The efficiency of RD was measured in experiments. Its dependence on 

the heat of reaction and surface coverage is quantified, although the 

results are controversial (e.g., Minissale et al. vs. Chuang et al.)
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Astrochemical databases

▪ ~ 5000 – 7000 reactions, ~ 100 – 1000 surface reactions

▪ rates of only 10 – 20 % reactions measured/evaluated



http://kida.obs.u-bordeaux1.fr/



Numerical modeling

Chemical rate equations:
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Rate equations-based code MONACO for the numerical 

simulations of gas-grain chemistry in the ISM

(Vasyunin&Herbst 2013, Vasyunin et al. 2017)

Core

Gas phase reactions

Desorption

(incl. chemical)Accretion

Ice bulk 
reactions

Online version: 
https://astro.ins.urfu.ru/monaco



COMs typical for hot cores in cold clouds:

B1-b, Oeberg et al. 2010

L1689b, Bacmann et al. 2012 B1-b, Cernicharo et al. 2012

Fractional abundances: 
10-10 – 10-11 w.r.t. H.

Jiménez-Serra, Vasyunin 
et al. 2016



Formation of COMs during the warm-up of 

a hot core

Garrod & Herbst (2006)



Physical conditions at the earliest stages of star formation

© ESO

H2

CO

NH3

T ~ 10K, n(H) ~ 104 – 105 cm-3

Molecular freeze-out on a timescale
tdepl ~ 109 / n(H) years Interstellar dust grains

<a> ~ 10-5 cm



“Cold” COMs vs. “Hot” COMs: 

a modeler’s perspective

Hot:

Found in hot cores/corinos

Abundances wrt.H ~ 10-8 – 10-7

Formed in radical-radical surface 

chemistry during warm-up phase 

from 10 K to > 100 K, at 30-40 

K, then thermally evaporated to 

gas

(Garrod&Herbst 2006)

Cold:

Found in cold clouds (pre-stellar 

cores), Tdust, Tgas ~ 10 K

Abundances wrt.H ~ 10-11 – 10-10

Cannot be formed during warm-

up phase because of no warm-up 

phase!



Proposed scenarios of cold COMs formation:

Vasyunin & Herbst (2013)

Reboussin et al. (2014)

Ruaud et al. (2015)

Fedoseev et al. (2015)

Balucani etl al. (2015)

Ivlev et al. (2015)* 

Chuang et al. (2016) 

Vasyunin et al. (2017)

Shingledecker et al. (2018)



Scenario by Vasyunin&Herbst (2013) :

Efficient chemical desorption + reactions in the 
cold gas

grH+grH2CO → grCH3OH (90%)
grH+grH2CO → CH3OH (10%) – ejected to gas via chemical desorption

CH3OH+H3O
+
→ CH3OH2

+ + H2O

CH3OH2
+ + CH3OH → CH3OHCH3

+

CH3OHCH3
+ + e-

→ CH3OCH3 + H

n
(X

)/
n
(H

)

COMs at 10 K



L1544 physical model:

Keto&Caselli (2012)



1D modeling

of COMs

in L1544

Vasyunin et al., ApJ (2017)

“Methanol peak”: 
Bizzocchi et al. (2014), 
Vastel et al. (2014), 
Jimenez-Serra, 
Vasyunin et al. (2016)



What about ices? Case of L1544

Goto, Vasyunin et al., submitted



Methanol and water ice in L1544 with SpeX IRTF

Goto, Vasyunin et al., submitted



Goto, Vasyunin et al., submitted



Optical depth of water ice at 3 um vs. visual extinction

Additional depletion of elemental oxygen is needed to fit observational trend

Goto, Vasyunin et al., submitted



Hot core chemistry: IRAS16293 with ALMA

A combination of hot and 
cold chemistries



Prebiotic but not organic? 

PO in high-mass star-forming regions



Conclusions

1. Studies of molecular inventory of star-forming regions is one of the 
most active fields in astrophysics/astrochemistry. The formation of 
COMs is one of the topics that attract most interest.

2. COMs are found at different stages of low-mass star formation: from 
the earliest stages represented by prestellar cores and up to 
protoplanetary disks

3. Modern observational facilities, already working and those to be 
launched soon (JWST) are the key driver of the progress in the field

4. A variety of physical and chemical mechanisms lead to the formation 
of COMs in Space. Many of those mechanisms are yet to be explored 
in details

5. Laboratory studies are very valuable for the understanding of 
chemistry in space.
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Extra slides



Uncertainties in astrochemical modeling 

(Vasyunin et al., 2004, 2008)



Shape of abundance distributions is almost Gaussian:

Uncertainties in astrochemical modeling 

(Vasyunin et al., 2004, 2008)



Uncertainty grows up with complexity of a species:

Uncertainties in astrochemical modeling 

(Vasyunin et al., 2004, 2008)



Identification of most “uncertain” reactions:
H2 + C.R.P. -> H2

+ + e- N + CH -> CN + H

Uncertainties in astrochemical modeling 

(Vasyunin et al., 2004, 2008)


