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. Interstellar
Mmolecules




Molecular clouds
the early phase of star formatfion
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Interstellar chemistry in a nutshell

mH + H+ grain 2 H, + grain
mCR+H,>H,"+CR’
mH*+H,>H;*+H

#C+Hy > CH " +H,> ... e, H,
#O+Hy* > OH +H,> ... e, H,
=N*+H,>NH*"+H > ..e,H,

... > CH, CH,
... > OH, H,0
... > NH, NH,



Interstellar molecules

| 2atoms 3atoms [ 4atoms | 5atoms | 6atoms | 7atoms | 8 atoms |
H, CP H, MgCN CH; NH;D®  CaHg CH;NH,  CH;CHNH
LiH ? AIO CH, NaCN NHjs CHy CH;0H CH3;C,H CH,CHCHO
CH CS NH, G,S H;0" CH,;NH CH;CN CH;CHO NH,CH,CN
CH* S$i0  H,0 OCS CyH,  SiHy CH;NC?  -CoH,0  CH;COOH
NH PN H,O" SO, H>CN CH50 CH;CNH CH;CHOH CH;OHCHO
OH NS C,H ¢-SiC, HCNH' H,COH' NHCHCN CH,CHCN HCOOCH;5;
OH" AIF HCN SiCN H,CO c-C3H» NH,CHO CgH CH3C3N
HF PO HNC SiNC H,O0, H,C5 CH3SH CgH™ CH,CCHCN
C, SO HCO CP  PH3? CH,CN CiH, HCsN CeH,
CN SOT HCOT AINC C3H HNCNH H,C4 HyC¢
CN~ NaCl HOC" KCN  ¢-C3H H,C,0 HC4N 9 atoms C;H
CO SiS NoH' TiO; C3HT NH,CN HC;NH™* CH,CHCHj; 10 atoms |
CO* AICI HNO FeCN HC,N  HCOOH HC,CHO CH;OCH; CH;COCH;
N, TiO HO, HNCO C4H c-H,C50 CH3;CH,OH OHCH;CH,OH
NO FeO? H,S HCNO  C,H- CsH CH;CH,CN  CH;CH,CHO
CF* KCl  H,Cl* HOCN HC:N 5N CH;CONH, CH;CsN
SiH ? HCP HCOz+ HC,;NC CsN~™ CH;C4H ‘ 11 atoms |
0, N>O H,CS  HNG; CgH C,HsOCHO
SH AIOH C3N CNCHO CgH™ CH3;COOCH;
SHT CO, C3N~ Cs HC,N CH3CgH
HCI HCS™* C;0 HCyN
HCI* 0 HNCS HC N [ 12atoms |
SiC Cs HSCN CigHy ? C,HsOCHj5 ?
SiN MgNC ¢-SiCy Cen C3H,CN

C38 Céo CeHg
Cro

Credit: Agundez & Wakelam,Chem. Rev. 2013




Microwave observations

T I L L] 1] L l L] L L] T I L] T L L] I T L] L L l L L] l L]
60 [— -
I T 3 z & g z z % %3 z, .
e 2 8 8 ~ S g8 ¥ SS S
L - L s 8 - - 11 ]
I - Y O
40 p- :‘f N
-
b 3 g
20 = -
L i
L 4
0 pus
1 1 1 L l 1 L 1 1 l 1 L L 1 l L
1.7 10° 1.71 10° 1.72 10° 1.73 10° 1.74 10° 1.75 10°

Rest Frequency (MHz)

Credit: ESO, ALMA



Radiative tfransfer

: dl . o
= RT equation d—” = —o, (M), + j, ()
S
’dnl - _
. .- cer . a —n1(BiaJ + Ci2) + na(Agr + BaJ + C)
m Statistical equilibrium - .
d—t2 = n1(B12J + Cr2) — na(Ag + BorJ + Cay),

hv

. . n —
» Excitation temperature = = P2 " W
ny g1

= Anfenna temperature AT} = [J,(Te) — Jo(Temp) — Te)(1 —€77)

with J(T) = (hv/kg)/(e"/%sT — 1)



Excitation temperature

ml_ =T, Local thermodynamical equilibrium
P Radiative equilibrium

w7 <T. sub-thermal excitation

m7_ <O population inversion (maser)

mT_ <T .4 anti-inversion (cooling)



2. Molecular
excitation




Molecular energy transter
at low energy (E. <100 cm-')

e’

van der Waals
complex

2.6 mm radiation (1 > 0 )



Theoretical framework:
Born-Oppenheimer approximation

Interaction energy (cm_1)
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When theory untangles experiment

Theory Untangles the High-Resolution Infrared Spectrum of the ortho
-H»-CO van der Waals Complex

Piotr Jankowski et al.

Science 336, 1147 (2012);

AVAAAS DOI: 10.1126/science.1221000
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Observation of Partial Wave Resonances in Low-Energy Oo-H»p
Inelastic Collisions

Simon Chefdeville et al.

Science 341, 1094 (2013);

AVAAAS DOI: 10.1126/science.1241395
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3. Collisions out
of equilibrium




« Anomalous » H,CO absorption
(A= 6cm)
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rates (cm3.s'1)

Indirect probe of para-H,

., < 2.725K
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Methyl formate (HCOOCH,)
emission

Center of the Milky Way as seen
by the Spitzer Space Telescope
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Weak masers below 30 GHz
T, <0
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CN as a measure of the cosmic
microwave background
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Measure of electron density
T, =2.725 +0.029 K

N(CN)=3e12cm™
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5. Conclusion




The infterstellar medium:
« molecules in Wonderland

m The interstellar medium is a unique laboratory to
study state-to-state molecular dynamics

= Non-equilibrium processes are common in space:
non-LTE populations, masers, etc.

m State-of-the-art molecular physics is required



