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1. Molecules in space
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1. Molecules in space

o

First interstellar molecular gas
observations in the 1940s with the
observation of absorption bands from
electronic transitions in CH, CH+, and
CN superimposed on the spectra of
bright stars.

In the late 1960s, cm and mm-
wavelength radio observations
detected emission from rotational
transitions of OH (hydroxyl), CO
(carbon monoxide), NH; (ammonia),
and H,CO (formaldehyde), discovered
in 1969.

CH5OH is the first COM detected in
space in 1970.

Since 1968: 3.9 detections/year
Since 2005: 5.9 detections/year
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1. Molecules in space

# of Molecules Detected
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The mm band is crucial for new detections!



1. Molecules in space
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CcO % ‘ﬁ) HCN J .
, | \)“ formyl radical . .
phosphorus isocyanic acid

carbon ] water hydrogen cyanide
. monoxide
monoxide CHCHO
CHs3OH NH,CH,CN
., CHCN NH2CHO
| acetaldehyde
formamide

acetonitrile

methanol methyl cyanide

CH3COOH

HCOOCHs CHzOHCHOi
acetic acid

glycolaldehyde

methyl formate

@ Oxygen
@ Nitrogen 2 | CHsCH,OCHO
@ Carbon (CH20H),
@ Phosphorus
ethyl formate

ethylene glycol

© Hydrogen




He

. {4003

B - B Berentadetoctenin © . R o e
w? geg:l;m ,‘ 7 e m0|eCU|eS|nspace i . ‘ ﬁi';fj" 112111: . ;8?;30
R 8 “ & " . B T Rea 0 m-j 5 1 BN

BRGS0 e W) Al IS Chv (A

b 24.305 ¥ % 9 I e A P ST A U 26,982 28.086 35.453 39.948

20  \l \|2 ‘ |25 \ 2 \ 3 O\ A ET N T ' EER
Ca [Se _ » [Mn |Fe . INi- \ ‘ a ||Ge |As . ||Br

Calcium Scandium i Manganese ||lron Nickel i Germanium || Arsenic Bromine
40.078 44,956 54,938 55.845 58.693 72.631 74.922 . 79.904 84.798

38 \ |39 Jaom R N \. g 44 : :-45 N\, (48 N\ 50 N\ |51 N 53 N\ |54 N\
Se (Y (Zm Te |Ru |[Rh |[Pd |Ag |[Cd |[In. |[Sn |[Sb T |[Xe
Strontium Yetrium [ Niobi Molybden Technetium || Ruthenium Rhodium Palladium Cadmium Indium Tin Antimony i lodine Xenon

88.906 91.224 y ; 98.907 I 102.906 106.42 112414 114.818 118711 Y 126.904 131.294

57-71 |72 \o 75 N\ 77 N\ “ 80 181 ' 82 N\ 1 \ . \

. [Hf : Re s |[Ir . ||AU g Tl |IPb

Barium Hafnium Tantalum Tungsten Rhenium Iridium i Thallium Lead
137328 17849 [|180948 |[18384 |[186.207 ; 192217 : ; 204.383 l 207.2
Jea \ [eo-103\ [104 s N\ fios O\ 100\ : ' 13 N[ X
Ra |  |RE Db |sg s Mt luut IFI- |

Radium Rutherfordium | | Dubnivm Seaborgium il i Meitnerium || Darmstadtiom i Ununtrium Fleravium Ununseptium H Ununoctium

: 223.020 226.025 [262] [261] [266] [268] unknown |{[289] unknown ||unknown § .
. g . , . : . o ) . 7 5 . v o o e

i e 57 \[se  \[so \. \ [ i 63 \ N[5 ZAGé l\é.' i
~|La {|Ce |Pr n |[Eu (Ge LY Ere (Trr ' (Lu

Lanthanum Cerium Praseodymium| Promethium | | Samarium Europium Gadolinium || Terbium Dysprosium i Erbium Thulium Yiterbium Lutetium

138.905 140.116 140.908 144.243 144913 150.36 151.964 157.25 158.925 162.500 ; 167,259 168.934 EXES) 174.967

Ac [Th (Pa |[U. |Np (Pu [[Am |[Cm Bk (ICf Fm (Md |[No |Lre |

“|Actinium Thorium Protactinium || Uranium Neptunium | | Plutonium Americium Curium Berkelium Californium | | Einsteinium | | Fermium Mendelevium| | Nobelium Lawrencium
227.028 232,038 231.036 238.029 237.048 244.064 243.061 247.070 247,070 251.080 [254] 257.095 258.1 259.101 [262]

"

36
Kl‘q
Krypton




v 39.098

,,. h. : 3
1L

Lithium

6941

Na

Sodium

| Beryllium
TN

‘u 24.305

Be

9.012

Magnesium

12 \"',

R s
- B

asic elements for.

ahfer:

M L

.

1B

Boron
10.811

: |
Al

Aluminum

26982

.

14
Sie
Silicon

28.086

.:"";‘Ko

- | Potassium

<

o [223.020

20 \

Ca

e |
38 N\

Sk

Strontium

87.62
56
Ba
Barium
137.328

{ %

Ra

Radium

226.025

2 \"_

Se¢

Scandium

|44.956

dos N\
Mn

Manganese

54938 ]
143

Tan

Technetium

Rutherfordivm
[262]

\[105

Ta
Tantalum

180.948 183

106

Db (|Sg

Dubnium
[261]

Tungsten Rhenium

Seaborgium || Bohrium
[266] [264)

98.907

R
Re

84 186.207

T

IRhodiur; Palladium
102.906 106.42
7 :
Ir
Iridium
109 :1
Mt

Meitnerium || Darmstadtiom

[268)

28 \
Ni-
Nickel
58.693

Pd

448 \ |49 \,
Cd ||In

Cadmium Indium i
112414 114.818
80 .

A [Fi

Galli.um
69.723

81
T

|Uut

Ununtrium

unknown

32 \
Ge
Germanium

72631

50 N

2 N
Pb

[EL
2072

51

Sb
Antimony
118711 { 121.

760

Flerovium Unun;.);v‘lhum
[289] unknown

1F e

Fluorine
18.998

Cl

Chlorine

Bromine

79.904

53 N\
[ !
lodine
126.904

131.294

Ununseptium

-
Radon
222018

Uuo

Ununoctium

unknown

-

unknown §.
 E—

- |Lar
Lanthanum

138.905

Ac

“|Actinium
227.028

T\

AN
ITh

58 \
Ce

140.116

o N\

Thorium

232,038

59 \
Pr
Praseodymium)
140.908

[ST
Pa

Protactinium

T
Nd |[Pm

Neodymium | | Promethium
144.243 144913

ERNCERN
U Np

Uranium Neptunium

231,036

Samarium

150.36

o\
Pu

Plutonium
244.064

238029 ||237.048

i
Eu

Europium Gadolinium

151.964 157.25
95 N\ |96 N\,
Am ([Cm

Americium Curium

243.061 247,070

158.925

[o7E
Bk

Berkelium

& O\

247,070

Dysprosium

162.500 ‘
98 N\
Cf.

251.080 ||[254]

Californium | | Einsteinium | | Fermium

Erk
Erbium

167,259
\ [100 "\
Fm

'.fsé \

257.095

Thulium

168.934

[1o1 ™\
Md

Mendelevium
258.1

Yiterbium Lutetium

No |Lre

173.055 174.967

2\ [feE . -

Nobelium Lawrrencium
259.101 [262]

L 3



Summary

Molecules in space
Detection of molecules
Formation of molecules:
« Surface chemistry

» Gas-phase chemistry

Complex organic chemistry



4. Detection of molecules

vibrational transition on CO

o The atoms in molecules can vibrate or rotate around an axis,
emitting or absorbing pulses of energy known as photons at a
certain frequency (radio, sub-millimeter, IR)

o We study interstellar molecules by observing the spectral lines
they emit due to their rotational and vibrational transitions.

o Athree-dimensional molecule such as NH; emits
electromagnetic radiation by reversing its configuration
(inverse transition).




2. Detection of molecules

- A molecule can also present electronic transitions (which involve a change in the distribution of the
electron cloud). This type of transition also occurs in atoms, while the other two are exclusive to
molecules.

Etot s Erot i Evib + Eel

Win AV,(R) higher
electronic . '
rotational levels W, .
state [ R e VI(R)
\ l \\'1 h :4
lower \ L\ =, vibrational
electronic L 1 = = levels, W,/
state ) -
T rotational levels W, " VA(R)
VI(R$)-V"(R) iy -
- v'=3 _ vibrational
=2 levels, W,"
] I

0 > R




2. Detection of molecules

When the vibrational or rotational state of a certain molecule changes discretely,
obeying quantum dynamics, they emit or absorb photons at a certain frequency,
producing molecular lines.

Energy above Ground State (K)

H,CO Energy Level Diagram
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2. Detection of molecules

Each molecule produces a unique spectrum.
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2. Detection of molecules

When the vibrational or rotational state of a certain molecule changes discretely,
obeying quantum dynamics, they emit or absorb photons at a certain frequency,
producing molecular lines.

Energy above Ground State (K)

H,CO Energy Level Diagram
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where B,., is the rotational constant of a molecule that

represents the spacing between its rotational energy levels

and it's a function of the moment of inertia |: B,,; = #21
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3. Formation of molecules

The most elementary chemical reaction is the radiative association of A and  to
form the AE molecule, which will have an internal energy:

A+B— AB®

The AE* molecule MUST lose the excess energy to stay attached during impact. In
the Earth's atmosphere, where the density is ~ 10'? cm-3, the molecule loses its
energy via three-body reactions:

AE"+M—> AE +M”

But this is not an efficient process in molecular ISM, where the number of particles
per cm-3 goes from a few hundred to 107 cm?3.

The dust grains, thanks to their enormous thermal capacity, can easily
absorb excess energy



3a. Surface chemistry

Processes:

1. ACCRETION: A particle that impacts a grain can be
adsorbed (i.e., remains on the surface) if the

temperature is low enough. Two possible accretion
processes:

a) Physisorption: (physical adsorption) van der Waals
forces (distance-dependent interactions between atoms or

molecules) (001 -0.2 eV)

b) Chemisorption: (chemical adsorption) chemical
bond (1eV)

1) Accretion
@ 2) Diffusion

2. SURFACE DIFFUSION: if the particle is NOT tied via a
chemical bond, it can move on the surface (t << 1s),
and react with others: diffusion through ) @3 Reaction

a) thermal hoping
b) quantum tunneling

4) Evaporation

5) UV irradiation



3a. Surface chemistry

The "sites" where there is the greatest likelihood of forming molecules are the holes of
gravitational potential (hollows) on the surface of the grain

e Eley-Rideal
The Eley Rideal mechanism
. describes a heterogeneous

catalytic reaction where one

reactant is adsorbed on a

e T T surface and the other is in the

r M\ gas phase, reacting directly
\ with the adsorbed species

thermal hopping

/ o \J
é quantum tunneling

[Cangmuir-Hinshelwood 100 sites

The Langmuir-Hinshelwood
mechanism involves the
adsorption of two different gas
) ) molecules on separate active
Review recommended: Caselli et al. 2005 sites of a catalyst, followed by
a reaction between the two
adsorbed species.




3a. Surface chemistry

Processes:

3. REACTION through Langmuir-Hinshelwood or
Eley Rideal mechanisms

4. DESORPTION:
a) Thermal desorption
b) Grain heating by CRs
c) Chemical desorption: for exothermic reactions

if the temperature rises above the evaporation
threshold

5. UV Photolysis: photodesorption or
photodissociation (if UV radiation breaks the ®

| | 1) Accretion
molecule) - 2) Diffusion

4) Evaporation

5) UV irradiation



3a. Surface chemistry

These molecules are formed this way:

H—H, H
O—->OH — H,0
C—»> CH—-»CH,—> CH; > CH,

N — NH — NH, - NH,

H, molecule formed

cO - HCO -» H,CO - H;,CO —» CH;0H

Grain
absorbs

‘ k\‘\ energy

Watson & Salpeter (1972); Allen & Robinson (1977); Pickes & Williams (1977); d'Hendecourt et al. (1985); Hasegawa et
al. (1992); Caselli et al. (1993)



3a. Gas-phase chemistry

a) neutral-neutral (atom-molecule): A+ BC > AB + C

b) ion-neutral: AT+ BC 2> AB* + C

c) Radiative association: (A + B> AB + hn)

d) Dissociative recombination: (AB*+ e 2> A + B)

e) Charge exchange (special case of b): A+ B* > A*+B

f)  Reactions with negative ions (special case of b)

Recommended reading “Interstellar chemistry” (Duley & Williams)



3b. Gas-phase chemistry

a. neutral-neutral: activation barrier

A+BC->AB+C

Minimum energy to break

the reagent bond E~0.1-1 eV for exothermic reactions

N Energy released by
ENERGY the formation of the in molecular clouds
new bond
REACTANTS

PRODUCTS

k= (vyoyy = 10711/12¢m3571

. 1

reaction rate
coefficient

REACTION PATH OF MINIMUM ENERGY



3b. Gas-phase chemistry

b. ion-neutral reactions
A*+BC-> AB*+C

Exothermic ion-molecule reactions are those that occur in cold gas because they do have
significantly lower activation barriers thanks to the between the
charged ion and the polar molecule (long-range induced ion-dipole atraction force (see

Herbst & Klemperer 1973; Anicich & Huntress 1986)

8 = 8 o= attractive electrostatic i

nteraction between the
ion and dipole moment
induced in the polar pa
rticle

potential energy associated /VV(R) =-0 62/2 R4

Langevin With the interaction

reaction rate
coefficient \
a Gt 2
k= (v)oy = Zneﬁ ~ 10 %cm3s™1

o = polarizability of neutral reactant Langevin coefficient

e = electronic charge independent of T!
K = reduced mass of colliding species



3b. Gas-phase chemistry

b. ion-neutral reactions

A*+BC- AB*+C

attractive electrostatic |
nteraction between the
ion and dipole moment
induced in the polariza

ble particle
potential energy associated /VV(R) =-0 e2/2 R4
Langevin with the interaction
reaction rate
coefficient \
a it e
k= (v)o,y = 2me \/% ~ 10 %cm3s™1
o = polarizability of neutral reactant Langevin coefficient
e = electronic charge independent of T!

K = reduced mass of colliding species
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4. Complex organic chemistry

o Complex molecules are species with 6 or more atoms

O

Complex organic Molecules: contain C

o First discovery of a complex organic molecule in space: methanol (CH3;OH) in 1970

o Some “exotic” molecules in interstellar clouds (most towards the Galactic Center,
SgrB2):



4. Complex organic chemistry

Some “exotic” molecules in interstellar clouds (most towards the Galactic Center, SgrB2):

formic acid (HCOOH) - il (CHLCEOHD W
- methyl cyanide (CH3CN)
urea (HoNCONH,)

acetone (CH;COOCH;)

ethylene glycol (a.k.a interstellar . thyl f te (C-H-OCHO
antifreeze) (HOCH,CH,OH) Sy S e (CoHs )
(flavour of berries)
) 9




-
-

Prebiotic molecules: * *
. the building blocks of life -

: } e
. 3 4
k. f
3

* Molecules containing the five key elements for the
development of LIFE: CONSP

e Important for prebiotic chemistry thanks to their structural

and functional role DNA, RNA, ATP...

® Their detection in star-forming regions allows us to better

understand how LIFE developed on Earth

photo credit: Jenny Mottar



4. Complex organic chemistry

Prebiotic molecules: species biologically important because believed to be involved in
the processes leading to the origin of life; building blocks of life

acetic acid (vinegar)

(CH;COOH) formamide (NH,COH)

glycolaldehyde
(CH,OHCHO) - phosphorus monoxide (PO)

amino acetonitrile (NH,CH,CN)
(direct precursor of glycine??)




CHy(OH)CHO
(2°z.nz1s—' 9m)|

PMEIMEE. - rirst detection " of - glycolaldehyde
R - out5|de the. Galactlc Center by Beltran
:eta|(2009)
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4. Complex organic chemistry

Phosphorus monoxide

Pnnsnnnr"s: é ATP: Adenosine Triphosphate

NH;
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o o o N "Ny
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First detection of phosphorus monomde in.a star—}
_formlng reglon (Rivilla et a| 2016)




The chemical ladder of COMs

5 CARBONS

4 CARBONS

3 CARBONS

Nucleobases of DNA

M hari
2 CARBONS onosaccharides

Methanol ‘bw #)

*(NOT YET DETECTED IN ISM)

1 CARBON

Courtesy of V. Rivilla



The chemical ladder of COMs

Glycine* H
&
Ethylene glycol & 5 CARBONS
J

&,

Amino acetonitrile A
)
Methyl formate ,U 4 CARBONS
D

Acetic acid }{)
O,%Q. 3 CARBONS
Nucleobases of DNA

’ Glycolaldehyde

2 CARBONS Monosaccharides
Methanol "i)w\)

*(NOT YET DETECTED IN ISM)

1 CARBON

Courtesy of V. Rivilla



The chemical ladder of COMs

Ethyl formate

o H I * )
D
J

Ethyl ||. *
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; WJ 4 CARBONS
Dihydroxyacetone*
Acetic acid }_{‘ ’ (DHA)
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Amino acetonitrile
9

Methyl formate

Nucleobases of DNA

’ Glycolaldehyde

2 CARBONS Monosaccharides
Methanol ";\)w‘)

*(NOT YET DETECTED IN ISM)

1 CARBON

Courtesy of V. Rivilla



Adenine*

The chemical ladder of COMs LS

Ethyl formate "Q’
Glycine* H
= M’
9

Ethylene glycol
y gly M) Glyceraldehyde
Amino acetonitrile A
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3 CARBONS
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*(NOT YET DETECTED IN ISM)

1 CARBON

Courtesy of V. Rivilla



Deoxyribose* &

The chemical ladder of COMs _
Ethyl formate ’ﬁ

Glycine ﬁ ’ ) | @ Guanine*
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X 2
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9
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’ Q W
Dihydroxyacetone*
Acetic acid ’ (DHA) )
© Hydrogen
) A © Oxygen
A8 1 . @ Nitrogen
3 CARBONS :" ; ."?} 5 © Carbon
2B idoad © Phosphorus

’ Glycolaldehyde

2 CARBONS
Methanol ‘;\)M\)

1 CARBON

Purines

Pyrimidines

Courtesy of V. Rivilla



4. Complex organic chemistry

NH,CH,COOH

Glycine

o Glycine is the simplest of the 20 amino acids,
building blocks of proteins and DNA

Amino (,mboxyhc Acid
Group Group
Snde Chain 0: eaztion
o Firm detections in meteorites (e.g. Ehrenfreundet
al. 2001) and comets (Elsila et al. 2009) ;(‘:’ R
. N =003 ¢ - ',. J’H Zi 0028 ; : erl ;
o Searches in protostellar cores have NOT yielded b T 8% 2 L] g I ﬂﬁ{
i ] C & g B2 g g : 1
any flrm deteCtlon (Kuan et al. 2003’ Snyder et al. o |65i5() 260 270 280 290 300 . .22298() 2990 3000 3010 3020 3030
2005; Cunningham et al. 2007; Jones et al. SMCEYW 1 _ T
2007) Aom» | 3 ‘ 0022 2 C?FIOIT K
’ X 0006 { 2 X E 0014 e |
| 0.003 ‘ 4 in g 0.006 ﬂ\JJ‘ﬂ:ku/u ; f’. .
o Kuan et at. (2003) claimed to have detected 27 oo | U - F Bk, 53
. . . 165250 260 270 2 300 131420 410 400 90 80 0
spectral lines of glycine in the hot cores Sgr S T Giion K
B2(N), Orion KL, and W51 e1/e2. Snyder et al. J1 L& T g (
N . :E " %f 0.027 :: H
(2005) disputed the claim and concluded that the St IF : 1l
identified lines are more likely due to weeds such TR 2l
as C,HsCN (ethyl cyanide), C,H3CN (vinyl b A s
. T 0045 =
cyanide), and gauche-ethanol. LJH oo | 1 |
= zl] oo S
3 g 0005 ] l‘% f

590 T 241350 360 370 380 390 400
Rest Frequency (MHz

kuan et al. (2003)



4. Complex organic chemistry

What constitutes a firm detection

+  The procedure for unequivocally identifying new molecules requires that at least
the following first 3 criteria are met (Belloche et al. 2008; Snyder et al. 2005; Ziurys
& Apponi 2005):

1) Rest frequencies are accurately known to 1:107, either from direct laboratory measurements
or from a high-precision Hamiltonian model

2) Observed frequencies of clean, non-blended lines agree with rest frequencies for a single
well-determined velocity of the source

3) All predicted lines of a molecule based on a LTE spectrum at a well-defined rotational
temperature and appropriately corrected for beam dilution are present in the observed
spectrum at roughly their predicted relative intensities. A single anti-coincidence (that is, a
predicted line missing in the observational data) is a much stronger criterion for rejection
than hundreds of coincidences are for identification.

4) Other criteria: to obtain interferometric images of the source and show that all lines of the
new molecule originate from the same location.
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4. Complex organic chemistry

Complex organic molecules have been detected from prestellar to protostellar
objects:

LOW MASS: recommended reading Caselli & Ceccarelli (2012)

prestellar cores
hot corinos

circumstellar disks

[@RRLIO) " (O) 1 O)

molecular outflows (shocks)

HIGH MASS: recommended reading J. Jorgensen, A. Belloche, R.T. Garrod (2020)
o IRDCs

o hot molecular cores

o circumstellar disks



4. Complex organic chemistry

Complex organic molecules have been detected from prestellar to protostellar
objects:

LOW MASS: recommended reading Caselli & Ceccarelli (2012)

prestellar cores

hot corinos

circumstellar disks

[@RRLIO) " (O) 1 O)

molecular outflows (shocks)

HIGH MASS: recommended reading J. Jorgensen, A. Belloche, R.T. Garrod (2020)
o IRDCs

o hot molecular cores: most rich reservoirs of COMs in the MW
Also in the Magellanic Clouds (SMC) (Sewilo et al. 2019)

o circumstellar disks



4. Complex organic chemistry

GUAPOS: unbiased ALMA Band 3 survey of G31.41+0.31
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4. Complex organic chemistry

FORMATION MECHANISM in HOT SOURCES

1. Grain-surface chemistry: COMs are formed on ices and then released into the

2. Gas-phase chemistry: COMs are daughter species, i.e. are formed in gas-phase
following the release of parent species such as methanol and formaldehyde?
(T~100 K)



4. Complex organic chemistry

FORMATION MECHANISM in HOT SOURCES

COMs mainly formed via surface are formed on ices and then released into the gas
phase

1. Hydrogenation (H addition; Charnley et al. 1997, 2001)

2. Radical-radical surface reactions (efficient at T>30 K;: Garrod et al. 2008)

1) Accretion
2) Diffusion
~~

Volatile |ce

3) Reaction
Refractory grain

Radical
Recombination

4) Evaporation

5) UV irradiation



4. Complex organic chemistry

FORMATION MECHANISM in HOT SOURCES

o Cold gasinthe ISM ‘made up’ of simple molecules (e.g. CO, HCN, N,, O,, etc) frozen onto
dust grains

o Accretion of atoms and molecules on dust + surface reactions form more complex
molecules: CO,, CH;OH, H,O etc (ices)

cosmic-ray desorption

o Back into the gas phase when dust (AVEUSS. o Photodesorption
/ olecuiar
' ~

heats up (e.g. by a star) > fast o “7.  formation
neutral-neutral and ion-neutral % P
reactions 2 larger complex organic
molecules

X 4

| \/\/ UV irradiation

o  Production of organic molecules
can be enriched by thermal and
energetic processing (UV and
cosmic rays) in the gas phase (and
possibly in the solid phase)

Chemical
processing

» sputtering/shattering in shocks
thermal desorption

Burke & Brown (2010)



4. Complex organic chemistry

FORMATION MECHANISM in COLD SOURCES

Radical-radical surface formation inefficient at T< 30 K

New mechanisms proposed:

15

el

Gas phase formation (Vasyunin & Herbst 2013; Balucani+2015; Vasyunin+2017)
Non-canonical explosions (Rawlings et al. 2013) (catastrophic recombination of atomic
hydrogen)

Cosmic-ray induced radical diffusion (Reboussin et al. 2014)

Impulsive spot heating on grains (lvlev et al. 2015) (local heating leads to chemical

desorption triggered by the exothermic chemical reaction(s) between free radicals frozen in
the bulk of ice)

Formation after H atom addition/abstraction on grains (Chuang et al. 2016)
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1a. Molecular spectroscopy

Atomic and molecular databases:

« NRAO — Splatalogue: https://splatalogue.online

 The Cologne Database for Molecular Spectroscopy (CDMS):
https://cdms.astro.uni-koeln.de/cdms/portal/

 The JPL Cataloge: https://spec.jpl.nasa.gov/

* The Lovas Catalogue: https://physics.nist.gov/cgi-bin/micro/table5/start.pl

* Atomic fine structure lines: https://www.pa.uky.edu/~peter/newpage/

* HITRAN: https://hitran.org/

* NASA Ames Research Center Databases:
http://www.astrochem.org/databases.php

* NIST Atomic Spectra Database:
https://physics.nist.gov/PhysRefData/ASD/lines_form.html

* NIST frequency catalogue: https://webbook.nist.gov/chemistry/vib-ser/

 PAH Database (NASA Ames Research Center):
https://www.astrochemistry.org/pahdb/theoretical/3.20/default/view



http://www.splatalogue.net/
http://www.ph1.uni-koeln.de/vorhersagen/
http://spec.jpl.nasa.gov/
http://physics.nist.gov/PhysRefData/Micro/Html/contents.html
http://www.pa.uky.edu/~peter/atomic/
http://cfa-www.harvard.edu/HITRAN/
http://www.astrochem.org/databases.htm
http://physics.nist.gov/PhysRefData/ASD/lines_form.html
http://webbook.nist.gov/chemistry/vib-ser.html
http://www.astrochem.org/pahdb/

NRAO — Splatalogue:

Home Basic Advanced

Photo Credit: NRAO/AUI/NSF, Jeff Hellerman

Splatalogue

Database for Astronomlcai Spectroscopy

Giving you the r_lgh&gequency one line at 'a. time. .

Welcome to the new Splatalogue page! If you know how to use
Splatalogue, go to the page you want (Basic or Advanced Version).
If you want to learn more about how to use this service, visit the
FAQ page.




1a. Molecular spectroscopy

NRAO — Splatalogue: Basic: Quick Picker: H3CO* in ALMA Band 3

| . ~
F r @
/ n\‘;’:l

Basic Spla{élogue aV.

Photo Credit: NRAO/AUI/NSF

Search Species

e.g. ammonia, carbon, methanol, CO
Search Parameters

Quick Picker Query Filters Astronomical Filters Export Data

COv=0 O 13¢0 v =0 0 Telescope Bands None ® Export Fields
c'o O c'®o (] Any Top 20 list O Export current fields ®
_ ALMA Band 1 (35-50 GHz = ;
CH,0H v, = 0 ] H,CO (] ALMA Band 3 284416 GH;) Planetary Atmosphere @) Export current fields without Resolved QNs 9
HCNy =0 O HNC v =0 a ALMA Band 4 (125-163 GHz) Hot Cores O Export CASA fields o
H¥CcNv=0 (O HC¥Nv=0 O Dark Clouds (@)
Energy Range +
DCNv=0 (] Hcotv=o [ i K g‘ | i CloiE ®) Field Separator g
cs 8] H'*co* Comets 9] Tab %
NH; O ¢l O B KO B (KO AGB/PPN/IPN O Geton ©
cl 0 ol 0 Extragalactic @)
Specify a Frequency Range s Range
ol O NIl O -
H,0v=0 O HDO @] From ‘ | To | | All Records ”
SiOv=0 [J  More molecule ITanEege =
= More molecules
Y [t Frequency Rangﬁ [ Frequency Rangf_{
Save and Restore Settings Export
Freguency Unit GHz v

Settings Name ‘ ’
Load Fregs From listobs

Restore Choose files | No file chosen )



1a. Molecular spectroscopy

NRAO — Splatalogue: Basic: Quick Picker: H13CO* in ALMA Band 3

Search Results

16

173.5066501, 173.5066501
173.5066812, 173.5068812
1735066826, 173 5066826
173 5086887, 173 5066887
173.5067003, 173 5067003

1735067081, 173 5067081

173.506712, 173.506712
173.506713, 173.506713
173.5067222, 1735067222

Found 68 lines
Query Limited to 670000 Rows
Showing lines 1 to 68

Previous Page

J=2-1,F;=3/2-3/2, F=2-2

J=2-1, F4=3/2-1/2, F=1-0
J=2-1, F;=3/2-3/2, F= 1-1

J=2-1, F{=3/2-1/2, F= 2-1
—

J=2-1, F=5/2-3/2, F= 3-2

J=2-1, F1=5/2-3/2, F= 2- 1

J=2-1,F1=6/2-3/2, F= 2- 2

J=2-1,F,=3/2-1/2, F=1

Next Page

4.16351
416351
416351
4.16351
4.16351
4.16351
4.16351

4.16351




1a. Molecular spectroscopy

NRAO — Splatalogue: Advanced

Select Species
Search:
|cx. ammania, carbon, methanol, watc} Photo Credit: NRAO/AUI/NSF

Select Species - Ordered by Mass Search Species

All e.g. ammonia, carbon, methanol, CO
00101 H-atom - Atomic Hydrogen
00102 Ps - Positronium

00103 Ha - Hydrogen Recombinatic
00104 HE - Hydrogen Recombinatic
00105 Hy - Hyarogen Recombinatic

G110 ke kcombinds Search Results
00107 He - Hydrogen Recombinatic
00108 HE - Hydmgen Recomolnatic
00201 D-atom - Atomic Deuterium

Enter Molecular Formula (Case Search

sensitive) to Calculate Mass
| | [ Calculate Mass | No Data to present - try a search

Data Versions +/-
| Version 3 (7/1/2016) W |

Specify Ranges +-
Specify a Frequency Range:

From I I To | I

| +Frequency || iancy |

@z Oohz Redshitt:

Load Freqs From listobs

| Choose Files | No file chosen ]

Load Freqs From ALMA
ObsProposal.xmi

| Choose Files | No file chosen




1a. Molecular spectroscopy

Search Parameters
NRAO — Splatalogue: Advanced

Search Parameters

Select Species
arch:
X AT ——————T /4 | Photo Credit: NRAO/AUI/NSF
Select Species - Ordered by Mass Search Species
Al e.g. ammonia, carbon, methanol, CO
00101 H-atom - Atomic Hydrogen
00102 Ps - Positronium

00103 Ha - Hydrogen Recombinatic
00104 HE - Hydrogen Recombinatic
00105 Hy - Hyarogen Recombinatic

OOUER fiy- Lo Peombien Search Results
00107 He - Hydrogen Recombinatic
00108 HE - Hydrogen Recombinatic

00201 D-atom - Atomic Deuterium

Enter Molecular Formula (Case
sensitive) to Calculate Mass

| |[ Calculate Mass | No Data to present - try a search

Data Versions +/-
| Version 3 (7/1/2016) W |

Specify Ranges +-
Specify a Frequency Range:

From I I To | I

| +Frequency || ancy |

®mHz OcHz Redshitt:

Load Freqs From listobs

| Choose Files | No file chosen ]

Load Freqs From ALMA
ObsProposal.xmi
| Choose Flles | No fie chosen




1a. Molecular spectroscopy

Search Parameters

NRAO — Splatalogue: Advanced

Search Parameters Specify an Eieegy Range:

Fom[ o[ ]
ax:a - T wiate| Ok tem) Ok (e
Ok, 1 Oey 100
Select Species - Ordered by Mass
All Line Intensity Lower Limits +/-
00101 H-atom - Atomic Hydragen Select Criteria and Specify Lower
00102 Ps - Positronium Limit:
00103 Ha - Hydrogen Recombinatic ®
00104 HB - Hydrogen Recombinatic None
00105 Hy - Hyarogen Recombinatic O comsiPL (i
00106 Hd - Hydrogen Recombinatic o]
00107 He - Hydrogen Recombinatic O sijp? [
00108 HZ - Hydrogen Recombinatic ;
00201 D-atom - Atomic Deuterium O 4 og) [l
Enter Molecular Formula (Case -
sensitive) to Calculate Mass
[ || Calculate Mass | Search Filter +-
= . D Exclude atmospheric species
- = [ Exclude potential interstellar
| version 3 (7/1/2016) v | e
D Exclude probable interstellar
Specify Ranges +- species
Specify a Frequency Range: D Exclude known AST spacies
D Show ONLY astronomically-
From| |To| | observed transitions
e | —— () Show ONLY NRAO
E L I [ ol il ] Recommended Freg
®mmz oHz Redshift:
Load Freqs From listobs
| Choose Files | No file chosen |
Load Freqs From ALMA
ObsProposal.xml 43
| Choose Flles | No file chosen




1a. Molecular spectroscopy

Line list Display

NRAO — Splatalogue: Advanced

Search Parameters

Select Species
Search:
[ex: ammonla, carbon, methanal, wate|

Select Species - Ordered by Mass
w
00101 H-atom - Atomic Hydrogen
00102 Ps - Positronium

00103 Ha - Hydrogen Recombinatic
00104 HE - Hydrogen Recombinatic
00105 Hy - Hyarogen Recombinatic
00106 Hd - Hydrogen Recombinatic
00107 He - Hydrogen Recombinatic
00108 HE - Hydrogen Recombinatic
00201 D-atom - Atomic Deuterium

Enter Molecular Formula (Case
sensitive) to Calculate Mass
| || Calculate Mass |

Data Versions +-
| Version 3 (7/1/2016) W |

Specify Ranges +-
Specify a Frequency Range:

From[ ]To] I

[+ Frequency |[ ~roouorcy |

®mmz oHz Redshift:

Load Freqs From listobs
| Choose Files | No file chosen

Load Freqs From ALMA
ObsProposal.xmi
| Choose Flles | No file chosen

Specify an Energy Range:

From[ o] |
Ok (em™) Ogy (em™)
Oe ) Oey )

Line Intensity Lower Limits +/-
Select Criteria and Specify Lower
Limit:

® None

O comsiwpLgog) [ |
Oswt [
O ai (og) I

Search Fiiter +/-
() Exclude atmospheric species
[ Exclude potential interstellar
species
D Exclude probable interstellar
species
D Exclude known AST spacies
O Show ONLY astronomically-
observed transitions
[ Show ONLY NRAO
Recommended Freg

Line List Display +l-
wL Ecoms B Lovasmist

Recombination Lines
TopModel Lines &8 RF1 Lines

Line Strength Display +/-
CDMS/JPL Intensity || Sij 2
sij [aj ®rovesiasT

Energy Levels +/-
Epomer (€M) [ Eppuer (K)
D Eupper (cm'?) D Eipger (K)

Observation Information +/-

D Display Observed Transitions
D Display G358 Maser Transitions
D Display Obsarvation Reference
D Display Observation Source

(L] Disptay Telescope Lovas NIST

Frequency Error Limit +-

D No Frequency Displayed w/ Error
> 50 MHz

Miscellaneous +/-
[ No HFS Display
[ pisplay HFS Intensity

D Display Unresolved Quantum
Numbers

D Display Upper State Degeneracy
D Display Molecule Tag

| [ Disolay Quantum NumberCode

44



1a. Molecular spectroscopy

Search Parameters

Select Species
Search:
NRAQO — Splata IOgue: Advanced [ex: ammanla, carbon, methanol, wate|
Select Species - Ordered by Mass
Al
Search parameters: el il

00102 Ps - Positronium
00103 Ha - Hydrogen Recombinatic
00104 HE - Hydrogen Recombinatic

R =aC 00105 Hy - Hydrogen Recombinatic
1' SeIeCt SpeCIeS' 00106 Hd - Hydrogen Recombinatic
by name, or using formula calculate molar mass el ol sk sttt

00108 H - Hydrogen Recomblnatic
00201 D-atom - Atomic Deuterium

Enter Molecular Formula (Case
"\ggnsitive) to Calculate Mass
= || Calculate Mass |

Species are colored by their status as astronomical molecules. The color
coding is:

WHITE: Known astronomical molecules
RED: Possible astronomical molecules
BLUE: Atmospheric molecules

GREEN: Probable astronomical molecules — commonly, excited vibrational
states and isotopologues of known molecules

45



1a. Molecular spectroscopy

NRAO — Splatalogue: Advanced

Search parameters:

1. Select species:

by name, or using formula calculate mass 00108 HiE... Hydrogen Recombisait
00201 D-atom - Atomic Deuterium
Enter Molecular Formula (Case

2. Frequency range:
in MHz, GHz, or redshift

3. Specify an energy range:
E, (cm™), Ey(cm™?), E (K), Ey(K)

4. Line Intensity Lower limits
Sij u?, Aij (log)

(u = electric dipol moment)

Search Parameters

Select Species
Search:
[ex: ammanla, carbon, methanol, wate|

Select Species - Ordered by Mass
n 7
00101 H-atom - Atomic Hydrogen
00102 Ps - Positronium

00103 Ha - Hydrogen Recombinatic
00104 HE - Hydrogen Recombinatic
00105 Hy - Hyarogen Recombinatic
00106 Hd - Hydrogen Recombinatic
00107 He - Hydrogen Recombinatic

ve) to Calculate Mass
|| Calculate Mass |
Specify an Energy Range:
From[ i [] _he _
ey | Bie = 7 Eome1 = 1.4387E ¢
Or 0 Oey (k)

Line Intensity Lower Limits +/-

Select Criteria and Specify Lower
Limit:

® None

O comsipLiog) [ |
Osp [
O 4 (1o9) =

46



1a. Molecular spectroscopy

NRAO — Splatalogue: Advanced

Line List Display ot
wL Ecoms B iovasmisT
stam Etoyama Eosu

Line List Display:

1. Select database: & Recombination Lines

JPL, CDMS, Lovas, Recombination lines .... & topModet Lines B RF1 Lines
2. Line strength display: Line Strength Display +-

Sij u2, Sij, Aij & comsiupL intensity [ sij 2

Usij [aj E@rovesiast

(uis the dipole moment,
useful to estimate Aij)

Energy Levels +/-
Epmer €M) [ Eppuer (K)

3. Specify Energy levels: (e ety e K)
upper upper

E, (em™), Ey(em™), E, (K), Ey(K)
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1a. Molecular spectroscopy

NRAO — Splatalogue: Advanced

Search: Molecule: CS, Frequency: 80 to 270 GHz, log(Aij) > -5
Display: CDMS database, Sij u?, Sij, Aij, E_ (K), Ey(K)

Found 4 lines, searched 1 frequency ranges, showing 1 -4
Click on the chemical formula below for more information about that species

1985.95421090

CSv  Carbon (1.6E-6), 4-3 1528684 4.00000 -3.82753 14.10684 2351110 CDMS

=0  Monosulfide

Different colors indicate different ALMA Bands

48



1a. Molecular spectroscopy

NRAO — Splatalogue: Advanced

Search: Molecule: CH;0CHO, Frequency: 220 to 221 GHz, E; <200 K
Display: JPL database, Sij u?, Aij, E, (K), Ey(K)

Found 15 lines, searched 1 frequency ranges, with Ey; <= 200 K, showing 1 - 15
Click on the chemical formula below for more information about that species

103.15148  JPL

2
3 081781 -5.68019 15823362
4
5



1a. Molecular spectroscopy

NRAO — Splatalogue: Advanced

Search: Molecule: CH;0CHO, Frequency: 220 to 221 GHz, E; <200 K
Display: JPL database, Sij u?, Aij, E, (K), Ey(K)

Found 15 lines, searched 1 frequency ranges, with Ey; <= 200 K, showing 1 - 15
Click on the chemical formula below for more information about that species




1a. Molecular spectroscopy

Methyl Formate
CH;0CHO v=0

NRAO — Splatalogu Splat ID: 06007
CDMS

Search: Molecule
Display: Jpi med 36 -

species_id 393
ism_hotcore 1
LineList 10

vl_0 1
v2_0 2
CDMS

2315148 JPL
793
393
CH30CHO
~Methy Date April 2009
Forma Contributor B.J. Drouin
' 199602.70
121102.02 Partition function Q(T) at

e
39072.96 different temperatures
17548 82

577242
2030.84
720.82




1a. Molecular spectroscopy

NRAO — Splatalogue: Advanced

Miscellaneous

D No HFS Display
D Display HFS Intensity

D Display Unresolved Quantum
Numbers

D Display Upper State Degeneracy
D Display Molecule Tag

Display Quantum Number Code
D Display Lab Ref

D Display Ordered Frequency ONLY

(] Display NRAO Recommended
Frequencies

D Display Unique Species Tag
D Display unigue line ID #

= a code for different
guantum numbers

s g’x‘;'f:l‘,"k“: gt'mnic Unresolved QN Description and Notes
101 CO, HCN, N,O l&Sigma N N =], integer values
102 NONEN 3&Sigma | NJ N, J, integer values
112 AIF,C'70 1gSigma  JF+Y, one nuclear spin, I=% (Al, O)
113 3350) 3&Sigma | NJF+Y, one nuclear spin, I=% (Cl)
114 HCCN B&Sigma NJF; F+‘/2 two nuclear spins, I=1 (N and H)
AICI 1&Sigma JF+4 F two nuclear spins, I=",(Al) I=Y,(Cl)
n CBN,CH 2gSigma  NJ+%F one nuclear spin, I=Y4 (!N, H)
133 SiN, MgNC 2gSigma | N J+%, F+Y, one nuclear spin, I=1(N)
NJ+% F F CDMS: J=N+8, Fy=1+1(1>C), F=F | +I (N)
JPL: J=N = S;
144 BeN 2&Sigma | N J+Y, F, F F;=5-1(13C)=0, Fp=N
F;=S+I('3C)=1,F,=N,N £ |
(Q=12+2 = 14, for two I=1/2 spins, one I=1)
L I N -
202 CH,C®N, CH;NC 1A NK no hyperfine structure from nitrogen

52



1a. Molecular spectroscopy

CDMS — Cologne Database for Molecular Spectroscopy

Catalog with several Species, Isotopologues, Molecules

FILTER SPECIES LIST

Use regular expressions

[ include JPL data

Tag
e.g. 18501

Molecule
Hill notation, e.g. *H3N$

Trivial Name
e.g. Ammonia

Isotopolog
Stoichiom. formula, e.g. "\CH30H$

State
e.g. v=0

ALUMINUM MONOHYDRIDE
Al
Stoich.Form. Symbol Triv. Name e i

28516 - v=0

AIC2H AIC,H Aluminum acelylide

AIC3N AlIC3N Aluminum cyanoacetylide

AICI AICI Aluminum monochloride

AlF AlF Aluminium monofluoride

AIHS AISH Aluminum monohydrosulfide

AlH AlH Aluminum monohydride

AlO AlO Aluminum monoxide

AlS AlS Aluminum monosulfide

ArH+ ArH* Argonium, Argon hydride cation

BHO HBO Oxyborane

BH BH Boron monohydride

en

on

D avanr rananmwidn
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1a. Molecular spectroscopy

CDMS — Cologne Database for Molecular Spectroscopy

Catalog with several Species, Isotopologues, Molecules

FILTER SPECIES LIST HYDROGEN MOLECULE
Use regular expressions H D
v=0,1
[ include JPL data Tag Molecule Isotopolog State
Tag y Tag: 3501
Version: 2%
e.g. 18501 3501 H2 HD =0,1
g = doc Date of Entry: 2011-12-01
Molecule 12501 c c 3P Ground state Contributor: H. S. P. Miiller
Hill notation, e.g. "HINS 13501 Cc Cc-13 3P Ground state .c
Trivial Name 14501  CH2 CH2 v=0 @
e.g. Ammonia
i 15501  HN NH v=0 @
Isotopolog 16501  H2N NH2 v= {doc
Stoichiom. formula, e.g. "\CH30H$ ’
16502  HN ND v=0 (doc
St 18501  H3N NH2D
g 8 3 2 v=0 @
19501  H3N NHD2 v=0 .c
20501  H3N ND3 =0 .:
24501  HNa NaH v= (doc
25502  HMg MgH v=0 “doc
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1a. Molecular spectroscopy

HYDROGEN MOLECULE Tag: 3501
HD Version: 2*

Date of Entry: Dec. 1, 2011
v=0,1 Contributor: H. S. P. Mdller

NAVIGATION

The initial value for the J" = 0 transition, employed in the first entry from Sep. 2005 turned out to be off by almost 4 &sigma or
almost 600 kHz. The new, more accurate value was measured by

(1) B. J. Drouin, S. Yu, J. C. Pearson, and H. Gupta, 2011, J. Mol. Struct., 1006, 2.

The J"= 1 - 3 transitions were reported by

(2) L. Ulivi, P. de Natale, and M. Inguscio, 1991, Astrophys. J., 378, L29,

Files The J"= 6 transition was taken from

(3) P. Essenwanger and H. P. Gush, 1984, Can. J. Phys., 62, 1680.

Molecular Constants
artition functions

Data

References
Infrared transitions were reported by

Stick Spectrum (4) N. H. Rich, J. W. C. Johns, and A. R. W. McKellar, 1982, J. Mol. Spectrosc., 95, 432.

Energy Level Plot The P(3) transition was omitted from the final fit.

Other databases Predictions should be viewed with caution above J" = 8 in the ground vibrational state. The excited state predictions should be
viewed with caution throughout because pressure shifts of a few tens of megahertz in the infrared transitions may have a non-

NIST - Lookup negligible effect.

ChemSpider - Lookup The new ab initio dipole moment and its first rotational correction have been derived from

p——— (5) K. Pachuki and J. Komasa, 2008, Phys. Rev. A, 78, Art. No. 052503.

The rotationless value is in very good agreement with experimental determinations employing intensity measurements as well
as other theoretical values. The older value of 0.000585 D is definitively incompatible with these numbers. The experimental
determinations are hampered by large pressure shifts as well as by high pressure effects on the intensities. The vibrational
correction on the dipole moment seems to be small and has been neglected in the present calcultions.

The partition function takes into account both vibrational states; non-negligible individual contributions are given in parentheses.

25502  HMg MgH v=0 “doc
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1a. Molecular spectroscopy

HYDROGEN MOLECULE Tag: 3501
HD Version: 2*
Date of Entry: Dec. 1, 2011
v=0,1 Contributor: H. S. P. Miiller
NAVIGATION
Description

The initial value for the J" = 0 transition, employed in the first entry from Sep. 2005 turned out to be off by almost 4 &sigma or
Molecular Constants almost 600 kHz. The new, more accurate value was measured by
Partition functions (1) B. J. Drouin, S. Yu, J. C. Pearson, and H. Gupta, 2011, J. Mol. Struct., 1006, 2.
The J"= 1 - 3 transitions were reported by

Data

(2) L. Ulivi, P. de Natale, and M. Inguscio, 1991, Astrophys. J., 378, L29,
Files The J" = 6 transition was taken from
References (3) P. Essenwanger and H. P. Gush, 1984, Can. J. Phys., 62, 1680.

Infrared transitions were reported by

(4) N. H. Rich, J. W. C. Johns, and A. R. W. McKellar, 1982, J. Mol. Spectrosc., 95, 432.

The P(3) transition was omitted from the final fit.

Predictions should be viewed with caution above J" = 8 in the ground vibrational state. The excited state predictions should be
viewed with caution throughout because pressure shifts of a few tens of megahertz in the infrared transitions may have a non-
NIST - Lookup negligible effect.

ChemSpider - Lookup The new ab initio dipole moment and its first rotational correction have been derived from

(5) K. Pachuki and J. Komasa, 2008, Phys. Rev. A, 78, Art. No. 052503.

The rotationless value is in very good agreement with experimental determinations employing intensity measurements as well
as other theoretical values. The older value of 0.000585 D is definitively incompatible with these numbers. The experimental
determinations are hampered by large pressure shifts as well as by high pressure effects on the intensities. The vibrational
correction on the dipole moment seems to be small and has been neglected in the present calcultions.

The partition function takes into account both vibrational states; non-negligible individual contributions are given in parentheses.

Archive

25502  HMg MgH v=0 “doc
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1a. Molecular spectroscopy

HYDROGEN MOLECULE Tag: 3501
HD \ergion* 2%

v=0,1

NAVIGATION Energy Level Diagram

Description
Molecular Constants
Partition functions
Data

Files

20000

15000

References

Energy [cm-1]

10000 — -
NIST - Lookup e —
ChemSpider - Lookug — -
Archive - | as— _
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1a. Molecular spectroscopy

CDMS — Cologne Database for Molecular Spectroscopy

A-ALANINE, A-AMINOPROPANE ACID, A-AMINOPROPIONIC ACID Tag: 89502
Version: 1*
vc_(l;lsc“NHZCOOH Date of Entry: Oct. 1, 2008

Contributor: H. S. P Miller

AAGATION

Description

Molecular Constants

Partition functions Enmrgy Level Dagram

Data ik
Files
References 1200
Stick Spectrum

>
Other databases
NIST - Lookup
ChemSpider - Lookup

Archive

frveegy tom 1)
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