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1. Why molecules?

• It all begins with nuclei
• Relevance

2. Where molecules?
• Hot to cold
• Dense to thin
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Chemistry = 
molecules
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Equation (1):
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where B is the rotational constant of the molecule; B is
inversely proportional to the moment of inertia of the molecule
(I):
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where I is related to the reduced mass of the molecule (μ) and
the radial extent of the mass (r):

( )I r . 32N�

Thus, lighter, smaller molecules will have large values of B (e.g., B
[NH]= 490 GHz; Klaus et al. 1997), and heavier, larger molecules
will have very small values of B (e.g., B[HC9N] = 0.29 GHz;
McCarthy et al. 2000). The frequencies of rotational transitions are
given by the difference in energy levels (Equation (1)). Small
molecules with large values of B, and correspondingly widely
spaced energy levels, will have transitions at higher frequencies.
Larger molecules, with smaller values of B, have closely spaced
energy levels with transitions at lower frequencies.
Assuming NH and HC9N are reasonable examples of the

range of sizes of typical interstellar molecules, the ground-state
rotational transitions (J = 1 → 0) therefore fall between ∼1

Table 2
List of Detected Interstellar Molecules with Two to Seven Atoms, Categorized by Number of Atoms, and Vertically Ordered by Detection Year

2 Atoms 3 Atoms 4 Atoms 5 Atoms 6 Atoms 7 Atoms

CH NH H2O MgCN NH3 SiC3 HC3N C4H
− CH3OH CH3CHO

CN SiN HCO+ H3
+ H2CO CH3 HCOOH CNCHO CH3CN CH3CCH

CH+ SO+ HCN SiCN HNCO C3N
− CH2NH HNCNH NH2CHO CH3NH2

OH CO+ OCS AlNC H2CS PH3 NH2CN CH3O CH3SH CH2CHCN
CO HF HNC SiNC C2H2 HCNO H2CCO NH3D

+ C2H4 HC5N
H2 N2 H2S HCP C3N HOCN C4H H2NCO

+ C5H C6H
SiO CF+ N2H

+ CCP HNCS HSCN SiH4 NCCNH+ CH3NC c-C2H4O
CS PO C2H AlOH HOCO+ HOOH c-C3H2 CH3Cl HC2CHO CH2CHOH
SO O2 SO2 H2O

+ C3O l-C3H
+ CH2CN MgC3N H2C4 C6H

−

SiS AlO HCO H2Cl
+ l-C3H HMgNC C5 HC3O

+ C5S CH3NCO
NS CN− HNO KCN HCNH+ HCCO SiC4 NH2OH HC3NH

+ HC5O
C2 OH+ HCS+ FeCN H3O

+ CNCN H2CCC HC3S
+ C5N HOCH2CN

NO SH+ HOC+ HO2 C3S HONO CH4 H2CCS HC4H HC4NC
HCl HCl+ SiC2 TiO2 c-C3H MgCCH HCCNC C4S HC4N H3HNH
NaCl SH C2S CCN HC2N HCCS HNCCC CHOSH c-H2C3O c-C3HCCH
AlCl TiO C3 SiCSi H2CN H2COH

+ CH2CNH
KCl ArH+ CO2 S2H C5N

−

AlF NS+ CH2 HCS HNCHCN
PN HeH+ C2O HSC SiH3CN
SiC VO MgNC NCO MgC4H
CP NH2 CaNC CH3CO

+

NaCN NCS H2CCCS
N2O CH2CCH

Note. Column headers and molecule formulas are in-document hyperlinks in most PDF viewers.

Table 3
List of Detected Interstellar Molecules with Eight or More Atoms, Categorized by Number of Atoms, and Vertically Ordered by Detection Year

8 Atoms 9 Atoms 10 Atoms 11 Atoms 12 Atoms 13 Atoms PAHs Fullerenes

HCOOCH3 CH3OCH3 CH3COCH3 HC9N C6H6 C6H5CN 1-C10H7CN C60

CH3C3N CH3CH2OH HOCH2CH2OH CH3C6H n-C3H7CN HC11N 2-C10H7CN C60
+

C7H CH3CH2CN CH3CH2CHO C2H5OCHO i-C3H7CN C9H8 C70

CH3COOH HC7N CH3C5N CH3COOCH3 1-C5H5CN
H2C6 CH3C4H CH3CHCH2O CH3COCH2OH 2-C5H5CN
CH2OHCHO C8H CH3CH2OH C5H6

HC6H CH3CONH2

CH2CHCHO C8H
−

CH2CCHCN CH2CHCH3

NH2CH2CN CH3CH2SH
CH3CHNH HC7O
CH3SiH3 CH3NHCHO
NH2CONH2 H2CCCHCCH
HCCCH2CN HCCCHCHCN
CH2CHCCH H2CCHC3N

Note. Column headers and molecule formulas are in-document hyperlinks in most PDF viewers.
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Chemistry = molecules
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Planetary atmospheres
main gases and 

prominent molecules

I. Gordon et al.



A Hierarchy of Ingredients
6

z

MOLECULES

ATOMS

Nuclei from 
Big Bang

Other Nuclei    

ElectronsPhotonsCollisions, quantum 
dynamics

CosmologyStellar 
physics

Nuclear 
physics

Physical 
chemistry



NUCLEAR PHYSICS
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Elemental abundances
in the  Milky Way

8

Organic chemistry
main elements: 
H >> O ∼ C > N

He + Some
heavier elements

Little P, Alkalines, 
Halogens

VERY little Li, Be, B 



MOLECULAR PHYSICS
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Why looking for molecules ?

• Molecules display a nearly infinite of 
variety:

• from the simplemost, H2, the transition-

elements containing molecules to the 

molecules of life, and the polymers, the 

PAH’s . 

• All categories have been observed in 

extraterrestrial environments, from 

meteorites to the edge of the Universe.

• Molecules (and in particular 
isotopologues) are a beacon for 
history

•Molecules
are seen in nearly any environment: binding 

energies from to a few eV à to a few  Kelvin

• In Astrophysics, 
The abundance of nuclei is determinental for the 
abundances of the various molecules: interplay of 
GeV/MeV to eV/µeV physics (15 orders of 
magnitude), interplay of high and low energy 
astrophyics, including super novae

• Measures of fundamental constants history

10
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Tool Some results

Thermodynamics and kinetics Out of equilibrium situations, 
timescales

Spectroscopy Fundamental constants, 
identification, abundances

Spectral lineshapes Opacities, atmospheres (planets 
and cool stars)

Isotopic compositions Detailed history, past nuclear 
physics

Molecular presence and 
abundances 

Physical and chemical 
characterization, atmospheric 
composition

Mass spectrometry (probes) Up to large molecules, polymers



Why is Astrochemistry both an ancient and a modern 
problem?
Is it good old spectroscopy again, in a new guise? Yes, and difficult.
• Think of the hyperfine structure of ND2H, the rotational-torsional spectroscopy of CH3-O-CH3, to 

the ro-vibrational spectroscopy of exotic ions (H3CH2CN)+ or radicals (CHNH). All these species are 

known, and some have been discovered by astrophysical spectroscopy.

• Spectroscopy ranges from GHz to THz and beyond (cm -> sub-mm, FIR, IR). We have all the 

instruments, and everything in the spectral line is significant. ‘’Every photon counts’’

• Spectral line shapes are not in equilibrium, they are broadened by the Doppler effect and by 

collisions, they are heterogeneous and optically thick.

• Spectra of highly excited atoms is very difficult to model

12



Why is Astrochemistry both an ancient and a modern 
problem?

• It's also about: finding a flower in a meadow of weeds. Weeds are common and hardy. 

Flowers are rare, their signals weak, but what an achievement to find urea O=C(NH2)2 -

the first biomolecule synthesized in the 19th century, which proved that chemistry was 

universal- sugars and amino acids (these, in meteorites, and perhaps in cometsj).

• It's also about: characterizing the atmospheres of other stars and their planets similar to 

Neptune, or superbly strange like the Trappist system: 5 planets - IR star. Study 

meteorology there and one day find bio-signed molecules.
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A list 
(not exhaustive…)

Not mentioned: 
PAH ’s; 
Intergalactic 

15Object Conditions

PDR gradients in ionization temperature. 
Photophysics dominat.

HI regions Very low density, equilibrium very slow 
to reach

Molecular ISM + grains Cold, some molecules freeze out 
(deplete) on grain surfaces. Gas and 
surface chemistru

YSO Factories of COM’s

Dying stars Factories of COM’s

Disks Tracers of future history. Gradients in 
space, turbulence, Keplerian motion

Stellar atmospheres From cool to hot molecules or atomic 
plasmas. Specific tracers

Planetary atmospheres From diffuse to dense, vast ranges

Extragalactic Metallicities, star formation rates

Early universe Only H, He e-; traces of D, Li
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T and radiation 
compatible with
chemistry



Conditions of interstellar gases
17

Ionized gases Neutral gases



Where are molecules? (simplified)

18

The main gas is very often 
optically inactive in microwave, 
not necessarily in IR
Active molecule as traces. 

Main gas depend on object scrutinized

• ISM, YSO, Stars : 
H, H2, (He), oy cold plasma e-

• Comets : H2O

• Atmospheres: H2, CH4, NH3, N2, SO2, O2
(Earth), mixtures



Special mention: early universe:
Chemistry before stars
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Extra galactic
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IMAGES, SPECIFIC CASES
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* Dense clouds
T ~ 5- 10 K, n ~ 105 cm-3

xe ~ 10-8

Tracers : CO, HCO+, N2H+,H2D+

* Diffuse clouds
T ~ 100 K, n ~ 102 cm-3

xe ~ 10-4

Tracers : OH, CH+, HCO+

* Photon-Dominated Regions
T ~ 1000 K, n ~ 104 cm-3

xe ~ 10-4

Tracers : CN, CH, CH+, C+

Star forming regions/
YSO environments
T ~ 5- 300 K, n ~ 104-7 cm-3

xe ~ 10-9—1à

Tracers : CO, HCO+,H2O
H2CO,CH3OH,
N,S containing molecules

* Jets
T ~ 10-1000 K, n ~ 104-7 cm-3

Tracers : CO, HCO+, SiO

Oldies but Goodies
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Protoplanetary disks
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Protoplanetary
Disks

I Kamp, WF Thi et al.
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Postpone the atmospheres…
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How to detect? 
A note on units

29

1 kcal/mole ≈ 43 meV ≈ 503 K ≈ 350 cm-1 ≈ 10 THz

Chemistry

Electron, atomic, nuclear 
physics

SpectroscopyThermodynamics

• Probes: many ways to deal with molecules, from chromatography to mass spectrometry. 
Valid for example in our atmosphere, for planetary probes (Cassini, Rosetta,…)

• Telescopes: wavelengths from cm to sub-Å, from radio waves to gamma-rays, from µeV to 
GeV (cosmic rays). Single optics (dish or mirror) or interferometry (ALMA,Plateau de 
Bures, VLA, VLTI, Gemini)



•

•
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1 kcal/mole ≈ 43 meV ≈ 503 K ≈ 350 cm-1 ≈ 10 THz

Quantum states Energies Type of radiation How to detect

Hyperfine structure kHz  à MHz Longwave to radio Usually indirectly 
detected

Fine structure (mostly 
atoms

1OOGHz à a few THz microwave to FIR ground & space
Favorable for high-z 
atomic gasses

Rotation 0.5 à 60 cm-1 millimiter to sub-mm ground (mostly) and 
space / plane/balloons

Vibration 100 à A few 1000 cm-
1

FIR to IR Space and balloons
Favorable for high-z 
molecular gasses

Electronic 
transitions

Molecules up to a few eV visible, UV ground and space

up to a few keV Visible à X-rays ground and space
Atoms



Atmospheric opacity
Chimie Physique 2022 31

Increasing Energy



Atmospheric opacity
Chimie Physique 2022 32

Rotation-
vibration

Hot gas

high-z 
molecules

high-z atoms
cosmological backgroundViolent 

events, 
supernova

e

vibration

Gamma 
rays, 

nuclear 
physics



GBT, VLA  < 50 GHz

IRAM  80… 270 GHz

ALMA  80… 950 GHz

Herschel  480 … 1910 GHz (HIFI)
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1 kcal/mole ≈ 43 meV ≈ 503 K ≈ 350 cm-1 ≈ 10 THz

Quantum states Energies Type of radiation How to detect

Hyperfine structure kHz  à MHz Longwave to radio Usually indirectly 
detected

Fine structure (mostly 
atoms

1OOGHz à a few THz microwave to FIR ground & space
Favorable for high-z 
atomic gasses

Rotation 0.5 à 60 cm-1 millimiter to sub-mm ground 

Vibration 100 à A few 1000 cm-1 FIR to IR Space and balloons
Favorable for high-z 
molecular gasses

Electronic 
transitions

Molecules up to a few eV visible, UV ground and space

up to a few keV Visible à X-rays ground and space
Atoms



Table 1 List of molecules mentioned in this review with more than three atoms.

Species Formula Species Formula

Acetaldehyde CH3CHO Glyoxal HC(O)CHO

Acetamide CH3C(O)NH2 Hydroxylamine NH2OH

Acetic acid CH3COOH Isocyanic acid HNCO

Acetone CH3C(O)CH3 Methane CH4

Ammonia NH3 Methanimine CH2NH

Benzene c-C6H6 Methanol CH3OH

Benzonitrile c-C6H5CN Methoxymethanol CH3OCH2OH

Butyl cyanide C4H9CN Methyl acetylene CH3CCH

Cyanoacetylene HC3N Methyl amine CH3NH2

Cyanodiacetylene HC5N Methyl chloride CH3Cl

Cyanoformaldehyde NCCHO Methyl cyanide CH3CN

Cyanomethanimine NHCHCN Methyl formate CH3OCHO

Cyanomethyl radical CH2CN Nitrous acid HONO

Cyclopropenone c-H2C3O Propanal C2H5CHO

Dimethyl ether CH3OCH3 Propanol C3H7OH

Ethanimine CH3CHNH Propenal C2H3CHO

Ethanol C2H5OH Propyl cyanide C3H7CN

Ethylene glycol (CH2OH)2 Propylene oxide c-CH(CH3)CH2O

Formaldehyde H2CO Quinoline C9H7N

Formamide NH2CHO Thioformaldehyde H2CS

Formic acid HCOOH Vinyl cyanide C2H3CN

Glycolaldehyde CH2(OH)CHO Urea NH2C(O)NH2

Glycolonitrile HOCH2CN

et al. 2016). Finding sources with intrinsically narrow linewidths is another promising av-

enue that is illustrated, for example, by the recent detection of methoxymethanol3 in the

hot core MM1 of NGC 6334I (McGuire et al. 2017).

Finally, going to lower frequency where the spectral confusion is less severe is another

option, provided that the emission lines are still strong enough to be detected. IRAM has

started to explore frequencies below 80 GHz (down to 70 GHz with NOEMA and 73 GHz

with the 30-m telescope), and Bands 1 and 2 of ALMA will be valuable in this respect in the

near future. COMs have been detected at even lower frequencies, for instance propanal and

benzonitrile with the GBT (Hollis et al. 2004a; McGuire et al. 2018). While confusion is not

(yet) an issue at these low frequencies, the di�culty lies in the excitation of the molecules

that does not follow LTE in the environments probed by these observations. Collision rate

coe�cients are not available for many COMs, making a reliable estimate of their column

densities under such conditions a challenge. However, recent progress has been made in

this respect for, e.g., methyl formate and methanimine (Faure et al. 2014; Faure, Lique &

Remijan 2018).

2.1.3. Increased spatial resolution. ALMA has clearly pushed observations at submillimeter

wavelengths to a new regime with its high angular resolution and sensitivity providing

images of dust and gas with a resolution of 0.0100, corresponding to few au scales in nearby

3See Table 1 for a list of the names and formulae for molecules discussed in this review.
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The ALMA-PILS survey: inventory of 
complex organic molecules towards 
IRAS 16293-2422 A 

J. Jørgensen et al., Niels Bohr Inst. et al.

Young stellar object: solar mass 
binary
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The ALMA-PILS survey: inventory of 
complex organic molecules towards 
IRAS 16293-2422 A 



J. Harju et al.: Deuteration of ammonia in the starless core Ophiuchus/H-MM1

Fig. 15. NH3(1, 1) and (2, 2) spectra produced by the core model at
the time 3 105 yr (red curves) together with the observed spectra (his-
tograms). The model overpredicts the observed intensities. The model
agrees with observations at the times t = 105 and t = 2 106 yr. The
intensities are given on the main-beam brightness temperature (TMB)
scale.

Fig. 16. Deuterated ammonia spectra produced by the core model at
the time 3 105 yr (red curves) together with the observed spectra (his-
tograms).

2 106 yr, when ammonia depletion has finally started to take ef-
fect. The predicted spectra at the time 3 105 yr are shown in
Figs. 15 (NH3), 16 (NH2D, NHD2, and ND3), 17 (N2D+), and
18 (oH2D+ and pD2H+).

The model predicts that the abundances of the di↵erent iso-
topologues of NH3 and N2H+ grow at di↵erent rates. This im-
plies that the fractionation ratios, NH2D/NH3, NHD2/NH2D,
ND3/NHD2, do not necessarily reach their maxima at the same
time. This is illustrated in the middle panel of Fig. 11. In this

Fig. 17. Modelled and observed N2D+(2�1) and N2D+(4�3) spectra on
the TMB scale. The modelled spectra are predictions for the time 3 105

yr (red curves) after the beginning of the simulation.

model, the peak fractionation ratios range from 0.15 to 0.30, de-
pending on the pair of species considered. The ND3/NHD2 ratio
mimics the N2D+/N2H+ ratio divided by 10, and these two frac-
tionation ratios are the first to peak in all models we have run.
This tendency is related to the rapid growth of the D+3 abundance
occurring at early stages of the simulation (Fig. 13). The fact that
the average temperature exceeds 10 K has a favourable e↵ect
on deuteration, but its fast advancement is made possible by the
low initial o/pH2 ratio assumed in the simulation. A higher abun-
dance of oH2 would delay the deuterium peak by obstructing the
primary deuteration through reaction H+3 + HD $ H2D+ + H2
(Flower et al. 2006b; Pagani et al. 2011; Pagani et al. 2013; Kong
et al. 2015).

In Figs. 18 and 19 we compare our model predictions with
the previous observations of Parise et al. (2011) and Punanova
et al. (2016). The modelled oH2D+(110 � 111) and pD2H+(110 �
101) spectra shown in Fig. 18 are on the T ⇤A scale as observed
with APEX to allow comparison with the spectra shown in
Fig. 3 of Parise et al. (2011). These spectra are reproduced in
Fig. 18. The 1300 o↵set from the supposed core centre position is
taken into account. The hyperfine patterns of the lines have been
adopted from Jensen et al. (1997). The line profiles are domi-
nated, however, by the thermal broadening. While the simulated
pD2H+ line agrees roughly with the observations, the simulated
oH2D+ line is brighter than the observed one by a factor of three.
A good agreement with both observations would be found at
very early times by setting the initial o/pH2 ratio to 10�4. On
the other hand, that model cannot reproduce the observed line
ratios for the other molecules. After t ⇠ 4 105 yr, the pD2H+ line
intensity decreases rapidly below the observed T ⇤A ⇠ 0.1 K while
oH2D+ remains relatively strong. This behaviour is determined
by the close correlation between o/pH2D+ and o/pH2, and the
increase of the o/pD2H+ ratio with time (Fig. 13).

The N2H+(1 � 0), N2D+(1 � 0), and C17O(1 � 0) spectra ob-
served at the IRAM 30-m telescope by Punanova et al. (2016) are
shown in Fig. 19 together with the predicted spectra at the time
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J. Harju et al.: Deuteration of ammonia in the starless core Ophiuchus/H-MM1

Fig. 1. Dust colour temperature (TC, top) and the H2 column density
(N(H2), bottom) maps of H-MM1 as derived from Herschel/SPIRE
maps at 250, 350, and 500 µm. The distribution of the 850 µm emis-
sion observed with SCUBA-2 is indicated with black contours on the
N(H2) map. The contour levels are 10 to 50 by 10 MJy sr�1. The column
density maximum is marked with a plus sign. The present observations
were pointed towards this position, with coordinates R.A. 16h27m59s.0,
Dec. �24�3303300 (J2000). The larger circle in the bottom right repre-
sents the resolution of the N(H2) and TC maps (⇠ 4000). The 1400 resolu-
tion of the SCUBA-2 850 µm map is indicated with the smaller circle.
The lowest 850 µm contour (10 MJy sr�1) coincides roughly with the
N(H2) = 2 1022 cm�2 contour.

erages over the 4000 beam. The fitted TC overestimates the mass-
averaged dust temperature because of line-of-sight temperature
variations. This e↵ect is more marked towards the centre of a
starless core than on the outskirts of the core (Nielbock et al.
2012; Suutarinen et al. 2013).

Our position lies about 1300 northeast from the centre posi-
tion used by Parise et al. (2011), and about 700 east of the 450
and 850 µm peaks observed with SCUBA-2. In a later section
we will use the SCUBA-2 maps to derive a simple spherically
symmetric model of the core for the purpose of radiative transfer
modelling.

Fig. 2. Integrated NH3(1, 1) intensity (TMB) map of H-MM1 observed
with the GBT. The intensity unit is K km s�1, and the colour scale is
given on the right. The 3200 beam size of the GBT at 23.7 GHz is in-
dicated in the bottom right. The APEX and IRAM spectra were taken
towards the position indicated with a plus sign.

2.2. GBT observations

The observations were carried out using the 7-beam K-Band Fo-
cal Plane Array (KFPA) at the GBT, with the Versatile GBT
Astronomical Spectrometer (VEGAS) backend, as part of the
Gould Belt Ammonia Survey (GBT15A-430, PIs: Friesen &
Pineda). VEGAS was configured in Mode 20 which uses 8 sepa-
rate spectral windows per KFPA beam, each with a bandwidth of
23.44 MHz and 4096 spectral channels. The spectral resolution
is 5.7 kHz, corresponding to ⇠ 0.07 km s�1. Observations were
performed using in-band frequency switching with a frequency
throw of 4.11 MHz. Here we use the NH3(1, 1) and (2, 2) line
maps of a 60 ⇥ 60 region centered on the column density peak of
H-MM1. The integrated NH3(1, 1) intensity map of this region
is shown in Fig. 2.

These observations were part of a much larger area map of
the entire L1688 region during the 15A semester, which will be
presented by Friesen & Pineda et al. (in prep), and carried out on
100⇥100 boxes scanned in right ascension with rows separated by
1300 in declination. The scanning rate was 6.200 s�1, with a data
dump every 1.044 s. A fast frequency switching rate of 0.348 s
was used, which results in an rms of 0.1 K (on the TMB scale).

The data is calibrated using the GBT KFPA data reduction
pipeline (Masters et al. 2011). The data were calibrated to the
TMB scale using the gain factors for each beam calibration de-
rived from the Moon observations. The final cubes are created
by a custom made gridder using a tapered Bessel function for
the convolution following Mangum et al. (2007). The full cal-
ibration and imaging pipeline is available to the community at
https://github.com/GBTAmmoniaSurvey/GAS.

The observed ammonia transitions are indicated in the en-
ergy level diagram shown in Fig. 3.

2.3. APEX observations

The centre position of H-MM1 was observed using the upgraded
version of the First Light APEX Submillimeter Heterodyne in-
strument (FLASH; Heyminck et al. 2006) on APEX (Güsten
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Fig. 1. Dust colour temperature (TC, top) and the H2 column density
(N(H2), bottom) maps of H-MM1 as derived from Herschel/SPIRE
maps at 250, 350, and 500 µm. The distribution of the 850 µm emis-
sion observed with SCUBA-2 is indicated with black contours on the
N(H2) map. The contour levels are 10 to 50 by 10 MJy sr�1. The column
density maximum is marked with a plus sign. The present observations
were pointed towards this position, with coordinates R.A. 16h27m59s.0,
Dec. �24�3303300 (J2000). The larger circle in the bottom right repre-
sents the resolution of the N(H2) and TC maps (⇠ 4000). The 1400 resolu-
tion of the SCUBA-2 850 µm map is indicated with the smaller circle.
The lowest 850 µm contour (10 MJy sr�1) coincides roughly with the
N(H2) = 2 1022 cm�2 contour.

erages over the 4000 beam. The fitted TC overestimates the mass-
averaged dust temperature because of line-of-sight temperature
variations. This e↵ect is more marked towards the centre of a
starless core than on the outskirts of the core (Nielbock et al.
2012; Suutarinen et al. 2013).

Our position lies about 1300 northeast from the centre posi-
tion used by Parise et al. (2011), and about 700 east of the 450
and 850 µm peaks observed with SCUBA-2. In a later section
we will use the SCUBA-2 maps to derive a simple spherically
symmetric model of the core for the purpose of radiative transfer
modelling.

Fig. 2. Integrated NH3(1, 1) intensity (TMB) map of H-MM1 observed
with the GBT. The intensity unit is K km s�1, and the colour scale is
given on the right. The 3200 beam size of the GBT at 23.7 GHz is in-
dicated in the bottom right. The APEX and IRAM spectra were taken
towards the position indicated with a plus sign.

2.2. GBT observations

The observations were carried out using the 7-beam K-Band Fo-
cal Plane Array (KFPA) at the GBT, with the Versatile GBT
Astronomical Spectrometer (VEGAS) backend, as part of the
Gould Belt Ammonia Survey (GBT15A-430, PIs: Friesen &
Pineda). VEGAS was configured in Mode 20 which uses 8 sepa-
rate spectral windows per KFPA beam, each with a bandwidth of
23.44 MHz and 4096 spectral channels. The spectral resolution
is 5.7 kHz, corresponding to ⇠ 0.07 km s�1. Observations were
performed using in-band frequency switching with a frequency
throw of 4.11 MHz. Here we use the NH3(1, 1) and (2, 2) line
maps of a 60 ⇥ 60 region centered on the column density peak of
H-MM1. The integrated NH3(1, 1) intensity map of this region
is shown in Fig. 2.

These observations were part of a much larger area map of
the entire L1688 region during the 15A semester, which will be
presented by Friesen & Pineda et al. (in prep), and carried out on
100⇥100 boxes scanned in right ascension with rows separated by
1300 in declination. The scanning rate was 6.200 s�1, with a data
dump every 1.044 s. A fast frequency switching rate of 0.348 s
was used, which results in an rms of 0.1 K (on the TMB scale).

The data is calibrated using the GBT KFPA data reduction
pipeline (Masters et al. 2011). The data were calibrated to the
TMB scale using the gain factors for each beam calibration de-
rived from the Moon observations. The final cubes are created
by a custom made gridder using a tapered Bessel function for
the convolution following Mangum et al. (2007). The full cal-
ibration and imaging pipeline is available to the community at
https://github.com/GBTAmmoniaSurvey/GAS.

The observed ammonia transitions are indicated in the en-
ergy level diagram shown in Fig. 3.

2.3. APEX observations

The centre position of H-MM1 was observed using the upgraded
version of the First Light APEX Submillimeter Heterodyne in-
strument (FLASH; Heyminck et al. 2006) on APEX (Güsten
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Stellar atmosphere : case of brown dwarf
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Tannock at al.,  MNRAS, 2022
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Fig. 15. NH3(1, 1) and (2, 2) spectra produced by the core model at
the time 3 105 yr (red curves) together with the observed spectra (his-
tograms). The model overpredicts the observed intensities. The model
agrees with observations at the times t = 105 and t = 2 106 yr. The
intensities are given on the main-beam brightness temperature (TMB)
scale.

Fig. 16. Deuterated ammonia spectra produced by the core model at
the time 3 105 yr (red curves) together with the observed spectra (his-
tograms).

2 106 yr, when ammonia depletion has finally started to take ef-
fect. The predicted spectra at the time 3 105 yr are shown in
Figs. 15 (NH3), 16 (NH2D, NHD2, and ND3), 17 (N2D+), and
18 (oH2D+ and pD2H+).

The model predicts that the abundances of the di↵erent iso-
topologues of NH3 and N2H+ grow at di↵erent rates. This im-
plies that the fractionation ratios, NH2D/NH3, NHD2/NH2D,
ND3/NHD2, do not necessarily reach their maxima at the same
time. This is illustrated in the middle panel of Fig. 11. In this

Fig. 17. Modelled and observed N2D+(2�1) and N2D+(4�3) spectra on
the TMB scale. The modelled spectra are predictions for the time 3 105

yr (red curves) after the beginning of the simulation.

model, the peak fractionation ratios range from 0.15 to 0.30, de-
pending on the pair of species considered. The ND3/NHD2 ratio
mimics the N2D+/N2H+ ratio divided by 10, and these two frac-
tionation ratios are the first to peak in all models we have run.
This tendency is related to the rapid growth of the D+3 abundance
occurring at early stages of the simulation (Fig. 13). The fact that
the average temperature exceeds 10 K has a favourable e↵ect
on deuteration, but its fast advancement is made possible by the
low initial o/pH2 ratio assumed in the simulation. A higher abun-
dance of oH2 would delay the deuterium peak by obstructing the
primary deuteration through reaction H+3 + HD $ H2D+ + H2
(Flower et al. 2006b; Pagani et al. 2011; Pagani et al. 2013; Kong
et al. 2015).

In Figs. 18 and 19 we compare our model predictions with
the previous observations of Parise et al. (2011) and Punanova
et al. (2016). The modelled oH2D+(110 � 111) and pD2H+(110 �
101) spectra shown in Fig. 18 are on the T ⇤A scale as observed
with APEX to allow comparison with the spectra shown in
Fig. 3 of Parise et al. (2011). These spectra are reproduced in
Fig. 18. The 1300 o↵set from the supposed core centre position is
taken into account. The hyperfine patterns of the lines have been
adopted from Jensen et al. (1997). The line profiles are domi-
nated, however, by the thermal broadening. While the simulated
pD2H+ line agrees roughly with the observations, the simulated
oH2D+ line is brighter than the observed one by a factor of three.
A good agreement with both observations would be found at
very early times by setting the initial o/pH2 ratio to 10�4. On
the other hand, that model cannot reproduce the observed line
ratios for the other molecules. After t ⇠ 4 105 yr, the pD2H+ line
intensity decreases rapidly below the observed T ⇤A ⇠ 0.1 K while
oH2D+ remains relatively strong. This behaviour is determined
by the close correlation between o/pH2D+ and o/pH2, and the
increase of the o/pD2H+ ratio with time (Fig. 13).

The N2H+(1 � 0), N2D+(1 � 0), and C17O(1 � 0) spectra ob-
served at the IRAM 30-m telescope by Punanova et al. (2016) are
shown in Fig. 19 together with the predicted spectra at the time

Article number, page 13 of 18

Infra-red

Micro-wave



Special topic : JWST
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Protoplanetary Disks
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PDR (photon dominated region): here the Orion Bar
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PDRs4ALL coll., JWST Early Science Release 2023-202x



H2 ∆j=0,±2 detection 
Quadrupolar (E2) transitions
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PDRs4ALL coll., JWST Early Science Release 2023-202x



Wakeford et al. (2018) TJTEC Early (2022)

Before and after JWST



Wakeford et al. (2018) TJTEC Early (2022)

Before and after JWST
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5. How to model?
• Qualitative/Quantitative
• Ab initio

6.
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The tripod
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Observations Laboratory
•Experiments
•Theory

Models Object



From observation to modellingACS New Orleans 2018 48

On the sky

Spectrum:
Line positions
and shapes

Abundances, speeds,
Cartography

Model:
chemistry, history

Excitation 
model

Line catalogs

Chemistry:
reactions kinetics 

Compatibility, 
Further studies



Assessing the extent of the opacity challenge for exoplanetary sciences

(Niraula et al., 2022)



MICROSCOPIC DATA, COLLISIONS
Our work in Grenoble, than Paris
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Rotational spectrum detected by HIFI 
/Herschel

D2O

Sousse Novembre 2016
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(the CHESS collaboration, Ceccarelli et al., star forming regions and shocks) 



Level population

52

Energie

J=0

J=1
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No temperature at allLTE
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Example
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Courtesy of C. Ceccarelli, C. Kahane
Al-Edhari

No LTE

LTE



Classical view for reaching LTE

• l orbital = p b = m v b
(m reduced mass; b impact parameter; v relative velocity) .  Exchange l <-> J
makes LTE

Tunis 2023 54

J2J1

lorbital



•Full D potential (9D) with H2, rigid potential with He
•Full rotational analysis, Class./Quantum
•Partial vibrational analysis, Class./Quantum dynamics
•Isotopologues, HDO,D2O,H2

18O
H2O *

•Potential with CO and H2 vibration
•High precision rotational analysisCO *

•Rigid rotor potential with H2 (4D)
•Full rotational analysis, Quantum dynamicsHC3N
•5D potential with H2 & inversion
•All isotopologues NDH2, NHD2, ND3NH3 *
•Rigid rotor, full potential with H2
•Overcooled, absorbs the CMBH2CO
•Full potentiel with He
•OvercoolingHCOOCH3

•Full potentiel with He, H2

•Full potentiel with He, H2
•Unstable molecule

•Full potentiel with He, H2
•C3v symmetry -> peculiar spectroscopy

SiO – H2

SO2 –H2

HCO+ – H2

•Interaction with H2
•Fine structure transition

HNCO

c-C3H2*

C+

MANY COLLABORATIONS

•Full potentiel with He, H2
•C3v symmetry -> peculiar spectroscopy

M. Wernli PhD

M. Wernli PhD

Several Post-Docs

N. Troscompt PhD

Coll. K. Szalewicz

E. Sahnoun PhD

HMgNC –He  M. Ben Khalifa PhD

M. Ben Khalifa PhD/post doc

Coll  NASA-JPL

CH3CN

55

HCl – He,H2

*  : isotopologs also computed



Bergeat, LW, Faure, 2020-2022

Tunis 2023 56

Bergeat et al, PRL 2020/Molecules 2022



Pressure broadening and shift
H2O –H2

Drouin, LW, 2012
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Moving to atmospheres
59

•PES CO2 –He  CO2 –H2
•Dynamics of collision
•Ro-vib in progress
•Pressure Broadening, Opacities

CO2
MIT – Harvard  – U. Paris 
collaboration

CH4 •PES CH4 –H2 Grenoble Tunis
(E. Sahnoun)



Computation on national supercomputers

• Relevant computations:
opacity is the MAIN BOTTLENECK for 
atmpospheres.

• Quantum mechanical dynamics: 
matrix algebra

60

• Heavy on computation, massively 
parallel setups.

• Main project is HPC
• 106 scalar CPU hours is ordinary for 

a project)
• For atmospheres (higher T), 107

hours projected : large project for 
present day computing power.
• MIT-U. Saclay-CNRS joint endeavour 

being set up 



Work in team

• Lab. Aimé Cotton, Paris-Saclay
Olivier Dulieu, Alex Voute
• Grenoble
Alexandre Faure
• Tunis
Nejmeddine Jaïdane
Emna Sahnoun
Malek Ben Khalifa (now, Leuven, 
BE)

•MIT / Harvard
Julie de Wit
Prajwal Niraula
Iouli Gordon

•Many collaborations through the 
COST action « Our astrochemical 
History »
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Extreme case: ultra-small, ultra precise 
spectroscopic   telescope

Chimie Physique 2022 63

SPECULOOS (Chili- U Liège)

HARPS on the 3.6 m telescope LaSilla

RS=120,000 (measured)

1m telescopes in La Silla and Tenerife



The other extreme:  VLT/ESO (Chili)

Chimie Physique 2022 64


