
Molecular
spectroscopy
for exoplanets

Pierre Drossart (Institut d’Astrophysique de Paris)

& Isabelle Kleiner (LISA, Univ. Créteil)



Credits

• Isabelle Kleiner, Les Houches course (Ariel school 2022)

• Herzberg : Infrared and Raman spectra of polyatomic molecules

• Spectral line shapes course :  Professor Ronald K. Hanson 
https://cefrc.princeton.edu/sites/g/files/toruqf1071/files/documents
/Lecture%20Notes%20-%20Hanson.pdf

• Exomol : Tennyson et al, JQSRT 2020 (The 2020 release of the ExoMol
database: Molecular line lists for exoplanet and other hot 
atmospheres)

• The spectroscopic community : I. Kleiner, M. Rey, V. Boudon, J. 
Tennyson, V. Tyuterev,… – (Paris, Reims, Dijon, Rennes, London, Omsk)
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https://cefrc.princeton.edu/sites/g/files/toruqf1071/files/documents/Lecture%20Notes%20-%20Hanson.pdf


Topics in Molecular spectroscopy
1. Concepts : spectroscopy and the rotation and vibration of moleculess

2. Diatomic molecules
a. The rigid rotator in quantum mechanics
b. The harmonic oscillator in quantum mechanics

3. Polyatomic molecules : 
a. Linear molecules : CO2
b. Spherical tops : CH4
c. Symmetric tops : NH3
d. Asymmetric tops : H2O

4. Thermodynamics
a. Population of vibro-rotational levels
b. Partition functions

5. Line widths and absorption coefficients
a. Lorentz shape
b. Doppler shape
c. Voigt shape

6. Some special effects
a. Far wings
b. Collision induced absorption

7. Data bases
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Matter – radiation models for exoplanets

A large part of astrophysics models rely on matter – radiation interaction. In 
planetary atmospheres, one encounters various phenomena:

- Scattering phenomena (molecular => Rayleigh or particulate => Mie or 
similar model)

- Molecule-photon interaction in thermal emission or stellar radiation 
transfer

Here, we explore the molecular models : quantum mechanics is at the base 
of the description of molecule states. For radiation/molecule model, 
radiative transfer approximation will treat the light in a classical matter – full 
quantum radiation/molecule models are usually not necessary => Quantum 
mechanics is usually limited to the matter domain.
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The Born-Oppenheimer approximation

Due to the large difference in the masses of the nuclei and of the electron, the 
Born-Oppenheimer approximation stipules that the electronic part of the wave
function can be decoupled from the nucleus part with qi the electronic and Qi the 
nuclear coordinates

The total energy of the molecule is the sum of 

- An electronic part 

- A vibrational part

- A rotational part 

Which are solved independently
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Credit : I. Kleiner, Les Houches 2022
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Concept of normal vibrations - fundamentals

Polyatomic molecules : N atoms => 3N motions

Suppressing the motions equivalent to translations => 3N-5 or 6 
vibrations 

Matrix of motions transformed to eigenvalues => fundamental
vibrations

Number of fundamentals < 3N-5 as degenerate vibrations related to 
the symmetry of the molecule
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Symmetries

• Symmetry elements and operations
• Plane of symmetry ()

• Center of symmetry (i)

• P-fold axis of symmetry Cp with p=1,2,3…

• P-flod rotation-reflection axis Sp (rotation CP + symmetry)

• Point groups
The combination of the symmetry elements (+ identity) forms a group structure 
and characterize the molecular structure relevant to the vibrational
fundamentals
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5-10 July 2009 HighRus-2009

CH4 : vibration/rotation bands

Wenger and Champion, JQSRT, 1998

Dyad

2 vibrational states 

2 sublevels 

Pentad

5 vibrational states

9 sublevels

Octad

8 vibrational states

20 sublevels

Tetradecad

14 vibrational states

60 sublevels

7.8 m 3.3 m 2.3 m 1.8 m



Coustenis et al., 2007

Titan 4 CH4 band with CIRS



HCN

C2H2

C3H8 C2H6

C2H4CO2
C3H4

C4H2

Coustenis et al., 2009
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Additional complexities : internal motions

Internal motions in some molecules greatly complexify the 
spectroscopy.

Examples :

CH3-COH (formaldehyde)

NH3
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Isotopes

Isotopes can be treated as regular molecular structures : isotopic ratio 
have no reason to be similar to Solar System values (Warning : 
terrestrial databases include the « standard » terrestrial ratio)

Special case : some isotopes change the symmetry of the molecule and 
can therefore have a very different spectroscopy – ex. CH3D
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Partition functions

Statistical physics

From the vibro-rotational calculations we have calculated the energy of 
upper level of each transition – this energy allows us to calculate the 
population of every level through Boltzmanna statistics:

Ni = gi e(-Ei/kT) / Z

Where Z is the partition function: Z = summation over all Ni
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Emission and absorption coefficients

Calculation of transition probabilities =>

*  related to the molecular dipole momentum of the molecule

• Depends on the population of the emitting/absorbing level

• Basis : spontaneous, stimulated and absorption coefficients (Einstein 
coefficients)

• Emission and radiation : Enstein relations Aij, Bij, Bji
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Credit : Hanson, Summer School on Combustion and the Environment, June 19-24, 2022, Princeton, NJ, USA

Definition of line strength and absorption coefficients

See spectral line shapes course :  Professor Ronald K. Hanson 
https://cefrc.princeton.edu/sites/g/files/toruqf1071/files/docume
nts/Lecture%20Notes%20-%20Hanson.pdf

Lorenz shapes (Collisions OR natural lines)
Gaussian shapes (Doppler thermal motions)

https://cefrc.princeton.edu/sites/g/files/toruqf1071/files/documents/Lecture%20Notes%20-%20Hanson.pdf


Far wings effects
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Hartmann et al, 2002

Very strong lines can dominate the opacity
very far from line center: the Lorentz line 
shape reaches the limit of validity when
applied too far from line center



Collision induced absorption
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Abel et al., J. Phys. Chem. A 2011, 115, 25, 6805–6812

The continuum of atmospheric spectra, 
outside strong molecular bands, is
dominated by quadrupolar effects from
homopolar diatomic molecules like N2 or 
H2



Databases:  how to compute a spectroscopic
database ?
• Example = Hitran extraction

• How to retrieve the database ? 
• Schrödinger equation in Born-Oppenheimer approximation

• Calculation of a database calculation of the hamiltonian of the molecule

• Practical approaches : 
• combination of prediction/experiments => parametrized hamiltonian

• Ab initio calculations

• What is the necessary accuracy for practical use ?
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Databases : ExoMol
Tennyson et al, 
JQSRT 2020

Mixture of ab 
inition
calculations
and laboratory
data
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Application to exoplanets

The spectroscopy of exoplanets collect the most challenging parts for 
spectroscopy : high temperatures (=> high J, hot vibrational bands), large 
number of molecules and complex atmospheric structures

Difficulties for high temperature spectra
• Large number of overtones
• Accuracy of the database (missing bands, accuracy of coefficients at high 

temperatures)

The need for continued research in cooperation with spectroscopic group is
mandatory to adapt the needs of exoplanets community with spectroscopic
research !
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