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• How do we know what these molecular spectra look like?

• What are some of the challenges associated with finding out?

• How do we use these in our exoplanet retrieval models  

• Differences between data for low and high resolution observations



Laboratory
molecular spectra 

observations

=

typically valid only at the 
temperature & pressure of 

measurement



Courtesy of Kepler’s team
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Theoretical quantum 
methods: 

Energy

Energy levels (typically millions)
Allowed transitions (millions – billions)



Energy levels (typically millions)
Allowed transitions (millions – billions)
Einstein-A coeffs (Probability of transitions)

Energy

Theoretical quantum 
methods: 



THEORETICAL DATA: VALID UP TO 
HIGH TEMPERATURES
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Line list:

List of energy levels, transitions, A-coeffs

Cross-sections:

Pressure and temperature dependent spectra 
(line positions from energy level transitions + line 
strengths from A-coeffs)



Intensities @ temp (no broadening 
/ pressure dependence)

Wavenumber (cm-1)
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LINE BROADENING:

• Natural broadening (Pauli exclusion 
principle)

• Temperature broadening (due to 
molecules moving away and 
towards us – slight blue and red shift 
to either side)

• Pressure broadening (due to other 
atoms and molecules colliding with 
the molecule as it absorbs)
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LINE BROADENING:

• Pressure broadening (due to other 
atoms and molecules colliding with 
the molecule as it absorbs)

H2/He broadening for “hot 
Jupiter” exoplanets



Adding broadening (temperature 
+ pressure)
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Cross
Software to compute spectra (@ particular 
temp/pressure) from linelist (temp/pressure 
independent)

exocross.readthedocs.io



Database of opacities (cross-sections and k-tables) for characterizing 
exoplanet atmospheres tailored for four atmospheric retrieval codes 

Katy Chubb, SRON

TauREx 3.0

petitradtrans.readthedocs.io

taurex3-public.readthedocs.io

ExoMolOP



Database of opacities (cross-sections and k-tables) for characterizing 
exoplanet atmospheres tailored for four atmospheric retrieval codes 

Katy Chubb, SRON

ExoMolOP

H2/He broadening for “hot 
Jupiter” exoplanets: new cross-
sections required for other planets



PRESSURE TEMPERATURE GRID
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594 T/P points / species

27 temperatures
From 1E-5 -
100 bar

And 

From 100K –
3400K
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80+ species
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CORRELATED-K TABLES

• Cumulative opacity function

• Lower resolution required than for sampled

cross-sections

Katy Chubb, SRON

From Min 2018

arXiv:1710.01997



C2H2 AT DIFFERENT TEMPERATURES

Katy Chubb, SRON arXiv:2001.04550

Chubb et al. 2020

aCeTY ExoMol = 
theory

HITRAN = room-
temp laboratory 

data



WARNING: WAVELENGTH

Katy Chubb, SRON
arXiv:2009.00687



Laboratory data: 
largely room-temp 

Theoretical data: typically valid 
up to high temps (check each 
species)



EXOMOLOP: DOWNLOAD FROM 
WWW.EXOMOL.COM
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www.exomol.com/data/data-types/opacity/
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Please cite all line lists!



RE-ANALYSIS OF ARCHIVE HST 
WFC3 DATA: WASP43B

Katy Chubb, SRON Chubb et al., 2020arXiv:2004.13679

TauREx 3.0

Kreidberg et al (2014)
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RE-ANALYSIS OF ARCHIVE HST 
WFC3 DATA: WASP43B
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H2O only

Chubb et al., 2020arXiv:2004.13679

TauREx 3.0



RE-ANALYSIS OF ARCHIVE HST 
WFC3 DATA: WASP43B

Katy Chubb, SRON

AlO + H2OH2O only

Chubb et al., 2020arXiv:2004.13679

TauREx 3.0



EVIDENCE FOR         IN WASP31    .

Katy Chubb, SRON

TauREx 3.0
CrH

arXiv:2011.10558
Braam et al., 2020

b



High resolution spectroscopy

VLT. Image credit: ESO Requires very accurate 
spectral data



EXPERIMENT 
(room-temp)

THEORY 
(high temp)

HIGHER ACCURACY



(Measured Active Rotational-Vibrational Energy Levels)





37,813 experimental 
transitions

61 publications

11,213 energy 
levels



Before MARVEL
After MARVEL











ExoMolOP: low-res only
High-res: only some line lists suitable (some xsecs available from e.g. Gandhi et al. 2020)



SUMMARY
• How do we know what these molecular spectra look like?

Combination of laboratory experiments and theoretical quantum methods

• What are some of the challenges associated with finding out?

Both lab and theory is challenging at high temps. Computing a line list for one species 
can take years, particularly for molecules with more atoms/electrons 

• How do we use these in our exoplanet retrieval models  

Low-res: Databases such as ExoMolOP (codes: petitRADTRANS, ARCiS, TauREX, NEMESIS) 

High-res: only some line lists suitable (some xsecs available from e.g. Gandhi et al. 2020)

• Differences between low and high resolution data 

Completeness most important for low-res but accuracy most important for high-res 
(Please check a line list is suitable for high-res before using it!)



VLT. Image credit: ESO

3 MAIN RETRIEVAL 
INGREDIENTS

TauREx 3.0



THANK YOU FOR LISTENING

katy@sron.nl / workshop slack (Katy Chubb)

Katy Chubb, SRON

www.exomol.com/data/data-types/opacity/

arXiv:2009.00687


