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This is our 2018-line list for water

Theory



We have constructed an efficient  
machinery for accurate production 

of molecular spectra



We have constructed an efficient  
machinery for accurate production 

of molecular spectra

for atmospheric 
applications (stars and 

exoplantes)



This is where we started



Already 
available

To-Do

VO FeH AlH C3

YO AlO BeH MgH

H3
+ O3 HDO

H2D+ O2 HOOH HNO3

CNCH

NH3

CrH HCN HNC

C2 CaH SiO

SO3 H2CO PH3

NiH TiH SiH

LiH OH

HeH+ NO

H2

CH4

H2O

H2S

SO2

TiO

C2H2

C2H4

C3H8

C2H6

CO CO2

2011



Already 
available

To-Do

VO FeH AlH C3

YO AlO BeH MgH

H3
+ O3 HDO

H2D+ O2 HOOH HNO3

CNCH

NH3

CrH HCN HNC

C2 CaH SiO

SO3 H2CO PH3

NiH TiH SiH

LiH OH

HeH+ NO

H2

CH4

H2O

H2S

SO2

TiO

C2H2

C2H4

C3H8

C2H6

CO CO2

2011

This is
before



Done

To-Do

F

SiH4

PO

VO FeH

AlH CS

YO

AlO

H3
+ O3 H2CO HDO

H2D+ O2 HOOH

HNO3

CNCH

NH3

CrH

C2

SO3

PH3

NiH TiH CH3Cl

LiH OH

HeH+ NO

H2

H2O

H2S

SO2

CO

C2H2

C2H4

C3H8

C2H6

CO2

HCl NaCl SiO

CaH

BeH

MgH

KCl

CH4

PS HCN HNC

CH3D

SO SiH

PN ScH

NaH

SH

P2H2

CH3Cl

TiO FeH CaO C3

YOCH3D

SO

SH

P2H2

SiC PS

BaO VN PH

2018

NS

ZnS

CH3F

SiS MgO



Done

To-Do

F

SiH4

PO

VO FeH

AlH CS

YO

AlO

H3
+ O3 H2CO HDO

H2D+ O2 HOOH

HNO3

CNCH

NH3

CrH

C2

SO3

PH3

NiH TiH CH3Cl

LiH OH

HeH+ NO

H2

H2O

H2S

SO2

CO

C2H2

C2H4

C3H8

C2H6

CO2

HCl NaCl SiO

CaH

BeH

MgH

KCl

CH4

PS HCN HNC

CH3D

SO SiH

PN ScH

NaH

SH

P2H2

CH3Cl

TiO FeH CaO C3

YOCH3D

SO

SH

P2H2

SiC PS

BaO VN PH

2018

NS

ZnS

CH3F

SiS MgO

This is now



Not all of them are actively 
used for retrievals yet
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Which is a shame



For example, consider hot 
rocky planets



Lava-planets





Post impact plalnets







… with atmospheres 
(according to models) 

consisting of vaporised water 
and vaporised rocks



… the material will evaporate 



and block the emission from the 
object

… the material will evaporate 



and block the emission from the 
object

at some specific wavelengths 

… the material will evaporate 



… with a lot of other species 
predicted



L. Schaefer, K. Lodders, B. Fegley, Jr., Vaporization of the earth: 55
Application to exoplanet atmospheres, Astrophys. J. 755 (2012) 41.
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L. Schaefer, K. Lodders, B. Fegley, Jr., Vaporization of the earth: 55
Application to exoplanet atmospheres, Astrophys. J. 755 (2012) 41.



Hot rocky exoplanets



R. E. Lupu The atmospheres of earthlike 
planets after giant impact events, 
Astrophys. J. 784 (2014) 27.



R. E. Lupu The atmospheres of earthlike 
planets after giant impact events, 
Astrophys. J. 784 (2014) 27.

It is not only
H2O (steam)
and CO2



Example of 55 Cancri e



(Image: jpl.nasa.gov)

http://www.jpl.nasa.gov/spaceimages/details.php?id=pia20068


… attracted lots of exciting 
studies









Largely based on the Spitzer 
photometry at 4.5 mm



All those lava-planet 
molecules are ignored, except 

CO2, H2, H2O



Well, the CO2 band seems to 
be an obvious absorber in this 

region









4.5 mm



What about other molecules?



T  = 300 K



T  = 300 K



T  = 2000 K



T  = 2000 K

Hot SO2



T  = 2000 K



T  = 2000 K

SO3



T  = 2000 K

H2S





NaH



Should not all these molecules 
to be also included, not only 

water and CO2?



BTW, these spectra images 
are from our recent ExoMol

Atlas of spectra of exoplanets



BTW, these spectra images 
are from our recent ExoMol

Atlas of spectra of exoplanets



Spectral gallery for exoplanets



Spectral gallery for exoplanets



High Resolution spectroscopy 
of Exoplanets: some questions



Two important points: 
Accuracy and (relative) 

completeness 



Let’s take Ammonia as an 
example
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3.06 mm 3.058 mm 3.054 mm

T = 300 K

NH3



ExoMol

NH3

3.06 mm 3.058 mm 3.054 mm

T = 1500 K



ExoMol

NH3

3.06 mm 3.058 mm 3.054 mm

T = 1500 K

Lots of hot 
lines not in 
HITRAN!



A different region: 1.27 mm
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Lots of hot 
lines



What about methane lines in 
this region?



NH3

CH4



NH3

CH4

Experiment



NH3

CH4

Experiment

“Observation”



NH3

CH4

Would NH3 be 
“correlated” to 

CH4? 

Experiment

“Observation”





I have a naive
question



Is there a risk of “detecting” a 
wrong molecule?

I have a naive
question



Anyways… ExoMol



We have produced a new 
water line list POKAZATEL, 
fully complete and more 

accurate 

Oleg Polyansky et al  (now at)
MNRAS (2018)



Q: How many
states to

inbnlcude into a
line list



All bound states up to 
dissociation

Q: How many
states to

inbnlcude into a
line list





The majority of
experimental line

positions are reproduced
within 0.01 cm−1



The majority of
experimental line

intensities are cloae
to 1%



This summarises our main 
goals…



Accurate line positions



Accurate line intensities



To be complete for high 
excitations and hot spectra



These goals however are not 
always compatible 



It is too difficult or even 
impossible to be accurate and 

complete



Luckily, most of applications 
require to be either accurate 

or complete



For example, the Doppler high 
resolution stuff must be 

accurate but not so much 
complete



Most of the opacity 
applications (atmospheric 
retrievals) require to be 
complete not so much 

accurate



MacDonald and Madhusudhan (2017)

HD209458b

Hubble WFC3



MacDonald and Madhusudhan (2017)

HD209458b

Hubble WFC3

H2O



MacDonald and Madhusudhan (2017)

HD209458b

NH3? 
HCN?

Hubble WFC3

H2O



Our accuracy



We (almost) always have to 
refine our ab initio model to 

experiment



C2H2



Ab initio 

C2H2



Experiment

C2H2



… which is typically 1-5 cm-1

for the fundamentals 



You can do a better ab initio if 
you push really hard …



… for example pure ab initio (no 
cheating) spectrum of CH3F 



CH3F



TheoryCH3F



CH3F

Experiment



In fact intensities are (almost) 
always ab initio!



Accuracy of 10-20% is 
common for a reasonable level 

of theory



CH3Cl



Comparing to high 
temperature experiments by 

Alex Fateev (Denmark)
T = 500oC

CH3Cl



CH3Cl



CH3Cl

This is
theory



Good (10-20%) 
agreement

CH3Cl



BTW: this is the line list 
containing 320 billion lines … 

~8 Tb



BTW: this is the line list 
containing 320 billion lines … 

~8 Tb

… which crashed 
the CDS database



BTW, Olivia, 
Alex Fateev’s lab can do hot 
temperature VUV spectra for 

many molecule



Accurate ro-vibrational line 
positions only after fitting the 

model to experiment 





New NH3 line list

NH3



New NH3 line list

We had to 
to re−fine

ab initio PES

NH3



Our Ammonia should be good 
enough for high resolution 

Doppler in IR



… and not so high resolution 
in visible but still useful



Visible spectrum of Jupiter: 
Ammonia bands 



Visible spectrum of Jupiter: 
Ammonia bands 



Very Large Telescope (VLT) 
Multi Unit Spectroscopic 

Explorer (MUSE) instrument in 
the spectral range 

0.48–0.93 μm





Ammonia













" These band data appear consistent 
with ExoMOL data, at wavelengths 
where they overlap, but ExoMol does 
not cover the ammonia bands at 0.79 
and 0.765 μm "



Pat Irwin is being testing our 
new empirical line list for NH3



P. Irwin et. al Icarus 302 (2018) 426–436 



P. Irwin et. al Icarus 302 (2018) 426–436 



P. Irwin et. al Icarus 302 (2018) 426–436 



P. Irwin et. al Icarus 302 (2018) 426–436 

Giver et al. (1975): 
observed at 294 K;



P. Irwin et. al Icarus 302 (2018) 426–436 

Lutz and Owen (1980): 
low resolution 
absorption coefficients.



Our theoretical 
spectrum is 

represented by the 
green and red lines 

P. Irwin et. al Icarus 302 (2018) 426–436 



Software



ExoCross: our open access 
code to generate cross 
sections from ExoMol, 

HITRAN etc



It is also fast



It uses a ‘cheating’ Voigt
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The wings are the most expensive part. 

"The wings of the Vogt (>4 
cm−1) do not depend on the 

wavelength and can be 
approximated  by the same  

sample profile."

Voigt
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… and wings are the 
most expensive part 

Voigt



Super-lines









Super-lines





This speeds up the 
calculations a lot



The artifact:



The artifact:

super-line profiles 
cannot depend on 
quantum numbers 



… but they do:



Voigt parameters as simple functions of J

Amundsen AA (2014)

H2O

CO

CH4

NH3



Voigt parameters as simple functions of J

Amundsen AA (2014)

CO

CH4

NH3



Voigt parameters as simple functions of J

Amundsen AA (2014)

CO NH3



Voigt parameters as simple functions of J

Amundsen AA (2014)

NH3



Voigt parameters as simple functions of J

Amundsen AA (2014)



Hybrid line list: 
weak continuum 

and strong line list



Quasi-continuum 



Methane: 34 billion lines





Strong
10 million lines



Continuum
(~10 million

points)



Continuum
(~10 million

points)

super−lines
are ideal



Super-lines require minimum 
change of a cross section code



Already available for water 
and CH3Cl



New diatomic line lists 



We use our fully coupled code 
Duo (open source + manual ;) 



MgO



The spectrum is
complex, with

multiple interacting
electronic bands

MgO



AlH: 
system with strong 

pre-dissociation 







The bound spectrum is in 
agreement with experiment





Experiment



Experiment

Theory



Experiment

Theory
AlD



Experiment

Theory
AlD

Good agreement 
even for 

isotopologues



C2 line list XXXI:
submitted to MNRAS



Strongly non-adiabatic curves 





8 coupled 
electronic 

states





Electronic 
bands of 

C2



Forbidden 
singlet-
triplet 



Comparing to experimental 
hot 8000 K plasma spectra





Swan band: 
plasma 



Swan band: 
plasma 

Experiment  
vs theory



Swan band of C2 is important 
for classification of Carbon 

stars 



TiO/VO





Wasp-76b
Tsiaras et al ApJ (2018)



Wasp-76b
Tsiaras et al ApJ (2018)

Check this 
part for TiO



Wasp-76b
Tsiaras et al ApJ (2018)



H2O

Wasp-76b
Tsiaras et al ApJ (2018)



H2OVO
TiO

Wasp-76b
Tsiaras et al ApJ (2018)



H2OVO
TiO

Wasp-76b
Tsiaras et al ApJ (2018)

Almost 
ready



BeH line list



Amazing BeH spectrum 
for JET plasma 
applications  



Amazing BeH spectrum 
for JET plasma 
applications  

Tah-tah



Refinement of our pure 
theoretical model to experiment

is always mandatory



How accurate are we?



Experiment

Theory



Experiment

Theory

MgO: Only
after

refinement



Method



Solving the nuclear motion 
Schrödinger equation



Solving the nuclear motion 
Schrödinger equation

This is waht I
do for living



Diatomics: 
Duo



Diatomics: 
Duo



Polyatomics: 
TROVE

Diatomics: 
Duo



Polyatomics: 
TROVE

Diatomics: 
Duo

DVR3D



Ingredients  and calculation 
steps are essentially the same 

as for diatomics



Barry Mant



Ethylene: 
new ExoMol song line list 

Barry Mant





50 billion lines



3 band model: 
Vibrational spectrum of C2H4











Extract their shapes









… and apply to all other bands



… and apply to all other bands

Low cost vibrational 
band intensities 



… and apply to all other bands

Low cost vibrational 
band intensities 

Cheating on 
variational
calculations































Using these 
shapes
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High
temperature





Conclusions and take-home 
messages



Huge thank you for coming


