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ATMOSPHERE RETRIEVALS
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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




Iron melts mp

Gold melts
Molten lava

Lead melts mp

Water boils
Water freezes

Planet Temperature & Size
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Theoretical guantum T S
methods:

Energy

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



Theoretical guantum T
methods:

Energy

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



THEORETICAL DATA: VALID UP TO
HIGH TEMPERATURES

Home Curriculum Vitae Research MoLLIST Publications Contact Robert J. LeRoy Programs

MoLLIST (Molecular Line Lists, Intensities and Spectra)

Home Data Access

HITEMP

TheoReTS
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Intensities @ temp (no broadening
/ pressure dependence)
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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:

H2/He broadening for “hot
Jupiter” exoplanets

/

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




Adding broadening (temperature
+ pressure)
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EXOCross

Software to compute spectra (@ partficular
temp/pressure) from linelist (tfemp/pressure
Independent)

exocross.readthedocs.io



ExoMolOP

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

taurex3-public.readthedocs.io

petitradirans.readthedocs.io

,oem‘ 3 .
RADTRANS

TauREx 3.0
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ExoMolOP

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

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

Katy Chubb, SRON
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CORRELATED-K TABLES

P=10-3 bar

« Cumulative opacity function T=1500 K

[10-# em2/mol.]

» Lower resolution required than for sampled
Cross-sections
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From Min 2018
arXiv:1710.01997
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aCeTY ExoMol =

theory

HITRAN = room-
temp laboratory
data

Katy Chubb, SRON

C,H, AT DIFFERENT TEMPERATURES

—— aCeTY ExoMol 300K
HITRAN 300K

aCeTY ExoMol 1000K
—— HITRAN 1000K

Chubb et al. 2020
arXiv:2001.04550




WARNING: WAVELENGTH

Species  Line list Ref

SiO ExoMol EBJT

arXiv:2009.00687
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ExoMol

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

largely room-temp species)




EXOMOLOP: DOWNLOAD FROM
WWW EXOMOL.COM

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

ExoMol: Molecules with Opacity: Temperature and pressure
dependent opacities generated for different ratiative transfer codes

in their native formats.
Dam Y, SOftWEﬂ re Search molecules:

Search other oxides metal hydrides other hydrides

co MgH iH* NH

By Molecule

By Data Type NO NaH i CH

Bibliography "~ + o

02

metal oxides
VO

other diatomics larger molecules
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CoYuTe: opacity
Hot Temperature line list for (14N)(1H)3, 0-20000 cm-1.

Please cite all line lists!

14N-1H3_CoYuTe.R1000_0.3-50mu.ktable.NEMESIS.kta
NEMESIS k-tables at R= 1000 (0.3-50mu) in NEMESIS-kta format: CoYuTe (14N)(1H)3 line list.

14N-1H3__CoYuTe.R15000 _0.3-50mu.xsec.TauREx.h5
TauREx cross sections at R= 15000 (0.3-50mu) in HDF5 format: CoYuTe (14N)(1H)3 line list.

14N-1H3__CoYuTe.R1000_0.3-50mu.ktable.ARCiS.fits.gz
ARCIS k-tables at R= 1000 (0.3-50mu) in fits format (gzipped): CoYuTe (14N)(1H)3 line list.

14N-1H3__CoYuTe.R1000_0.3-50mu.ktable.petitRADTRANS.h5
petitRADTRANS k-tables at R= 1000 (0.3-50mu) in HDF5 format: CoYuTe (14N)(1H)3 line list.
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. @ RE-ANALYSIS OF ARCHIVE HST
WFC3 DATA: WASP43B

» .
Radius 1.036 ( .g.010 79919 ) R,
L .

Mass*sin(i) 2.034 ( .g.052 T9-052) M,

Semi-Major Axis 0.01526 (+ 0.00018) AU ’ ¢

)
Orbital Period 0.81347753 (+ 7e-07) day
Katy Chubb, SRON arXiv:2004.13679 Chubb et al., 2020




RE-ANALYSIS OF ARCHIVE HST
WEFC3 DATA: WASP43B

Kreidberg et al (2014)

Relative transit depth (ppm)

1.4
Wavelength (zm)

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




RE ANALYSIS OF ARCHIVE HST
WFC3 DATA WASP4SB

Fitted model | Observed

1.2 1.3 1.4 1.5 1.6 1.7
Wavelength (um)

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




RE ANALYSIS OF ARCHIVE HST
WEFC3 DATA: WASP43B

Fitted model | Observed

Fitted model | Observed

1.3 1.4 1.5 1.6 1.7
Wavelength (um)

AIO + H20

Katy Chubb, SRON arXiv:2004.13679 Chubb et al., 2020
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TauREx 3.0

Molecule Wavelength range 0.0185

Al 0.37-100um ' Fitted model | Observed
AlO 0.29-100um 0.01801

CoH, 1.00—100um |
CH, 1.41-100m 0.0175
CaH 0.45-100um ~ 0.0170-
CH, 0.83—100um =~ '

CN 0.23-100um  0.01651;
Cco 0.45-100um =2 |
CO, 1.04-100um =< 0.0160

CP 0.67-100um |
CrH 0.67-100um 0.0155
FeH 0.67-100um 0.0150 1
H,CO  0.99-100um

0.24-100um 0.0145 1 :

0-26-100um : f 0.8 1.0 1.2

833—18%3 Wavelength (um)

0.27-100um

0.24-100um

0.43—100um

0.23-100um

0.63-100um Braam et al., 2020
0.42-100um

0.33—100um arXiv:2011.10558

Katy Chubb, SRON 0.29-100um




High resolution spectroscopy

VLT. Image credit: ESO Requires very accurate
spectral data




HIGHER ACCURACY

ExoMol

THEORY
(high temp)

EXPERIMENT
(room-temp)



(Measured Active Rotational-Vibrational Energy Levels)
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37,813 experimental
transitions

61 publications

11,213 energy
levels
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A MISSION TO UNRAVEL
THE STORY OF PLANETS
IN OUR GALAXY
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ExoMoIOP: low-res only
High-res: only some line lists suitable (some xsecs available from e.g. Gandhi et al. 2020)

Molecular cross-sections for high-resolution
spectroscopy of super-Earths, warm Neptunes, and

hot Jupiters
Siddharth Gandhi ™=, Matteo Brogi, Sergei N Yurchenko, Jonathan Tennyson,

Phillip A Coles, Rebecca KWebb, Jayne L Birkby, Gloria Guilluy, George A Hawker,
Nikku Madhusudhan ... Show more

Monthly Notices of the Royal Astronomical Society, Volume 495, Issue 1, June 2020, Pages
224-237, https://doi.org/10.1093/mnras/staa981
Published: 23 April 2020 Article history v




SUMMARY

« How do we know what these molecular spectra look like?
Combination of laboratory experiments and theoretical guantum methods
« What are some of the challenges associated with finding oute

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, TQUREX, 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!)




TauREx 3.0
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VLT. Image credit: ESO




THANK YOU FOR LISTENING

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

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

arXiv:2009.00687

The ExoMolOP Database: Cross-sections and k-tables for
Molecules of Interest in High-Temperature Exoplanet

Atmospheres

Katy L. Chubb!2*, Marco Rocchetto?, Sergei N. Yurchenko?, Michiel Min!, Ingo Waldmann?, Joanna K.
Barstow?, Paul Molliere®, Ahmed F. Al-Refaie?, Mark W. Phillips*, and Jonathan Tennyson?
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