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MOTIVATION

Secondary eclipse/direct imaging
Temperature structure, chemical composition, wind speeds
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Phase curve
Dynamics, chemical composition

Primary eclipse
Chemical composition, haziness+cloudiness
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HOT JUPITERS / WARM NEPTUNES

* Hydrogen-dominated gas-giants
e Short orbital period, < a few days

x high temperatures, > 1000 K
x tidally-locked

Credits: EngineHouse



University
of Exeter

Na
H.O
CO:
VO
He

Ll L
S| O — . Y - L,
e.neprardiclexeler.ac.ux

Aelel.dl

OBSERVATIONAL CONSTRAINTS

Atmospheric Composition

e.g. Charbonneau et al. (2001)
e.g. Tinetti et al. (2007)

e.g. Swain et al. (2008)

e.g. Désert et al. (2008)

e.g. Spake etal. (2018)

High-resolution spectroscopy

e.g. Snellen et al. (2010), Wyttenbach et al. (2015),
Louden & Wheatley (2015), Brogi et al. (2016)

Atmospheric winds ~kms-

K
CHa
TiO
oo
SO

e.g. Sing et al. (2011)
e.g. Swain et al. (2008)
e.qg. Désert et al. (2008)
e.g. Snellen et al. (2010)

e.g. Ahrer et al. (2023)

Emission phase curve

e.g. Harrington et al. (2006), Knutson et al. (2007, 2009, 2012),
Zellem et al. (2014), Weng et al. (2016)

Sub-stellar point

Offset peak emission > Shifted hot spot



Jet: day-to-night circulation
Overturn: deep-to-shallow circulation
Gyres: traps
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Hammond and Lewis (2021)

Credits: EngineHouse
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= Met Office Unitied Mode

Fluid Dynamics Radiative Transfer
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== Met Office nified Mode!

= ‘J‘{' \. H"II \.—". e E

Fluid Dynamics

ENDGame dynamical core
Primitive <> Full

Benchmarked for HJ-like dynamical regime
Mayne et al. (2014, 2019)
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== Met Office nified

Fluid Dynamics

ENDGame dynamical core
Primitive <> Full

Benchmarked for HJ-like dynamical regime
Mayne et al. (2014, 2019)

Radiative Transfer

Met Office SOCRATES RT scheme

Two-stream, correlated-k, random overlap
Amundsen et al (2014, 2016, 2017) + James Manners

Now also used in: ROCKE-3D (Way et al. 2017, 2018), ISCA (Vallis et al. 2018)
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== Met Office! /nified Mode|

Radiative Transfer

Accurate radiative transfer is crucial
for atmospheric heating rates
and thermal evolution
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(EXO)CLIMATE SIMULATIONS
3D large-scale circulation, thermal structure and composition

Fluid Dynamics Radiative Transfer

Heng & Showman (2015)
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General Circulation Models (GCMs) applied to exoplanets
Showman & Guillot (2002), Dobbs-Dixon & Lin {2008}, Showman et al. (2009), Menou & Rauscher (2009), Burrows et al, (2010), Heng et al. (2011),
Mayne et al. (2014), Polichtchouk et al. (2014), Chamay et al. (2015), Amundsen et al. (2016), Mendonga et al. (2016), Hammond & Pierrehumbert (2017) + ...
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= Met Office Unifiec

Radiative Transfer

Temperature Forcin

(Newtonian Cooling
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Temperature

e.g. Showman & Guillot (2002), Cooper &

Showman (2005), Menou & Rauscher (2009),

Heng et al. (2011), Mayne et al. (2014),
Mendonca et al. (2016)
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(EXO)CLIMATE SIMULATIONS

Accurate radiative transfer is crucial
for atmospheric heating rates
and thermal evolution

Double-grey

Stellar/shortwave

Thermal/longwave

e.g. Rauscher & Menou (2012),
Mendonga et al (2018)
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e.g. Showman et al. (2009), Dobbs-Dixon &
Agol (2013), Amundsen et al. (2016)
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= Met Office Unified Model

>

Chemistry

Chemical equilibrium
Composition is a function of local T and P

Gibbs Energy

N;
G=ZH€,N¢ Mi(T:P):ME(T)JFRTIHPJFRTIH(Nt t)
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(EXO)CLIMATE SIMULATIONS

== Met Officelnified Model

Chemistry
| ¥

Chemical equilibrium
Composition is a function of local T and P

CO + 3H, — CH,; + H,0

—Tem perature

Tchem < Tmix
Chemical equilibrium

CO
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(EXO)CLIMATE SIMULATIONS

== Met Officelnified Model

Chemistry
N

Chemical equilibrium

_ L L
. \
| \
&0 ; 60 _
10°
e |
o 30k & 308 5
g : 2
i -+
Drummond et al., A&A (2018) g [T | [
g 0 - L
S ] ]
= o ©
Ben Drummond ® _30 9 =30 -
—60 w0l
1 bar 10°
- e e NS - - e P
45 90 135 180 225 270 315 S5 99, dahs IGD 23 uER Cals
Longitude [deg] HD209458b Longitude [deg]
\ 107
10
1650 10*
1500 o "
— — o 410 5
0 a 1o’ =
o 1350 U e g
— - T W
3 ) 1107 =
E + By i e
5 {1200 @ EF': 10 li0e &
(7] 1] wn @
E 1050 E‘ i 10* )
| . -' o 105 E E
- =
300

730

45 90 135 186 225 270 315

Longitude [deg]

45 a0 135 180 225 270 315

Longitude [deg]



@ University Eric HEBRARD
Df Exeter e.hebrard@exeter.ac.uk
(EXO)CLIMATE SIMULATIONS

== Met Office Unified Mode!

Chemistry

Chemical equilibrium
Composition is a function of local T and P

Drummond et al., A&A (2018)

10x solar metallicity
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e.g. Showman et al. (2009), Amundsen et al. (2016), Kataria et al. (2014), Charnay et al. (2015), Drummond et al. (2018)



@ University Eric HEBRARD
Df Exeter e.hebrard@exeter.ac.uk
(EXO)CLIMATE SIMULATIONS

== Met Office Unified Mode!

Chemistry

Chemical equilibrium
Composition is a function of local T and P

Drummond et al., A&A (2018)

1x solar metallicity 10x solar metallicity
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e.g. Showman et al. (2009), Amundsen et al. (2016), Kataria et al. (2014), Charnay et al. (2015), Drummond et al. (2018)
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CHEMICAL DISEQUILIBRIUM

Chemical
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Temperature
Pressure
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()
CHEMICAL DISEQUILIBRIUM

Cosmic rays

Flares

Escape

Chemical
Equilibrium

Temperature
Pressure
Elemental composition
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(EXO)CLIMATE SIMULATIONS

== Met Officelnified Model

Chemistry
| N

Chemical disequilibrium
Composition is net a function of local T and P

CO + 3H, — CH,; + H,0

—Tem perature

Tchem < Tmix
Chemical equilibrium

CO

— b g -
'chem -~ 'mix
Chemical disequilibrium
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== Met Officelnified Model

Chemistry

Chemical relaxation

CO + 3H, — CH,; + H,0
— On; _ nj —n;EQ
o chem E —
Tchem

Pressure

Abundance

Cooper & Showman (2006), Drummond et al. (2018a, 2018b), Tsai et al. (2018)
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(EXO)CLIMATE SIMULATIONS

== Met Officelnified Model

Chemistry
N

Chemical equilibrium
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= Met Office nified Mode!

Chemistry
N

Chemical relaxation
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= Met Office Unified Mode!

Chemistry

Chemical relaxation

CO + 3H, — CH,; + H,0
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= Met Office Unified Mode!

Chemistry

Chemical relaxation

CO + 3H, — CH,; + H,0
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Chemistry

Chemical relaxation
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Tchem

Pressure

Abundance

Cooper & Showman (2006), Drummond et al. (2018a, 2018b), Tsai et al. (2018)
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Chemistry

Chemical kinetics
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Chemistry

Venot et al., A&A (2012)

- - chemical equilibrium

— steady-state
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and photochemistry
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Chemistry

Chemical network
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Chemistry

Chemical network

300
Venot et al. (2015)
250 240 species, ~4000 ;aact'rcns
7]
D
9 200
o} Rimmer & Helling (2016)
n 161 species. ~3000 reactinns. Veillet et al. (2024)
HE; |50 145 species. 1313 rea-::tian.s
o Venot et al. (2012) Venot et al. (2020)
=% 105 species, ~2000 reactions 108 species. *-EUUU reactions
€ 100 Moses etal. (2011) @ _
é 90 species. ~1600 reactions ® Tsai etal. (2021) @
Zahnle et al. (2009) 88 species, ~1000 reactions
. 49 species, ~500 reactions  Tsai et al. (2017)
>0 Liang etal.(2003) @ 29 species. ~300 reactions
@ ~30 species. 253 reactions P
0
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Co-Ca / Co-Cs + NO«
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Chemical network
An extensively validated C/H/O/N chemical network
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Chemical network
An extensively validated C/H/O/N chemical network

Veillet et al., A&A (2024)
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Veillet et al., under review
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An extensively validated C/H/O/N/S chemical network

Veillet et al., under review WASP-39b WASP-107b
32000 A 52500
Roméo Veillet 50000
— 31000 —_
E E 47500
2 L
£ 30000 - £ 45000 -
% VWA SE
[ o 42500 4
= 29000 - 50, NH; | = -
c £ 40000 :
= — Present work = —— Present work
oo ? — V24 27340 — V24
H,S —— Tsai 2021 35000 - ExOMol —— Tsai 2021
27000 : —_— : - — — ;
100 10t 10" 10t

Wavelength [pm] Wavelength [pm]



University
of Exeter

Chemistry
N

300

250

200

150

|00

Number of species

50

0

(EXO)CLIMATE SIMULATIONS ?

=== Met Officelnified Mode

Chemical kinetics

L
Eri
= nehr

el 1
=0 1L E-l.’f__].'.--'.____-\_\___l'_\_-_, =L

Venot et al. (2015)

240 species. ~4000 r.eacﬁ-:uns

Rimmer & Helling (2016)

161 species, ~3000 reactions

® Veillet et al. (2024)

145 species. 1313 reactinn.s

Venot et al. (2020)

108 species. ~2000 reactions
®

Tsaietal.(2021) @
88 species, ~1000 reactions

Venot et al. (2012)
105 species, ~2000 reactions
Moses etal. (2011) @
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Zahnle et al. (2009)
49 species, ~500 reactions  Tsai et al. (2017)

Liang et al.(2003) @ 29 species. ~300 reactions
@ ~30 species. 253 reactions P
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Venot et al. (2015)
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Rimmer & Helling (2016)

161 species, ~3000 reactions

® Veillet et al. (2024)
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Chemical networks
are too expensive too run in 3D
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Uncertainty analysis
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Chemical kinetics
Uncertainty propagation

Venot et al., A&A (2019)
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Uncertainty propagation
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Sensitivity analysis

Hébrard et al., Proc Combus Inst. (2015)
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Optimisation/reduction of chemical schemes
Venot et al., A&A (2019)
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Chemical kinetics
Optimisation/reduction of chemical schemes

Venot et al., A&A (2019) ANSYS Chemkin-Pro Reaction Workbench
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3D chemical kinetics

HAT-P-11b HD 189733b HD 209458b WASP-17b
Drummond et al., A&A (2020)

Zamyatina et al., MNRAS (2023) . . ‘

Maria Zamyatina
Teq=838K Teg=11921K Tea = 1459 K Teq=1755K

Oy mdla [ractom al 0 Pa

CH, mole fraction and horizontal wind speed at 104 Pa



University Eric HEBRARD
Df Exeter e.hebrard@exeter.ac.uk

(EXO)CLIMATE SIMULATIONS

== Met Officelnified Model

Chemistry
N

3D chemical kinetics

HAT-P-11b HD 189733b HD 209458b WASP-17b

Drummond et al., A&A (2020)

Zamyatina et al., MNRAS (2023) . .

Maria Zamyatina

Teq=838K Tea=1191K Teq=1459K Teq=1755K

Ell:
] iR
o 120°
& 10 150¢
w 1807
b | =
'| ]
£ 10 o
|1 | E
(N
] = = Equilibrium jo00°
10° 4 q — inelics i
| 330°
3 60°N \
].D? S i o | T

- T T v T T E T T T T T T T T
1074 2x103% ¥W=i10-* 103 10-° 104 10°% 107% 10% 10¢ 1071 1077 107 10°

CH, abundance profile at 0° and 60° N



University
of Exeter

(EXO)CLIMATE SIMULATIONS

== Met Officelnified Model

Chemistry
N

3D chemical kinetics
Impact on the transmission spectrum
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Impact on the phase curve
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Take-home message:

(Exo)planets are 3D, so is their chemistry!




