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e Big questions

e Some chemical detection firsts with JWST
e Sulphur dioxide (SO,)

- o What we can learn from SO,

. e Methane (CH,)

o The "missing-methane” problem
e Chemical networks
e Lessons from the Solar-System




Big questions

How do planets form?

How do planets get their atmospheres?

How chemically diverse are planetary atmospheres?
What processes affect atmospheric composition?

 What can the observed atmospheric composition tell us
about the past and the present of a planet?
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JWST extrasolar-gas-giant firsts
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Why do we care
about sulphur?

Penzlin+(2024) @ Pacetti+ (2022)

¢ savvidou & Bitsch (2023)

S is abundant and of intermediate volatility 10° 3
e tracer for the amount of solid material accreted Ny Colll;relattljon :etween ;ht(:‘ ’
by planets during their formation - il = urtad un I_chfe an 3 ©
e helps distinguish between competing models of -f_,—D 10-1- ?ccre t? sl ds Irom
planet formation, complementing C, O, Si, Na, Fe § § ormation modets 0.
u_ -
Planet formation problem: S can sublimate into H,S at ﬁ . ' 4
lower temperatures and may modify planet’s S/O = i o! » - R
O 10_2—_
S chemistry in H,-rich atmospheres is poorly known g = ‘e
e SO, is a thermodynamically unstable form of J f
sulfur, because it is highly oxidised
e SO, detection means that H,S, a thermodynamically 1072 BB R W L LR T rrrm
stable form of sulfur, is oxidised to 802 10 10 10
S/H [solar]

e SO, tracer for atmospheric dynamics and

metallicity of giant planets
Feinstein,Booth,Bergner+2025
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SO, no zonal wind
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Table 4. Sulfur Reaction Rate Coefficient Data Needed for Exoplanet Studies

Reaction® Notes?
S+ S3 — S2 + 82 Need data
S+ Sa — S2 + S3 Need data
S + SH — S +H Some data exist; need accurate values and T dependence
S + HS2 — S2 + SH Sendt et al. (2002); need extension to lower & higher T
S+CO+M — O0OCS +M t Need low and high pressure limits and their T dependence
S+CS+M — CS; +M t Need low and high pressure limits and their T dependence
S + HCS — CS2; +H T Alzueta et al. (2019) estimate; need confirmation
S2 + H+ M — HS: +M Sendt et al. (2002); need confirmation and extension to lower T
So + S22 + M — S4 +M t Some data exist; need accurate values and T dependence
S4 + S4 + M — Sg +M t Need low and high pressure limits and their T' dependence
SH + H — Hy + S Some data exist; need accurate values and T dependence
N SH+ H+ M — HsS +M Need low and high pressure limits and T dependence

e e SH + S3 — HS2 + So Need data
SH + S4 — HSy + S3 Need data
SH + SH — HsS + 8 t Some data exist; need accurate values and T dependence
SH + HS» —  H2S + S2 t Sendt et al. (2002); need extension to lower T

a SH + H2So —  H2S + HS»o Sendt et al. (2002); need extension to lower T
SH + CS — CS2 +H T Alzueta et al. (2019); need confirmation and T dependence
SH + HCS — HeS +CS Need data

' SH + OCS — CO + HS2 1 Need data and T dependence
a a HS, + H — SH + SH Sendt et al. (2002); need confirmation
- HS; + H — Hy + So Sendt et al. (2002); need extension to lower T
HS, + H — HeS + S Sendt et al. (2002); need extension to lower T
HS2 + HS»o —  H2Ss + So Sendt et al. (2002); need extension to lower T
HSs + CS — (CS2 + SH Need data and T dependence
CS + SO — CO + S Need data and T dependence
CS + SO — OCS + 8 Need data and T dependence
HOSO + H —  products Need data and product branching ratios
HOSO + O —  products Need data and product branching ratios
HOSO + OH —  products Need data and product branching ratios
HOSO + S —  products Need data and product branching ratios
HOSO + SH —  products Need data and product branching ratios
S20 + H — SO + OH Need data
Credit: Julianne Moses @ M represents any third body such as the dominant background gas.

Baeyens+ RASTI (|n prep.) b+ represents particularly pressing need.
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S chemistry is affected by C chemistry,
- and one of the key C species’in giant =
planet atmospheres is CH,
S e -




Why care about CH, " 4

© -~ H20 (this work)
w -- HyO (W19)

H,O (from JWST)
I” — CHyg (the solar system)

e CH, is a proxy for metallicity for Ev’ e ===
the system giants : |l 1 | Y

e CH, is a haze precursor

e CH, depletion as a proxy for the s if 3 o3 £ By g Sunaon
1072 —T E—T/ 10!
deep atmosphere temperature Planet mass (M)
1pd CH4 + Hy0 = CO + 3H,

e CH, holds most carbon at low 5
temperatures, while CO
dominates at high temperatures / o .

e But: CH,-CO transition is smooth » "

Atreya+18, Welbanks+2019, Sing+2024, JWST GO-3557 o 500 1000 1500 = 2000 2500 3000 Tsai+2022

Temperature (K)
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Photochemistry
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Baeyens+2022
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Lessons from the solar system:
Phosphine in Jupiter’s Great Red Spot

e ExcessinPH, and
aerosols coincides
with still unidentified
red chromophore

e Aerosols shield PH,
from UV in this
long-lived anticyclone

Harkett+2024
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CH, depletion due to:
Carbon-sulphur chemistry

Carbon-sulphur chemistry depletes CH, & does it

differently in different chemical networks. E.g.:

CH,+H— CH, +H,
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CH, depletion due to:
Carbon-sulphur chemistry

Carbon-sulphur chemistry depletes CH, & does it
differently in different chemical networks. E.g.:

CH,+H— CH, +H,

vanwm \Tsai+2023a CHONS
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o s
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Aside:
Families of chemical networks for giant planets

Lastupdated C H O N S P Species
Moses+2013 X X X KINETICS 92 originally developed for solar system
Hu+2015 X | X MEAC 111 originally developed for rocky exoplanets
Jomaon+2032 P B |t | SRS e
Hobbs2021 X | X LEVI a lot STAND
Tsai+2021 | X VULCAN 96 open source, widely used
Tsai+2022 X X X Exo-FMS 12 MINI-CHEM
Lee+2024 | XX X | X | VULCAN 32 phosphorus
Wogan+2024 ) ¢ Photochem 111 Zahnle, chlorine
Veillet+2025 X X | FRECKLL 226 | verified against combustion experiments

Sorry if | missed your “family”! Please let me know. New |ab0rat0ry & ab initio data are needed!



CH, depletion due to:

: === VULCAN R
CIOUd fOrmatlan — .= VULCAN+ CHa Equilibrium
results
e Kinetic cloud formation model 777 VULCAN+poly (GGchem)
e Cycling between surface reactions of cloud bulk — full
2 Si0 — 2 SiO[s] .
2 SiO[s] + 3 H, — 2 SiH + 2 H,0 107 1
2S8SiH+4H,0—28Si0O,[s] +4H,+2H 1
net: H, -2 H i ]
=
. . 10—9_; :
. Dep'egc"_? e CH, depletion
4 3 2 3 TR
CH,+H — CH, + H, 10-11 f——r ey e e i_ '
CH,+H — CH+H, =
CH + H,0 = H,CO+H 103 101 10 10 105 107  10°

e CH, changes largest at <1073 bar and ~1300 K

Kiefer+2024
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CH, depletion due to:
Cloud formation

10!
WASP:43b
. WASP-77Ab
: T61'5205b HD189733b; % WASP-121b
100] @ & ‘ 84020545308 ‘WASP 74b ¢
~WASP-BOb [ A“W-\SP 15D
&\IASP 966 (AP ‘Mm, TES=ab,
Saturn WASP-69b;
[ By, @ WASP-39b
' HAT-P-12b
= 101 WASP-107b
ﬁ S ®,)3361OHAT-P-11b
E ¢/ranus @G) 3470b
K2-18b
E ¢ o5 1214b
g TQI-270d Gj341b ~1 300 K
10-2 4G} 3090b
«GJ1132b
.Earth
*Venus 7
CH4 found?
1073 .
Scaled by radius: o YeS
< Earth
Ll @ Jupiter ] No
Mercur y
® Maybe
10~
0 500 1000 1500 2000 2500

Kiefer+2024

Planet equilibrium temperature [K]

N/Ngas

1073 4

1071 ]

=== VULCAN

—= VULCAN+

— CHy4

----- VULCAN+poly

— full

Equilibrium

results

(GGchem)

—

CH, depletion

——

i__i_

——

L R L |

1073 107!

LALLLL Rl |

t[s]

101 103 105

Iy

107

10°



Lessons from the solar system:
Storm-driven NH, depletion on Jupiter

From a press release:

®
o

160

"Imke and | both were like, 'There's no way in
the world this is true," said Moeckel,
... "So many things have to come together
to actually explain this, it seems so exotic.
- | basically spent three years trying to
prove this wrong. And | couldn't prove it
wrong."

W
3
NH3 abundance (ppmv)

e Observation: NH, depletion correlates with enhanced
lightning activity

Li+2017, Guillot+2023, Moeckel+2025



Lessons from the solar system:
Storm-driven NH, depletion on Jupiter

Mushball growth

NH3 abundance (ppmv)

4444444

90 ©
® “mushballs”
@@@:)@ 4 hball
. . . evaporation
e Observation: NH, depletion correlates with enhanced
lightning activit ). \ Sre Svaporates
g g y 5 2\
. . o«\"s’ %,
e Theory: NH, vapour helps melt H,O ice crystals at low s K

temperatures (-85C), forming H,O-NH, mushballs
o net effect: downward transport of NH,

Li+2017, Guillot+2023, Moeckel+2025 Likely happens on all solar and colder extrasolar giants!




CH, depletion due to:

Transport-induced quenching

CH
10~-% i
photochemistry
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CH, depletion due to:

Transport-induced quenching

CH
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photochemistry
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CH, depletion due to:
Transport-induced quenching

CH,
10_8 K g .
substellar | . .... equnlbrlum
- evening
107 - midnight | _ _ _ Kinetics + vertical diffusion
morning
= —— Kkinetics + vertical and
-4 | eeaa,, . . .
& i = horizontal diffusion
£ 107 l——,.

Depletion by up to
3-4 orders of
-0 168 1d-8  10-7 106 1655 2 16-4  qp=3 magnitUde!
10 10 10 10 10 10 10 10

Mixing Ratio

100 .

Tsai+2023



CH, depletion due to: GCM with disequilibrium

Transport-induced quenching thermochemistry
&%
/.

latitude



CH, depletion due to: Transport-induced quenching

GCM with di ilibri
Temperature Zonal wind CH, ! sequinbrium

thermochemistry

1x

e —
600 800 1000 1200 1400 1600 18002000
Temperature [K]

—  ——

-6.0-4.5-3.0-1.5 0.0 1.5 3.0 45 6.0

10—11.0010~9 7 10—3.43 10‘7.14 10~5.BG 1044.57 104319 10—2.00
; -1
Zonal wind speed [km s7*] CHs mole fraction
Zamyatina+2024



CH, depletion due to: Transport-induced quenching

GCM with di ilibri
Temperature Zonal wind CH, thvev:'m o (:rslzflnui;;r;um
1x o s

Latitude
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Zamyatina+2024
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CH, depletion due to: Transport-induced quenching

M with di libri
Temperature Zonal wind CH, GCM with disequilibrium

N thermochemistry

1x ot o ® Kinetics [M/H]1=0
450 Chemical scheme:
---- Equilibrium
108 4 — Kinetics
Metallicity:
3 — g = [M/H]=0
2o o o 0° & 10 — [M/H]=1
’ o
2
E 105 4 Meridional mean:
= Morning
- Evening

105 9 All latitudes:

——— Morning
Evening
107 T T -
(d) Kinetics [M/H]=1
102 ‘
103 3
0° 0° — )
g 104 4 \
g
=3
w
w
£ 105 7
-90° 106 =
L eeeee—
600 800 1000 1200 1400 1600 1800 2000 6.0-4.5-3.0-1.5 0.0 1.5 3.0 45 6.0 10-110010-971 10-B4310~7 14 10-58610~4 57 10-329 10-2.00
Temperature [K] Zonal wind speed [km s71] CHa mole fraction 107 T T T T
. 10-12 30710 1078 1076 1074 102
Zamyatina+2024

CH4 mole fraction



Summary of: -
Transport-induced quenching = .| =%
e Quenching - homogenisation of gas-phase e """"""""""""
composition by wind = e
CH, is readily homogenised
CH, is enhanced or depleted depending on N T

where it quenches
o CH, could be more depleted if it quenches
inside the region of fast equatorial winds

Implication:

e Be careful when using CH, depletion as a
deep atmosphere thermometer
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Summary

—

Ever increasing wealth of chemical species detections allows for a detailed

study of atmospheric processes -
o Keep moving from “just detections” to processes

Keep increasing the complexity of disequilibrium chemistry models

o “Atmospheres are not simple, one-dimensional constructs”, they are a
highly coupled but beautiful mess
Sulphur story is unraveling and there is more to come
Keep reporting non-detections
o CH, non-detections _could be caused by photochemistry, C-S coupling,
cloud formation, transport-induced quenching - likely all together and
more
Keep looking at the Solar System when interpreting extrasolar observations e

Need more.chemical kinetics data



