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The importance of clouds in (exo)planets
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The importance of chemical disequilibrium

Biology
10° - : :
B Initial
21072 I Equilibrium |
(0]
€107
X
S
10°° U I
| l |
0, N, CH,

Krissansen-Totton et al. (2023)

Sven Kiefer EANA - 04.09.24



The importance of chemical disequilibrium
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How do clouds form in gas-giants?
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Cloud formation — Hot Jupiter
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Cloud formation — Hot Jupiter
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For this study:

— Elements: N, C, H, O
— Additional: Ti, Si

— 69 species

— 780 reactions



Cloud formation — Hot Jupiter
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Nucleation:

— kinetic polymer nucleation
— Species: TiOz[s]

— Maximum size: (TiO2)is



Cloud formation — Hot Jupiter
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Cloud formation — Hot Jupiter

® .. ...
e ® g 0
e 0 g ® L4
Nucleation
o % o
°. ® o
° O’.
oo ©
Bulk growth
[ )
Q-
[ ]
Evaporation
[ ] ° [ J ®
e [ )
e © g 0

..O..

Image altered from Helling (2018)

Kinetic Chemistry
N
Y &

Bulk growth

Kinetic nucleation

Cloud material

— 9 Materials
TiO, FeO AlLOs
Fe.05SI0 MgO SIO;
Fe.Si04 I\/IngiO4

— 40 surface reactions

Sven Kiefer

EANA - 04.09.24

11



Cloud formation — Hot Jupiter
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Cloud formation — Hot Jupiter
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How do clouds affect the gas-phase?



Disequilibrium gas-phase
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Disequilibrium gas-phase
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Disequilibrium gas-phase
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Disequilibrium gas-phase
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Disequilibrium gas-phase
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Disequilibrium gas-phase
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A well known hot Jupiter: HD 209458 b
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What happens to CH,?



SiO-SiO; cycle
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SiO-SiO; cycle

2 SI0 = 2 SiO [5]
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SiO-SiO; cycle

3 H
+
2 SI0 = 2 SiO [5]
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SiO-SiO; cycle
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SiO-SiO; cycle
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SiO-SiO; cycle
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SiO-SiO; cycle
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SiO-SiO; cycle CH, +H — CH; + Hy, o
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Summary

Clouds in hot Jupiters form
from refractory materials
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Kinetic TiO2 nucleation i Sens s
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HD 209458 b
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SiO-SiO: cycle grid
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Three Body Reactions
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Network Test

04 -=- VULCAN — H,0 TiO,
1 —-= VULCAN+ —— CHa Sio,
=== VULCAN+poly —— CO; Mg
10~ - — full
= 1078 -
10_10‘ ﬁ —————
10_12 T T 1 1 I 1
10~ 1072 10° 10% 10* 10° 108 A A 4 nO
fls] P(A,C),C>) = max{| logo(n, (t)/nf (1)), Vr € [107,10°])
H-» H>O CO, CH,4 Ti0, S10; Mg
P(A, Equilibrium, VULCAN) 4.84e-05 7.35e-03 1.58e-02 6.35e-02 - - -
P(A, VULCAN, VULCAN+) 5.66e-11 1.34e-07 1.16e-05 1.17e-07 7.43e-04 5.25e-02 -
P(A,VULCAN+, VULCAN+poly) 1.14e-07 1.32e-04 1.36e-04 1.32e-04 1.907 1.32e-04 -
P(A, VULCAN+poly, full) 1.35¢-03 0.107 9.52e-02 1.304 4.847 0.837 1.218
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Surface reaction

| 2Mg + SiO + 3H,0 & Mg,SiO4[s] + 3H, |
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Surface reaction

| 2Mg + SiO + 3H,0 & Mg,SiO4[s] + 3H, |
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Surface reaction

| 2Mg + SiO + 3H,0 & Mg,SiO4[s] + 3H, |
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Surface reaction

| 2Mg + SiO + 3H,0 & Mg,SiO4[s] + 3H, |
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Surface reaction

| 2Mg + SiO + 3H,0 & Mg,SiO4[s] + 3H, |
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Surface reaction

| 2Mg + SiO + 3H,0 & Mg,SiO4[s] + 3H, |

N;
1 L = ZNjG?+NjkBTgu_~; IH(F)}

1 ne ny ny e
Ry = {AA{N-UL’ke}f@} Mkey S0 » 224 2 x) + A41(C1 + Nmg — 2Nsi0)

: o Mo e + 22(Ca + 3Nuig — 2Ni0)

+ A3(C3 + Nmg — 2NaN-1)

1 ~ _ _

B = {AH{N-HW‘E}‘?} HEey ‘ 8= E + A4(Cy 3NMg ZNHE)
Vy Y Rb + (lj.(CS — NME — ZNA{N}),
§2 = (nmg)’ B (nme)? HEiD(HOHZD)B(”HEF ﬂSiG(ﬂHzD)3(”°H1)3 N (nve)*nsio (M,0)° (”[Eilg}3
' (Hiqg)z (Hﬁqg)z HSiD(ﬂHgo)B(HEf ngm(nﬁlgﬁ (ny, )’ (ny, )’ (”qu)zﬂgig("ﬂzgp

43



Surface reaction
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Surface reaction
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Surface reaction
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