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Where to find thermal non-equilibrium
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Plane and Robertson 2022:

e Qutflows of AGB stars

« Dissociation of OSi(OH),

* Internal cooling via optical lines

Observational evidence:

 Fonfria et al. 2008, 2017, 2021



How to nucleate
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How to nucleate
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How to nucleate
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How to nucleate
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How to nucleate
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Detailed balance in chemical equilibrium:
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How to nucleate
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Detailed balance in chemical equilibrium:
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Law of mass action in thermal equilibrium:
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How to nucleate

Detailed balance in chemical equilibrium:
- €q_€q
kN,M _ nN nM

+ €q
kN,M MM

Law of mass action in thermal equilibrium:

”??”i? P° (G?HM -Gy _GFV)
= exp
eq
nya kBT kpT

\ Backward rate:
N & (G§J+M_GEJ _G?v)
exp

REJ’M - kN’M kgT kT
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Thermal non-equilibrium
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Thermal non-equilibrium
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Thermal non-equilibrium

gas

Mar 28, 2023

Types of thermal non-equilibrium:
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Thermal non-equilibrium

Thermal equilibrium Thermal non-equilibrium
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"The effect of thermal non-equilibrium on
kinetic nucleation” - Kiefer et al. 2023
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Thermal non-equilibrium

Thermal equilibrium Thermal non-equilibrium
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"The effect of thermal non-equilibrium on
kinetic nucleation” - Kiefer et al. 2023
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Tgas — Tkin — Tkin

Thermal non-equilibrium

Thermal equilibrium Thermal non-equilibrium
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‘ Tgas — Tkin — Tkin ‘

Thermal non-equilibrium | ‘
Tgas + Tkin
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Thermal non-equilibrium | ‘
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The effect of thermal non-equilibrium
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T = 1250 K
— 7kin __7kin
AT = T(Tioz)lo TTiOz
tin eN—l _
v =Tt = AT

Small temperature offsets can cause
significant change in the number
density of larger clusters.

The change in number density
depends on the thermal non-
equilibrium present.

Thermal non-equilibrium can both

increase (AT<O0) or decrease (AT>0)
the formation of larger clusters.
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Kinetic nucleation can describe Multiple types of thermal Small temperature offsets can
the formation of clusters under non-equilibrium are studied change the number density of
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How to nucleate

n(Ti02)5

% = Z kj-]—[n,. - Z kj]—[n,.
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+ -
k 2.3) Nrio2)2 Nrio2)s k 2.3) Ntio2)s

Nucleation network:

Set of reactions that includes a formation
path for larger cluster

For reactions only involving clusters of size
smaller than 4, we consider termolecular
associations (3-Body reactions)

For larger clusters, we consider bimolecular
radiative associations (2-Body reactions)

Backward rates are derived using detailed
balance and the law of mass action
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The effect of thermal non-equilibrium

10° ?
3 1y 1My
3 ————\———-q; ———————— '|' —————————————
] b 3
4 J AN
10 3 1 ~
] 1
P 02
e 1077
g ;
c i I \"c~e~—e ]
10° 4
{ --- TiO; —— Tgas = 1000 and AT = 35
—— Tgas = 1258 and AT = 0
107 1010 1013 1016 1019
t [s]

Mar 28, 2023 Sven Kiefer - Cloud Academy 3 26



How to nucleate
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The effect of thermal non-equilibrium
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Thermal adjustments
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Inelastic collisions
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The effect of thermal
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* Small temperature offsets can cause
significant change in the number
density of larger clusters.

* The change in number density
depends on the thermal non-
equilibrium present.

* Thermal non-equilibrium can both
increase (AT<O0) or decrease (AT>0)
the formation of larger clusters.
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Derivation of the Backward rate
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Maxwell-Boltzmann
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Time dependency
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