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Where to find thermal non-equilibrium

Plane and Robertson 2022:

● Outflows of AGB stars

● Dissociation of OSi(OH)
2

● Internal cooling via optical lines

Observational evidence:

● Fonfria et al. 2008, 2017, 2021
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How to nucleate
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How to nucleate
Detailed balance in chemical equilibrium:
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How to nucleate
Detailed balance in chemical equilibrium:

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

Law of mass action in thermal equilibrium:

Backward rate:
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Types of thermal non-equilibrium:
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→ Kiefer et al. 2023
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Types of thermal non-equilibrium:
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Thermal equilibrium Thermal non-equilibrium 

+

Thermal non-equilibrium

1Full derivation can be found in: 
”The effect of thermal non-equilibrium on 
kinetic nucleation” - Kiefer et al. 2023
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Thermal equilibrium Thermal non-equilibrium 

+ +

Thermal non-equilibrium

1Full derivation can be found in: 
”The effect of thermal non-equilibrium on 
kinetic nucleation” - Kiefer et al. 2023
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Thermal equilibrium Thermal non-equilibrium 

+ +

Thermal non-equilibrium
Tgas = Tkin = Tkin

1Full derivation can be found in: 
”The effect of thermal non-equilibrium on 
kinetic nucleation” - Kiefer et al. 2023
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Thermal equilibrium Thermal non-equilibrium 
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Tgas ≠ Tkin

Thermal non-equilibrium
Tgas = Tkin = Tkin

1Full derivation can be found in: 
”The effect of thermal non-equilibrium on 
kinetic nucleation” - Kiefer et al. 2023



Mar 28, 2023 Sven Kiefer - Cloud Academy 3 20

Thermal equilibrium Thermal non-equilibrium 

+ +

Tgas ≠ Tkin

Thermal non-equilibrium

Tkin ≠ Tint

Tgas = Tkin = Tkin

1Full derivation can be found in: 
”The effect of thermal non-equilibrium on 
kinetic nucleation” - Kiefer et al. 2023
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Thermal equilibrium Thermal non-equilibrium 

+ +

Tgas ≠ Tkin

Thermal non-equilibrium

Tkin ≠ Tint

Tgas = Tkin = Tkin

1Full derivation can be found in: 
”The effect of thermal non-equilibrium on 
kinetic nucleation” - Kiefer et al. 2023

Gauge
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The effect of thermal non-equilibrium

● 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 (ΔT<0) or decrease (ΔT>0) 
the formation of larger clusters.
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Summary

Kinetic nucleation can describe 
the formation of clusters under 

non-equilibrium conditions

Multiple types of thermal 
non-equilibrium are studied

Small temperature offsets can 
change the number density of 

clusters significantly 

sven.kiefer@kuleuven.be
Kiefersv.github.io

@ExoSvenK

Check out the paper: 
”The effect of thermal non-equilibrium on 
kinetic nucleation” - Kiefer et al. 2023
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Additional Slides



Mar 28, 2023 Sven Kiefer - Cloud Academy 3 25

How to nucleate

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
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The effect of thermal non-equilibrium
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Thermal adjustments 

● Kinetic – Collisonal

● Internal – Collisonal

● Internal – Radiative

Plane et al. 2022
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Inelastic collisions
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The effect of thermal non-equilibrium

● 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 (ΔT<0) or decrease (ΔT>0) 
the formation of larger clusters.
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Derivation of the Backward rate



Mar 28, 2023 Sven Kiefer - Cloud Academy 3 33

Maxwell-Boltzmann

→ Temperature-weighted reduced mass μ
T

→ In thermal equilibrium μ
T
 = μ / T
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Inelastic collisions
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Time dependency
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