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General key questions

 Are Uranus and Neptune similar in internal structure?

 What is their bulk composition? (ice : rocks : H/He)

 Why Uranus so faint? Or Neptune so luminous?

 Why did they not become gas giants?

 Thermal evolution: mixing, settling, phase separation, inhibited 

convection?

2/17



Structure models - traditional approach

 Available observational constraints: 
mass, radius, gravitational field, 
rotation rate, atmospheric 
temperature 

 Outcome of modelling efforts: 
o Several layers of different 

composition - gas, ices and rock 
(Hubbard & MacFarlane 1980, Podolak et al. 1991, 
Hubbard et al. 1995, Helled et al 2011, Nettelmann 
et al. 2013) 

 Why is structure like this? crucial: 
equations of state and phase 
diagrams
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Why phase separation?

H-He demixing in Jupiter 
and Saturn

SATURN 

H2-H2O demixing in Uranus and 
Neptune
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Bailey & Stevenson 2021 find…

P ～ 7 GPaP ～ 4 GPa

Temperature deep in ice giants may be below the critical temperature, suggesting immiscibility of 
hydrogen and water.

However: conclusion based on extrapolation 

Find: H2-H2O demixing explains layered structure and could slow down Neptune’s cooling rate. 
Different states of H2-H2O demixing can account for difference in heat fluxes between U. and N.
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Phase diagrams: H-He

Demixing curves Tdmx(P, xHe) provide the maximum temperature below which phase separation occurs

Schöttler & Redmer 2018
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Phase diagrams: H2-H2O

Provide demixing curves Tdmx(P, xH2O)

Seward & Franck 1981, Bali et al. 2013, 
Bailey & Stevenson 2021
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Equations of state

H/He-EOS (Chabrier & Debras 2021) H2O-EOS (AQUA, Haldemann et al. 2020) 

Tadiabat(P, xHe , xH2O)

Computed adiabatic temperature profiles 
assuming the additive volume rule for 
various mixtures of H-He and H2-H2O using 
equations of state at specific T1bar
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Example of EOS for H-He mixture



Immiscibility: Tadiabat < Tdmx

Aim: obtain local equilibrium abundances of He and H2O, yielding the 
predicted H/He and H2/H2O composition in the atmosphere

H/He for Y=0.220
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Adiabats
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Finding equilibrium abundances 
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Finding equilibrium abundances H-He

demixing
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Finding equilibrium abundances H2-H2O
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Results: equilibrium abundance He
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Nettelmann, N., Helled, R., Fortney, J. J., & 
Redmer, R. (2013)



Results: equilibrium abundance H2O
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Nettelmann, N., Helled, R., Fortney, J. J., & 
Redmer, R. (2013)



“Cut-off” & extrapolation
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Bailey & Stevenson 2021
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Summary & Outlook

 Procedure so far allows the estimation of the atmospheric He and H2O abundance in the ice 

giant atmospheres upon cooling

 Current results imply that demixing of H2-H2O started before H-He phase separation and also 

early in the evolution of the planets, which may have influenced their current thermal budget 

considerably

 Next steps:

 Obtain cooler adiabats for T1bar for Uranus and Neptune ~ 75 K

 Apply phase diagram for H2-H2O for higher pressures as data becomes available 

 Apply mass conservation to find inner edge of demixing region 

 Combine H-He-H2O

 We aim to build interior structure and evolution model which takes into account the role of 

phase separation
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