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|. Constraints of the models 317

Galileo’s observations (von zahn et al. 1998, Wong et al. 2004):
~Loxt > Lsyun = 0.02 (Lietal 2017, 2020)
- 165K, 1 bar - assume convection (i Guilot)

Juno’s gravitational mMoments (solton et al. 2017, less et al. 2018)
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Galileo’s observations (von zahn et al. 1998, Wong et al. 2004):
~Loxt > Loyn =~ 0.02
- 165K, 1 bar - assume convection
Juno’s gravitational mMoments (solton et al. 2017, less et al. 2018)
Protosolar helium: Y/X+Y ~0.275

CMS method: Jupiter in layers

(Hubbard 2013, Wisdom & Hubbard 2016, Debras & Chalbrier 2018, Militzer et al. 2019)
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|. Constraints of the models

Galileo’s observations (von zahn et al. 1998, Wong et al. 2004):

| Kaspi et al. 2017
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CMS method: Jupiter in layers
(Hubbard 2013, Wisdom & Hubbard 2016, Debras & Chatbrier 2018, Militzer et al. 2019,
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|. Constraints of the models
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. Constraints of the models 7

Equations of state
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Water: Mazevet et al. 2019, Soubiran & Militzer 2016
Other: drysand (Lyon & Johnson 1992)

April 2021 EGU21 - Interior of Jupiter - Florian DEBRAS



. New models of the inferior of Jupiter

The issue

Jé TO J]O: Very |OW VO'UG (Bolton et al. 2017, less et al. 2018)

=»>Outer layers not very dense

Contribution fonctions
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R/Rtot

Guillot et al. 2000
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I. New models of the interior of Jupiter s

The issue

Jé TO J]O: Very |OW VCI|Ue (Bolton et al. 2017, less et al. 2018)
=>Quter layers not very dense
AND

Galileot+Juno: atmosphere enriched in metals
New EOS: H/He denser than SCvH

Contribution fonctions

=)»Dense outer layers A
R/Rtot

2
HOW * Guillot et al. 2000
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I. New models of the interior of Jupiter e

Debras & Chalbrier 2019

Compact core, Z=1
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Debras & Chalbrier 2019

Diluted core (Wahl et al. 17, Stevenson 1985, Helled & Stevenson 2017)
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0.1 Mbar ) Significant entropy increase in the Mbar region
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Compact core, Z=1
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Debras & Chabrier 2019
Diluted core (Wahl et al. 17, Stevenson 1985, Helled & Stevenson 2017)

0.1 Mbar Significant entropy increase in the Mbar region

2 Mbar
7 Mbar

Diluted core

Decrease of heavy elements: Z, < Z,

Density smaller than isentropic model (pebras chabrier &

Stevenson, submitted)

Compact core, Z=1
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I. New models of the interior of Jupiter &

Debras & Chalbrier 2019

Diluted core (Wahl et al. 17, Stevenson 1985, Helled & Stevenson 2017)

93% R
0.1 Mbar ) significant entropy increase in the Mbar region

2 Mbar 80% R,

65% R
7 Mbar Diluted core J

Decrease of heavy elements: Z, < Z,

Density smaller than isentropic model (pebras chabrier &

Stevenson, submitted)

Maximum mass of compact core: 5 Earth masses
(Total metal mass 25 My < M, < 45 Mp)

Compact core, Z=1
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. New models of the inferior of Jupiter

Enfropy increase and heavy element decrease

H/He immiscibillity:
- pOSSible, but not favoured (Morales et al. 2013, Schottler & Redmer 2018),
- decrease in Z < 10%. Low entropy increase.
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I. New models of the interior of Jupiter [

Enfropy increase and heavy element decrease

H/He immi
= pOSSible, voured (Morales et al. 2013, Schottler & Redmer 2018), NO'I' enough
seinZ<10%. ntropy increase.

First order transition of H
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- possible,

April 2021 EGU21 - Interior of Jupiter - Florian DEBRAS



I. New models of the interior of Jupiter [

Enfropy increase and heavy element decrease

H/He immi
- possible,

April 2021 EGU21 - Interior of Jupiter - Florian DEBRAS



. New models of the inferior of Jupiter

Enfropy increase and heavy element decrease

H/He immi
- possible,

(potentially triggered by immiscibility, Schubert et al. 1975, Earth)

April 2021 EGU21 - Interior of Jupiter - Florian DEBRAS

7/17



. New models of the inferior of Jupiter

Condition for semi-convection

Small Prandt and inverse Lewis numbers :

0 <

dInT (dlnT) - a, diny
dinP \dInP/s a7dInP

Q. — (6lnp) O — (6lnp)
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. New models of the inferior of Jupiter

Condition for semi-convection

Small Prandt and inverse Lewis numbers:
dInT (dlnT) - a, diny
dinP \dInP/s a7dInP
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= 1 for ideal gases
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I. New models of the interior of Jupiter &

Condition for semi-convection

fe-H=— Isentrope

Small Prandt and inverse Lewis numbers : [ Bl
dinT  /dInT a, dlnp
0 < — < £
dinP \dInP/g¢ ardlnP -
a —_— (a ln p) , aT =— (a ln p) %1 Debras & Chabrier 2019
K aln,u PT alnT P,‘Ll 2
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Pressure (Pa)

= 1 for ideal gases
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. New models of the inferior of Jupiter

AS coherent with our
models (~ 0.5 kg/proton)

Possible to sharply

decrease the metal

content

April 2021

Effects of semi-convection
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8-12 Z, 11-25Z7,
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I. New models of the inferior of Jupiter

Summary

J4,J10+ J4, )10+ J6 U8+ N6 N8+ . . EOS

Kaspi 17 Kaspi 18 Kaspi 17 Kaspi 18

Debras Chalbrier \'} \' \'} X \' \'} \'

Something missing in our models 2

North-South symmetric winds underestimated ¢

Dinamic Self Gravity effects : Wicht et al. 2020, Dietrich et al. 2021
Kong, Zhang & Schubert 2017, Li et al. 2020
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Il. Implications

Magnetic field: Moore et al. 2018, sign of
two dynamo regions ¢
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Il. Implications 1217

Metal decrease

Large metal decrease possible if:
1) Phase separation very efficient. Very doubfful

2) Layered convection triggers sharp
decrease in metals. Doubtful

0.1 Mbar
2 Mbar 80% R,

7 Mbar

40Mbar G 5% R,

. Compact core, Z=1
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Il. Implications 1317

Long term survival of a diluted core ¢

Moll et al. 2017

Solid core
with layers

Solid core
no layers

Case 3

Fluid core

Case 4

Fluid core
with layers
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l. Implications

Long term survival of a diluted core ¢

Moll et al. 2017 Giant impact: Liu et al. 2019

Case 1 _ Case 2 Case 3 _ Case 4
Solid core Solid core Fluid core Fluid core
no layers with layers no layers with layers
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Il. Implications 14117

Evolution

Layered convection:
-Superadiabaticity of layered convection ¢
-Age of layered convection ¢
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-Energy required to dilute the core ¢
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Il. Implications

Evolution

Layered convection:
-Superadiabaticity of layered convection ¢
-Age of layered convection ¢

Immiscibility:
-Latent heat of phase separation ¢
-Entropy increase due to phase separation ¢
-P-T shape of the immiscibility diagram?

Diluted and compact cores:
-Energy required to dilute the core ¢
-Demixing of heavy elements with time ¢
Mazevet et al. 2019

Has Jupiter ever been fully convective ?
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Il. Implications

Evolution

Layered convection:
-Superadiabaticity of layered convection ¢

-Age of layered convection ¢

Immiscibility:
-Latent heat of phase separation ¢
-Entropy increase due to phase separation ¢
-P-T shape of the immiscibility diagram?

Diluted and compact cores:
-Energy required to dilute the core ¢
-Demixing of heavy elements with time ¢
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Has Jupiter ever been fully convective ?

Effective temperature (K)
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Il. Implications 14117

Evolution

Layered convection:
-Superadiabaticity of layered convection ¢

-Age of layered convection ¢

200

Immiscibility: 150

-Latent heat of phase separation ¢
-Entropy increase due to phase separation ¢
-P-T shape of the immiscibility diagram?

100

“‘\ )

. o “ .
Adiabatic s %%
s 0

Effective temperature (K)

Diluted and compact cores:
-Energy required to dilute the core ¢

-Demixing of heavy elements with time ¢ ,
Mazevet et al. 2019 0.01 0.1 1 10

Age (Gyr)
Leconte & Chabrier 2013

Has Jupiter ever been fully convective ?

Evolutionary models must be taken with extreme care |
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l. Implications

Extrasolar planets

Atmospheric composition is NOT easily linked with bulk composition

Jupiter and Saturn are NOT adiabatic, maybe from several Gyrs. Factor of ~3 on the
total metal mass
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l. Implications

Extrasolar planets

Atmospheric composition is NOT easily linked with bulk composition

Jupiter and Saturn are NOT adiabatic, maybe from several Gyrs. Factor of ~3 on the
total metal mass

Careful with over simplifications !

April 2021 EGU



Summary and prospects 1617

Juno provided new data excluding older models

0.1 Mbar
Need for diluted core, extended immiscibility

and/or layered convection

2 Mbar
7 Mbar

Strong constraints on core mass

40Mbar N 5% R,

Compact core, Z=1

Debras & Chabrier 2019
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Summary and prospects 1617

Juno provided new data excluding older models
0.1 Mbar
Need for diluted core, extended immiscibility

. 2 Mbar
and/or layered convection

65% R
7 Mbar Diluted core !

Strong constraints on core mass

Oscillations are the necessary next step
Compact core, Z=1

Debras & Chabrier 2019

Understanding the generation of magnetic fields in semi-convective regions is also key
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