Quantum simulations ot extreme
conditions: warm dense matter

and planetary interiors

Presentation to:
LLNL HEDS Seminar Series

Felipe Gonzalez
Department of Earth and Planetary Science

University of California, Berkeley
) Berkeley

B/ UNIVERSITY OF CALIFORNIA 12/01/2022

ot
.

......
. .

o

.




DOE-NNSA
(DE-NA0003842)

Collaborators:

B. Militzer (UCB)

Tanja Kovacevic
Kyla de Villa
Jizhou Wu

Victor N. Robinson

ACKNOWLEDGEMENTS

F. Soubiran (UCB)
S. Zhang (UoR)

K. Driver (LLNL)

R. Jeanloz (UCB)
B.K. Godwal (UCB)

V4

VB

CENTER FOR MATTER UNDER
EXTREME CONDITIONS |

National Energy Research
Scientific Computing Center




High pressure

* Solid-solid phase transitions
* Equations of state
* Melting

Planetary
Interiors

Super-Earth interior models
Core/mantle crystallization
Element Partitioning
Solubility / Miscibility
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1. Planetary Interiors

* A diluted core in Jupiter
* Rock/lce mixtures in water planets

2. High Pressure Phase Transitions

* Be & MgO: melting and anharmonicities
* Melting of SiO,
* Ramp compression from DFT
3. Warm Dense Mafter
* Warm dense silicates: Mg, MgO & MgSiO;,
* FPEOS
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TEEEE H + He mix

B He rain
B Metallic H
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PLANETARY INTERIORS A diluted core in Jupiter

H, +Si10, — H,SiO»

AG = G(H,Si0;) — [G(H,) + G(Si0y)]

O O

QQQO OO QQQO ® 0 Free energy of the

O o O O O O Dissolved System
Y W CL,“Y 0 O
0 “Q “ O O O AG <0 = Dissolves

0% 0y O
O O - ~ O O O - O ;
e Ol 07 e How to calculate G(P,T)s

Gonzalez & Militzer, APJ (2014)




PLANETARY INTERIORS A diluted core in Jupiter

| Uy > U
U,: reference system UA) =Us+A(Ug — Uy) Ug: DFT system
F,: known Fg:unknown
(U(0) = Uy; U(Q1) = Up)
AF = deF = jldaaF = jldAkBTaZ
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PLANETARY INTERIORS A diluted core in Jupiterl

LIQUIDS TWO-STEPS TDI GGA-PBE

Ecut = 900 eV
—> —> 144 atoms
I' - point
14 val. elect.
U= Upp
SOLIDS
%m w 72 (one body) (one body + two body)
U = Uginstein U = Uginstein T Upp

L Ciosicano 2

S. Izvekov & Parrinelo, JCP (2004)



PLANETARY INTERIORS
“IAG = G(H,Si0;) — [G(H,) + G(SiO,)]
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A diluted core in Jupiter

AG <0 at CMB
* SiO, gets dissolved
* At SiO,:H < 1:100

* SiO, more soluble
than MgO

* Fe, H,O also
soluble in H

Wahl+, APJ (201 3)
Wilson+ & Militzer APJ (2012)
Gonzalez & Militzer, APJ (2014)
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He rain

Metallic H " ’ -
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1. Planetary Interiors

* A diluted core in Jupiter
* Rock/lce mixtures in water planets

2. High Pressure Phase Transitions

* Be & MgO: melting and anharmonicities
* Melting of SiO,
* Ramp compression from DFT
3. Warm Dense Mafter
* Warm dense silicates: Mg, MgO & MgSiO;,
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PLANETARY INTERIORS

Water lce

Rocks (silicates)

Liquid core?

Solid core?

Mixture (rocks+H,QO)
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Fulton+ 2017
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Super-Earths = Sub-Neptunes

Do water and silicates mix?e

Kovacevic+, Sci. Rep. (2022)



PLANETARY INTERIORS WATER WORLDS

12000 == fcc melt line [this work]
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Do water and silicates mix?e

Kovacevic+, Sci. Rep. (2022)



PLANETARY INTERIORS WATER WORLDS

Smooth Particle Hydrodynamics Kovacevict, Sci. Rep. (2022)
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WATER WORLDS

Kovacevic+, Sci. Rep. (2022)
Adapted from Kovacevic+ 2022
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'WATER WORLDS

Kovacevic+, Sci. Rep. (2022)
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1. Planetary Interiors

* A diluted core in Jupiter
* Rock/lce mixtures in water planets

2. High Pressure Phase Transitions

* Be & MgO: melting and anharmonicities
* Melting of SiO,
* Ramp compression from DFT
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HIGH PRESSURE
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HIGH PRESSURE Beryllium |
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HIGH PRESSURE
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Beryllium
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HIGH PRESSURE Beryllium & MgO |
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HIGH PRESSURE | Beryllium & MgO

Double Shock compression
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HIGH PRESSURE ” Melting SiO, \{
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HIGH PRESSURE

Melting SiO

NVE heat until it melts
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HIGH PRESSURE ’f Melting SiO, l|

NVE heat until it melts

SiO, is solid at CMB of
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* Gas Giants
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HIGH PRESSURE | Melting Si0, |
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Ramp compression model

Gonzalez+, PRB (2021)

from ab i1nitio simulations
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Ramp ~ multishocks
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OUR MODEL OF RAMP COMPRESSION J

for ramp compression from ab initio simulations
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(a) Initial structure
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s E .
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Pa Pb P

Next R St
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Gonzalez+, PRB (2021)



MULTISHOCKS / OUR MODEL
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MULTISHOCKS / OUR MODEL
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WARM DENSE MATTER
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WARM DENSE MATTER
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WARM DENSE MATTER
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WARM DENSE MATTER
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WARM DENSE MATTER

\ o 2
A P, 0

Linear Mixing Approximation: (at constant P and T)
Vinix = N1Vi + NV, + N3V5 (additive volume rule)
Mypix = Nymqy + Nomy, + Nymg
Enix = N\Eqx + NyE, + N3E;

Militzer, Gonzalez, Zhang, Whitley, Swift, Millot, JCP (2020)

Pmix = mmix/Vmix
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FIRST PRINCIPLES EQUATION OF STATE (FPEOS)

| http:/ /militzer.berkeley.edu/FPEOS |
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CONCLUSIONS

1. Planetary interiors: mixing, erosion, crystallization.

2. Thermodynamic Integration: melting, anharmonicity

3. Z method agrees with two-phase and AG.

4. Ramp compression: better models needs

5. Vadlidated Linear Mixing for MgO, MgSiO;, and BN plasmas.
6. http://militzer.berkeley.edu/FPEQS/

Thanks!

f_gonzalez@berkeley.edu


http://militzer.berkeley.edu/FPEOS/

