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NASA Mission Juno visits
Planet Jupiter
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Two possible Jupiter Interior Models with a
sharp and a dilute cores

Molecular hydrogen
(helium & neon depleted)

Molecular hydrogen
(helium depleted)
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Temperature (1000 K)

Giant Planet Adiabats and
hydrogen-helium immiscibility
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” Solid and Liquid
Silicates




Temperature [x 1000 K]

Solid and Liquid Silicates at Super-
Earth Interior Conditions

MgO SiO, MgSiO;
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Monte Carlo




1) Path integral Monte Carlo for T>10000K

10"
10° | Plasma
—
X
'
D 10° |
-
whd . .—.—..-.—-q‘
E 4 ---—-.-.0’- .
Q 10 | Atomic Fluid R
Q _----.--—.---.-h----_-
QEJ Laser Shock P
~f
= 103 i " Gas Gun
Molecular Fluid q
el
, oo™
10" | Molecular Solid
_1 1
10"T 107
n=10"® cm-




1) Path integral Monte Carlo for T>5000K
2) Density functional molecular dynamics below

10’

(&)

o

Temperature (K)

| Born-Oppenheimer approx.
MD with classical nuclei:

F=ma

100 10° _ _
p (gem™) Forces derived DFT with

electrons in the instantaneous

ground state.



Canonical Ensembles:

Classical

Quantum

Boltzmann factor
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Density matrix
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Thermodynamic averages:
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Step 1 towards the path integral

Matrix squaring property of the density matrix

Matrix squaring in operator notation:

, B=—

. -pH ( —<ﬁ/2>ﬁ)( —(ﬁ/2)ﬁ) 1
p=e =|e e
kgT

Matrix squaring in real-space notation:

(RIPIR) =[dR (R1e P "IR) (R 1 ¥ IR

Matrix squaring in matrix notation:

. R ..] [... R ..] [... R ..




Repeat the matrix squaring step

Matrix squaring in operator notation:

A ~\ 4
_ _ 1
5 e /a’H=(e (/a’/4>H) gL

kT

Matrix squaring in real-space notation:

(RIDIRY = [dR, [dR, [dR,(R1e " IRXR, 1P " IRXR, I ™ IRXR, 1e”#' V™ IR)




Path Integrals in Imaginary Time

Simplest form for the paths’ action: primitive approx.
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Density matrix: | » ( ) BTy (0) THp]

Trotter break-up:
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Path integral and primitive action S :
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Pair action: Militzer, Comp. Phys. Comm. (2016)



Bosonic and Fermionic Path Integrals

Bosonic density matrix: Fermionic density matrix:
Sum over all symmetric eigenstates. Sum over all antisymmetric eigenstates.

ps(RR.B) =D e W (R) WIR)|  |p(RR.B)= e’ WI'(R) W(R)

Project out the symmetric states: Project out the antisymmetric states:
ps(R.R'.B)= Y (+1)" p,(R.PR'B) pr(RR'B)= Y (-1" p,(R.PR'f)
P P

(R1ppp IRy =Y D) [dR...[dR, (RIe™IR).(R,_ e IPR')
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Based on Groundbreaking PIMC work
started at LLNL

PHYSICAL REVIEW B VOLUME 30, NUMBER 5 1 SEPTEMBER 1984

Simulation of quantum many-body systems by path-integral methods

E. L. Pollock and D. M. Ceperley
Lawrence Livermore National Laboratory, Livermore, California 94550
(Received 2 April 1984)
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Equation of State of the Hydrogen Plasma by Path Integral Monte Carlo Simulation
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Imaginary time

Restricted PIMC for fermions:
How is the restriction applied?

>

—BE
Free-particle nodes: (7" 8) = Ze () W ()

Construct a fermionic trial density matrix in
form of a Slater determinant of single-particle
density matrices:

p(r.r,B) - P("IJ’& B)
o, (R.RB) = : -

(ry.1.B) -+ p(N’Na/J’)

Enforce the following nodal condition
for all time slices along the paths:

pr| R(2),R(0),t]>0

This 3N-dimensional conditions eliminates all
negative and some positive contribution to the
path — Solves the fermion sign problem approx.




New Path Integral Monte Carlo Simulations of
Heavier Elements Aid Fusion Capsule Design
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First Path Integral Monte Carlo Simulations for
Heavier Elements Fill this Gap in Temperature
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Path Integral Monte Carlo and DFT-MD
are in very good agreement
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Silicon




Path Integral Monte Carlo with localized nodal
surfaces and application to silicon plasmas

How the nodes are enforced:

R Y """" E pottock—Erp T :

R—PR/, pr>0

Nodes are a Slater determinant:

pr(R,R’; B) = HP[I](T'i,"“;;ﬁ)

Internal Energy Difference (Ha)

1J
Before we used only free-particle
orbitals (plane waves): !
TT,B Ze‘ﬁE’“\I!k Ur(r') |
New idea: Add Hartree-Fock orbitals 0% 07 1o 15 20 30 4.0
Temperature (10° K)
ot (r, ' ) = ZZe PEs (r — Rp)W*(r' — Ry)

I=1 s=0




Silicon: Energy and Pressure Comparison of
Path Integral Monte Carlo and Kohn-Sham DFT
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g(r) Comparison of
Path Integral Monte Carlo and Kohn-Sham DFT
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Internal energy (Ha)

Relative Difference in Internal Energy
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Energy and Pressure Comparison of
Path Integral Monte Carlo & Orbital-Free DFT
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Silicon Hugoniot Curve:
Experiments and Semi-analytical E0O° models
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Silicon Hugoniot Curve:
Path Integral Monte Carlo, Orbital-Free DFT
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Silicon Hugoniot Curve:
Average-Atom models
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Conclusions

For elements from hydrogen to through silicon, the energy,
pressure, and g(r) functions computed with PIMC and KS-DFT
agree well at 2x10° K.

Internal energy agrees to better than 5 Ha/atom; pressure to
2%.

So far, we could not detect any problem with the zero-
temperature exchange-correlation functionals.

We will provide more EOS data to improve orbit-free methods.

Second row elements: More comparison between simulations
and experiments

Extending PIMC to third row elements.







