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1) Path integral Monte Carlo for T>5000K



1) Path integral Monte Carlo for T>5000K
2) Density functional molecular dynamics below
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Juno Mission 
Now in orbit around Jupiter
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I. Path Integral 
Monte Carlo



Step 1 towards the path integral 
Matrix squaring property of the density matrix
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Matrix squaring in matrix notation: 



Repeat the matrix squaring step

Matrix squaring in operator notation:

Matrix squaring in real-space notation:
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Density matrix:

M step path integral:
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Path Integrals in Imaginary Time
Simplest form for the paths action: primitive approx.
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Path integral and primitive action S :

Pair action: Militzer, Comp. Phys. Comm. (2016)



Bosonic and Fermionic Path Integrals
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Bosonic density matrix:
Sum over all symmetric eigenstates.

Fermionic density matrix:
Sum over all antisymmetric eigenstates.

Project out the symmetric states: Project out the antisymmetric states:
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Water and Carbon



H*#3, ?&,%(X5,.9#&+()15,.(@&#+1(I*A"+&,*153(71#(
B.&F*.#(P+.A.5,3(H*++(,%*3 ^&2(*5(/.A2.#&,"#.

-1

-0.8

-0.6

-0.4

-0.2

0

(P
-P

0)/P
0

PIMC
DFT-MD
Debye model

104 105 106 107 108

Temperature (K)

-0.8

-0.6

-0.4

-0.2

0

(P
-P

0)/P
0

Water
Density=11.18 g/cm3

24-atom cell

Water
Density=3.18 g/cm3

24-atom cell Z2&'%



89&*5(?&,%(X5,.9#&+()15,.(@&#+1(6#*'9.3(,%.(^&2(*5(/(
6.,0..5(GH/S)G(&5'(,%.(G.6Q.()1'.+

-1

-0.8

-0.6

-0.4

-0.2

0

(P
-P

0)/P
0

PIMC
DFT-MD
Debye model

104 105 106 107 108

Temperature (K)

-0.8

-0.6

-0.4

-0.2

0

(P
-P

0)/P
0

Carbon
Density=12.64 g/cm3

24-atom cell

Carbon
Density=4.17 g/cm3

8-atom cell

?2%*$3



?&,%(X5,.9#&+()15,.(@&#+1(6#*'9.3(,%.(^&2(*5(X5,.#5&+(
P5.#9Q(F3 /.A2.#&,"#.(71#(_&,.#(&5'((@&#615(?+&3A&3

-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
1

(E
-E

0)/E
0

PIMC
Debye model
DFT-MD

104 105 106 107 108

Temperature (K)

-13
-12
-11
-10

-9
-8
-7
-6
-5
-4
-3
-2
-1
0

(E
-E

0)/E
0

Water

Carbon

12.64 g/cm3

4.17 g/cm3

11.18 g/cm3

3.18 g/cm3

?2%*$3



?&,%(X5,.9#&+()15,.(@&#+1(&5'(GH/S)G(
&#.(*5(F.#Q(911'(&9#..A.5,

0 0.5 1
r(Å)

0

0.5

1

1.5

g(
r)

Carbon Water (O-O)Water (O-H)Water (H-H)

PIMC
DFT-MD

Carbon Density =12.64 g/cm3

Water Density=11.18 g/cm3

T=750,000 K

/%6M'%D)I686&J'%D)<5+4;)='M;)F'&&5 OPQRPS



Study planetary interiors in the laboratory: 
shock wave experiments
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Shock wave measurements determine the 
Equation of  State on the Hugoniot curve
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Why do free-particle nodes work for 
PIMC simulations of  first-row elements?
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CH plastics



Inertial confinement fusion experiments 
with plastic coated spheres of  liquid H2
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PIMC and DFT-MD simulations performed 
for C2H, CH, C2H3, CH3 and CH4. 



CH Shock Hugoniot Curves: 
Comparison of  Theory and Experiments



CH Shock Hugoniot Curves: 
Comparison of  Theory and Experiments
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Why do the C and CH Hugoniot curves 
differ from those for N, O and Ne?
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The End


