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Taken from: M. Bohme, Zh. Moldabekov, . Vorberger, and
T. Dornheim, Phys. Rev. Lett. 129, 066402 (2022)
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Part 1ll: Imaginary-time correlation
functions and XRTS

Taken from: T. Dornheim, Zh. Moldabekov, M. Bohme,

J. Vorberger, P. Tolias, F. Graziani, and T. Doppner
(in preparation)
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Warm Dense Matter (WDM)
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Taken from: T. Dornheim, Zh. Moldabekov, K. Ramakrishna,
P. Tolias, A. Baczewski, D. Kraus, Th. Preston, D. Chapman et al,
Phys. Plasmas 30, 032705 (2023)
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Warm Dense Matter (WDM)

» Matter under extreme density / temperature ubiquitous
throughout our universe

s~ B ~T~1

Low Mass Star

- rs=d/as, density parameter, 0=ksT/Er, M'=W/En

Brown Dwarf
 Examples: giant planet interiors, brown dwarfs

Jupiter
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Warm Dense Matter (WDM)

* Matter under extreme density / temperature ubiquitous National Ignition Facility (NIF)
throughout our universe \

s~ B ~T~1

- rs=d/as, density parameter, 0=ksT/Er, M'=W/En

 Examples: giant planet interiors, brown dwarfs

« WDM highly important for technological applications:

- |nertial confinement fusion, etc.

Taken from: Lawrence Livermore National Laboratory
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Warm Dense Matter (WDM)

» Matter under extreme density / temperature ubiquitous National Ignition Facility (NIF)
throughout our universe ~ ;

rs~0~T~1

- rs=d/as, density p

e Examples: giant | - ) e 3
pasnembelld WDM routinely realized in large research ——=

facilities around the globe!
« WDM highly impo

- |nertial confineme

Taken from: Lawrence Livermore National Laboratory
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But: Rigorous WDM theory indispensable Isochorically heated graphite at LCLS (Stanford)

. Experiment

. . . L Fit:
» Diagnostics: parameters like 7, n, Z, etc. cannot be 1005 T'ezwev

measured and have to be inferred from theory [ e o

free-free

bound-free

elastic

alternate instrument
function

— X-ray Thomson scattering (XRTS)

—
(e}
L

scattering intensity (arb. units)

—
o
ro

e

10-3|__|___\__J___I I ! | 1
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photon energy (eV)

Taken from: D. Kraus et al., Plasma Phys. Control. Fusion 61,
014015 (2019)
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But: Rigorous WDM theory indispensable

» Diagnostics: parameters like 7, n, Z, etc. cannot be
measured and have to be inferred from theory

— X-ray Thomson scattering (XRTS) @ @

« WDM theory notoriously challenging

-® @-

- intricate interplay of:

1) Coulomb coupling @ ‘
@~ ~
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But: Rigorous WDM theory indispensable

» Diagnostics: parameters like 7, n, Z, etc. cannot be
measured and have to be inferred from theory

— X-ray Thomson scattering (XRTS)

- WDM theory notoriously challenging

fs~80~~1

- intricate interplay of:
1) Coulomb coupling

2) quantum degeneracy effects
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But: Rigorous WDM theory indispensable

» Diagnostics: parameters like 7, n, Z, etc. cannot be
measured and have to be inferred from theory

— X-ray Thomson scattering (XRTS)

- WDM theory notoriously challenging

fs~80~T~1

- intricate interplay of:
1) Coulomb coupling

2) quantum degeneracy effects

3) thermal excitations
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But: Rigorous WDM theory indispensable

» Diagnostics: para
measured and have . e
How to achieve a real ab initio

description of WDM?

— X-ray Thomson sc

- intricate interplay of:
1) Coulomb coupling ' Ny | SIS | G S SRS WRS—" een——
2) quantum degeneracy effects 0.0 _ .........
3) thermal excitations 0"‘1"'2"'3"'4"-5
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Part I: Introduction

But: Rigorous WDM theory indispensable

- Diagnostics: para ‘
measured and have - - 3
How to achieve a real ab initio K =p1100--

— X-ray Thomson sc ) )
description of WDM? kT=p,2

* WDM theory noté€

rs~ O~ ~

- intricate interplay From theorv to experiment:
1) Coulomb coupli Imaginarv-time correlation functions!

2) quantum dege

3) thermal excitations 0”.1.“2.“3”.4“.5
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Problem:

* Density functional theory (DFT) etc. require external
input about XC-effects

- finite T: XC-free energy fxc

Solution:

* Quantum Monte Carlo methods in principle allow for
exact solution of quantum many-body problems without
any empirical input

* Finite 7: Path Integral Monte Carlo (PIMC)

Taken from: T. Dornheim, S. Groth, and M. Bonitz, Contrib.
Plasma Phys. 59, e201800157 (2019)
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S. Groth, T. Dornheim, T. Sjostrom, F.D. Malone, W.M.C. Foulkes, and M. Bonitz, PRL 119, 135001 (2017)

Impact on thermal DFT simulation of warm dense hydrogen

Example:
a) . b) m——
Hydrogen at T=65,000K @ Ve g ) T T (C)

rS = 2 | i ¥ TAA 1 < : T ) | -\ A o _f"__:’——

(a) Ground-state LDA by Perdew |, | (/o | 8 !

And Zunger, PRB (1980) [PZ] ﬁ .j .‘.'r ' - 7
(b) our thermal LDA N o4 r ] '. 2 ( + \ 2
(GDSMFB] ' DR @00 O\ D 6@ . 4

Taken from: K. Ramakrishna, T. 6. IR D¢, 200 9 " J
Dornheim, and J. Vorberger, ...y & W ~ ot ‘.
Phys. Rev. B 101, 195129 (2020) — S A9 ™y
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S. Groth, T. Dornheim, T. Sjostrom, F.D. Malone, W.M.C. Foulkes, and M. Bonitz, PRL 119, 135001 (2017)

Impact on thermal DFT simulation of warm dense hydrogen

Example:
a b . .;\. :a" :J 7
Hydrogen at T=65,000K (®) ., e T () N e e 25 & © ) o N 3
=2 — f’“
____,_d.. A
d < L_f-,
1N e
(a) Ground-state LDA 'y | l\‘
And Zunger, PRB (198 Thermal XC-effects | ~-
(b) our thermal LDA must be taken into account! N T
b o/ -
[GDSMFB] -~ OV i~
~ J- x__j '/ ;\'r
: L X
J / <’ O L ’ _m,\‘ ., \f__—\&d
Taken from: K. Ramakrishna, T. OO @ 7 ¥ g & v ) \
Dornheim, and J. Vorberger, < BT g_:_} <\"‘“<:;)__j | .
Phys. Rev. B 101, 195129 (2020) N . N GDS ~ -
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Part I: Introduction

Part II: Electronic density response

of warm dense matter

Part Ill: Imaginary-time correlation
functions and XRTS

Taken from: M. Bohme, Zh. Moldabekov, . Vorberger, and
T. Dornheim, Phys. Rev. Lett. 129, 066402 (2022)
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Density response functions, local field correction b) ). Neural net
CDOP - - - -
e Dynamic density response function MCS o
G PIMC

xo(q, ) 25
1- %[1-G(g.0)x0(q ©)

1
0.5

- G (g,w) dynamic local field correction, containing all 0
electronic XC-effects

x(qw) =

- Yo(q,w) ideal density response function

G(q,(ﬂ) = 'Kxc(q;w)/v(q)

04
e Static limit: Exact QMC results for x(q) := x(qg,0), G(q)

Taken from: T. Dornheim, J. Vorberger, S. Groth,

e Extensive PIMC data for LFC G(q) for ~50 r.-8 combinations N. Hoffmann, Zh. Moldabekov, and M. Bonitz,
J. Chem. Phys. 151, 194104 (2019)

Neural net representation covering full WDM regime.
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Density respo
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Exact PIMC simulation of H snaphots
PIMC snapshot of hydrogen at rs=2, 6=1

*Use PIMC to solve electronic problem in the potential of
fixed protons

Green orbs: protons
Blue paths: quantum degenerate electrons
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Exact PIMC simulation of H snaphots

*Use PIMC to solve electronic problem in the potential of
fixed protons

Advantage #1: nanostructure not averared out

— study electronic localization around protons

Taken from: T. Dornheim, M. Bohme, Zh . Moldabekov, 0 0
and J. Vorberger, Phys. Rev. E 108, 035204 (2023)
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Exact PIMC simulation of H snaphots Induced electronic density of H at rs=4, 0=1

1 < 6 1
*Use PIMC to solve electronic problem in the potential of x A
fixed protons 08 X # 08
2
0.6 o 0.6
lt' 5E B o5 S
X = § J
0.4 x 0.4
Advantage #1: nanostructure not averared out 2 -2 I .
0.2 0.2 -
. . . -4
— study electronic localization around protons A=0.1 R s
0 ¥ -6 0
0 0.2 04 06 0.8 1
N z
Hya=H+2A E cos (q - 1) : - "
=1 & '
0.8 10
X x .
- study spatially resolved density response 0.6 i g <
X g 5 3
0.4 . .
) ]
0.2 110
A=UBEN *x X
0 *% e X S -15 *%
0 02 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1

V4

V4

Taken from: T. Dornheim, M. Bohme, Zh . Moldabekov, and J. Vorberger, Phys. Rev. E 108, 035204 (2023)
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Exact PIMC simulation of H snaphots Induced electronic density of H at rs=4, 0=1

1 < 6 1
*Use PIMC to solve electronic problem in the potential of x A
fixed protons 08 X # 08
2
0.6 o 0.6
lt' 5E B o5 S
X = § J
0.4 x 0.4
Advantage #1: nanostructure not averared out 2 -2 I .
0.2 0.2 -
. . . -4
— study electronic localization around protons A=0.1 R s
0 ¥ -6 0
0 0.2 04 06 0.8 1
N z
Hya=H+2A E cos (q - 1) : - "
(=1 i | 10
0.8
X
. ] x 5
- study spatially resolved density response 0.6 i g <
X g 5 3
0.4 %
2 -5
Advantage #2: Direct comparison to DFT 0.2 R 10
0 *% e X S -15 *%
0 02 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1

V4
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Taken from: T. Dornheim, M. Bohme, Zh . Moldabekov, and J. Vorberger, Phys. Rev. E 108, 035204 (2023)
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Exact PIMC results for XC kernel of H

*Harmonically perturbed Hamiltonian:
N

Hya= H+2AZCOS (q-17)
=1
— direct access to linear+nonlinear density response

1 CASUS
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Max Bohme
(PhD student)

Electronic density response of H at 6=1

~ . (1,cubic) 3
(Pa)yq = X (@A + X (g)A -0.01 - - - v 0
re=2
-0.015 | / ¥ .
(@) N -0.005
-0.02 | " x -
e
7
X ;
< 0025 | %8 | 0.01
Q %
P |
0408 [ 9 PIMC (H) + = =i -0.015
PIMC (UEG) #---0---¢
. -0.035 LRT limit
Taken from: M. BOohme, Zh. Moldabekov, J. Vorberger, ] cubic fit = = = -
and T. Dornheim, Phys. Rev. Lett. 129, 066402 0" 0'5 '1 1'5 '2 -0.02

(2022)

| | l, 1 1
V4
rs—4 ,’ “
| (b) / 8
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., 7©
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2.5 .
Exact PIMC results for XC kernel of H UEG --eeoeee ,»" g
PIMC (H): LDA —o—i ’ .
PIMC (H): ideal ==--1 ¢
*sHarmonically perturbed Hamiltonian: it ARREEE2 g ]
N _ ' ,,’ 3
ﬁ — HA- _|_ 2A COS . f‘ E 1 ,/ .............................. T
q,A Z (q-1) & . © 2
=1 05k ,-'3.0 -
= R
— direct access to linear+nonlinear density response Max Bohme g
(PhD student) 0 [ SR R B R B a
= (1) (1,cubic) 3 (@) fs=2
(Pa)yq = X (@A + x9(g)A - - -
1.5 T T, T
| TR
*Invert density response to get XC kernel / LFC i o
0 ._...f-.-.-.f.'.’..-f ........................ ST ; ; § .
L 2
X(Q) . X0 (q) = 8 e
— ] ee¢ ©
1+ [v(q) + Kxe(a)] xo(a) sl il _
1.5 $
¢
L g
UEG: a=0.6 :
G 47T K PIMC (H):c;o XC —eo— 8
— —— ALDA - - - -
(Q) q2 Xc(q) Taken from: M. Béhme, Zh. Moldabekov, J. Vorberger, e - : '3 p
and T. Dornheim, Phys. Rev. Lett. 129, 066402 (2022)

q/qr
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Part |lI: Electronic density response of WDM

~

2.5 . ,

Exact PIMC results for XC kernel of H UEG -orereemne ,:" 2
PIMC (H): LDA —o—i p 1

PIMC (H): ideal ==0-=1 ¢

*Harmonically perturbed Hamiltonian: | ALDA ---- _

N - I’ &
Hg,a :H+2AZCOS (q-17) g "/' ------- 3 """"""" :
=1 A ]

- direct access to linear

Common UEG based XC models
break down at low rs! — :

(Pa)ya = x (DA +

Invert density response » o
0 ._._w-.-.'.ff.'.'.'--“ ...................................... § -
¢
. XO (q) = L 2
X(q) T 1 K o e °
+ [v(a) + Kxe(q)] xo(q) l ol _
1.5 $
'Y
s a=0. e ¢
47T PIM(lZJI(EHG)':%OOXS —— 8
G(g) — __Kxc(Q) . _ |ALDA--|-- 1
q2 Taken from: M. B6hme, Zh. Moldabekov, J. Vorberger, 30 T 5 3 2
and T. Dornheim, Phys. Rev. Lett. 129, 066402 (2022) ol
.
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Part |lI: Electronic density response of WDM

XC kernel from DFT without functional derivatives Zh. Moldabekov

(PostDoc)
*Harmonically perturbed Hamiltonian:
N
Hqa=H+2A E cos (q - 1)
=1
- direct access to linear+nonlinear density response
A — 5, {1] A (1,cubic) A3 Taken from: Zh. Moldabekov, M. Bohme, J. Vorberger,
<’Oq>q,A X (Q) + X (Q) D. Blaschke and T. Dornheim, JCTC 19, 1286-1299 (2023)
DFT : Single particle Harmonic Exact e — e Applications :
n(x) density An(x) perturbations K..(q) correlations
N S(g,w), €(g,w),

X X X o Uel(q7w)aath(Qaw)a

q2
7 xx" x i )
y v \\\ o X% :> ;Sif;(igq)» g(r),
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Part I: Introduction

NIF170215 (S3)

Part Il: Electronic density response

Feelq,T)
1

of warm dense matter

0.8

Part 1ll: Imaginary-time correlation
functions and XRTS

Taken from: T. Dornheim, Zh. Moldabekov, M. Bohme,

J. Vorberger, P. Tolias, F. Graziani, and T. Doppner
(in preparation)
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| E;peﬁment | | | | | |
» Standard way: construct a model for S(g,w), convolve 1005‘ _E:Lm_m ]
with instrument function R(w), fit to XRTS signal 1(q,w) :ZPE}-ZMV
bound-free
I(qj w) — S(q7 w) @ R(w) le?:ricateinstrument

function
107 ¢

scattering intensity (arb. units)

10-3 S FR I I | 1
5550 5600 5650 5700 5750 5800 5850 5900 5950 6000
photon energy (eV)

Taken from: D. Kraus et al., Plasma Phys. Control. Fusion 61,
014015 (2019)
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Part lll: Imaginary-time correlation functions + XRTS

X-ray Thomson scattering (XRTS)

e Standard way: construct a model for S(g,w), convolve Experiment:
with instrument function R(w), fit to XRTS signal I(q,w) I(9,w) = S(q,w)®R(w)

I(q,w) = S(q,w) ® R(w)

deconvolution+ + convolution
* Frequency domain:
— no direct access to physical information DSF: S(q,w)
- approximate theoretical models physical information

A

Apprixmate models

Chihara models
TD-DFT, ...

Taken from: T. Dornheim, Zh. Moldabekov, P. Tolias, M. Bohme,
and J. Vorberger, Matt. Rad. Extremes 8, 056601 (2023)
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Part lll: Imaginary-time correlation functions + XRTS

X-ray Thomson scattering (XRTS)

: Lapl :
» Standard way: construct a model for S(qg,w), convolve Experiment: et Experiment (Laplace):
with instrument function R(w), fit to XRTS signal I(qg,w) l{q,w) = S(q,w)@R(w) e I(a,7) = F(q,T) * R(T)

inverse Laplace

deconvolution+ + convolution division + + multiplication

I(q,w) = S(q,w) ® R(w)

* Frequency domain:
— no direct access to physical information DSF: S(q,w) s i ITCF: F(q,T)
- approximate theoretical models physical information h physical information
inverse Laplace

 Imaginary-time domain: + +
— direct access to physics, e.g. T, w, A S Exact QMC results
— exact QMC simulations Chihara models PIMC, ...

TD-DFT, ...

£1S(qw)] = / 7w e ™ S(aquw)

— OO

Taken from: T. Dornheim, Zh. Moldabekov, P. Tolias, M. Bohme,
and J. Vorberger, Matt. Rad. Extremes 8, 056601 (2023)
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X-ray Thomson scattering (XRTS)

: Lapl :
» Standard way: construct a model for S(qg,w), convolve Experiment: et Experiment (Laplace):
with instrument function R(w), fit to XRTS signal I(qg,w) l{q,w) = S(q,w)@R(w) e I(a,7) = F(q,T) * R(T)

inverse Laplace

deconvolution+ + convolution division + + multiplication

I(q,w) = S(q,w) ® R(w)

* Frequency domain:
— no direct access to physical information DSF: S(q,w) s i ITCF: F(q,T)
- approximate theoretical models physical information h physical information
inverse Laplace

 Imaginary-time domain: + +
— direct access to physics, e.g. T, w, A S Exact QMC results
— exact QMC simulations Chihara models PIMC, ...

TD-DFT, ...

L15(q,w) ® R(w)]

[: [R(w)] Taken from: T. Dornheim, Zh. Moldabekov, P. Tolias, M. Bohme,
and J. Vorberger, Matt. Rad. Extremes 8, 056601 (2023)

L[S(q,w)] =
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Application I: Model-free temperature diagnostics

* Detailed balance in the T-domain:

- works for all wave numbers

- no explicit resolution of plasmon required Left: 5(q,w) Right: Laplace transform

100 p—r—T—

I q M 0.25|q,:
q = 0.5q¢
0 [ q =3QF
10 F q=3q 3
S(q, —w) = S(q,w)e P ; ]
q, — o\4q,
LE E E
~ S
:J_ w0
S - &
%‘ 0.1 F o
- symmetry around t=(2T)! 5 ' 5
o 3 o
- —
0.01 |
0.001
L E 1 1 1 1 1
0.0001 T 0 0.02 0.04 0.06 0.08
2100 50 0 50 100 150 200 250 300 eV

w [eV]

Taken from: T. Dornheim et al, Phys. Plasmas 30, 042707 (2023)
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Part lll: Imaginary-time correlation functions + XRTS

Application I: Model-free temperature diagnostics

* Detailed balance in the T-domain:

- works for all wave numbers

— no explicit resolution of plasmon required

Temperature of warm dense Be [Glenzer (2007)]

_ —Bw
S(q7 _w) _ S(q7 w)e > _ I I IIExperimen;: 100 I
Eo=2.96keV model, T=12eV b)
s | Probe ]
- a) tail fit  — 80 iaiaietateieteli el Aottt
- symmetry around t=(2T)! _, [T=148ev
E i T=21.1eV %
40
X
: : g
- very robust with respect to noise -
20
— no models / simulations etc. x .
“““““““““ corrected —6—
0 essssssssmslonsmnn—| L L
60 10 15 20 25 30 35 40
E [eV] x [eV]

Taken from: T. Dornheim, M. Bohme, D. Kraus, T. Doppner, T. Preston, Zh. Moldabekov, and J. Vorberger, Nature Comm. 13, 7911 (2022)
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Part llI: Imaginary-time correlation functions + PIMC

Application I: Model-free temperature diagnostics

* Detailed balance in the T-domain:

- works for all wave numbers
. _ , Temperature of strongly compressed Be@NIF
— no explicit resolution of plasmon required [Déppner et al., (2023)]

_ — —Bw 1001
S(q7 w) T S(q7 (,U)G
) 1201 |
c —
- symmetry around t=(2T)" = >
© o
> 150!
@ &3
@
£ ITCF ——
: : ITCF: raw ——
— very robust with respect to noise 2001 } best fit: with free-bound -
. . best fit: no free-bound
— no models / simulations etc. . . . , . .
8000 8500 9000 9500 100 200 300 400 500 600 700 800
Photon energy Aw x [eV]

Taken from: M. Bohme, L. Fletcher, T. Doppner, D. Kraus, A. Baczewski, Th. Preston, ..., and T. Dornheim, arXiv:2306.17653 (submitted)
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Part lll: Imaginary-time correlation functions + PIMC

Model-free normalization of XRTS experiments:

* Measured XRTS intensity is given by

I(q7 (,u) = A See (q7 w) k) R(w) (with A being an a-priori unknown normalization factor)

Reference: T. Dornheim, T. Doppner, A. Baczewski, P. Tolias, M. BOhme, Zh. Moldabekov, et al., arXiv:2305.15305 (submitted)
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Part lll: Imaginary-time correlation functions + PIMC (:‘,C"SUS
Model-free normalization of XRTS experiments:
* Measured XRTS intensity is given by

I((L (,u) — A See (q7 (.U) @ R(W) (with A being an a-priori unknown normalization factor)

- Laplace transform gives unnormalized ITCF

L[I(q,w)]
L[R(w)]

AFee(q, 7_) = AL [See (q7 CU)] —

Reference: T. Dornheim, T. Doppner, A. Baczewski, P. Tolias, M. BOhme, Zh. Moldabekov, et al., arXiv:2305.15305 (submitted)
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Part lll: Imaginary-time correlation functions + PIMC :,CASUS
Model-free normalization of XRTS experiments:
* Measured XRTS intensity is given by

I((L (,u) — A See (q7 (.U) @ R(W) (with A being an a-priori unknown normalization factor)

- Laplace transform gives unnormalized ITCF

AFee(qa 7_) = AL [See (q’ C,U)] -

L[I(q,w)]
L[R(w)]

* Absolute knowledge of ITCF is required for practical applications, e.q.

B
X(q, O) — —n/ dr Fee(q, 7') and See (q) — Fee(qa 0)
0

Reference: T. Dornheim, T. Doppner, A. Baczewski, P. Tolias, M. Bohme, Zh. Moldabekov, et al., arXiv:2305.15305 (submitted)
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Model-free normalization of XRTS experiments: Example: uniform electron gas
« Solution: f-sum rule in the imaginary time Mig = hq2/2me il ® N d— .
é 10+ i
o0 >
S o) o
M? = dw See(q,w) w ;o
— 00 10
10-4 L 1 1 1
-100 0 100 200 300
(_1)04 aa Energy loss w [eV]
M5 = Foo(q,T —
(84 ha 87_& ee (q7 ) b) F-SUM rule s
7=0 0.8 :
£ :
“% 0:6 ' B/z i
- frequency moments of S(g,w) are given by derivatives ‘g oal |
Of the ITCF around t=0 g S
. | I | ......................
 Determine the normalization from the first derivative of the ITCF 0 vie [01/0‘31 —

Reference: T. Dornheim, T. Doppner, A. Baczewski, P. Tolias, M. BOhme, Zh. Moldabekov, et al., arXiv:2305.15305 (submitted)
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Part llI: Imaginary-time correlation functions + PIMC

Model-free normalization of XRTS experiments: Example: Be@NIF (Déppner et al)
« Solution: f-sum rule in the imaginary time Mig = hq2/2me )
v 08}
Z o6t
R & 0.4
S Qo 2
M? = / dw See(q,w) w £ ool
-0.2 1 1 1 1
-500 0 500 1000
(_1)a aa i w [eV]
M5 = F..(q,T) 2
ece Y
o h®  Ot¢ =0 b)
1.5 F
= +10%
- frequency moments of S(q,w) are given by derivatives = ﬁt
Of the ITCF around t=0 05 - S -
SIF#2 ................
raw ——
O 1 1
0 500 1000

e Determine the normalization from the first derivative of the ITCF

Integration range x [eV]

Reference: T. Dornheim, T. Doppner, A. Baczewski, P. Tolias, M. BOhme, Zh. Moldabekov, et al., arXiv:2305.15305 (submitted)



mailto:Be@NIF

=D
Part Ill: Imaginary-time correlation functions + PIMC CycnAsSYs

s SYSTEMS UNDERSTANDING

Work in progress: large PIMC simulations with exponential speed-up

1012
! ' - Can do: large systems at moderate to
r«=0.5, ©=1 1011 weak quantum degeneracy
1010
115 F ‘
0 - Can‘t do: low temperatures, strongly
— 107 o quantum degenerate regime
I 1
= 108
g g
Y114k 107 ¥ Perfectly suited for low-Z
CPIMC 106 materials at the NIF!
extrapolated F——¢—
+0.5% 10°
AT Pernene e S et
11.3 | , Speed-up P
28 40 66 ;.;;'g‘g.;‘e:rc
" R
Taken from: T. Dornheim, P. Tolias, S. Groth, Zh. Moldabekov, Furopean Reseansh Counsl|

J. Vorberger, and B. Hirshberg, J. Chem. Phys. 159, 164113 (2023)

- - ERC Starting Grant ,Predicting the Extreme (PREXTREME)“
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Work in progress: large PIMC simulations with exponential speed-up

- Can do: large systems at moderate to
weak quantum degeneracy

2
&N

- Can‘t do: low temperatures, strongly
quantum degenerate regime

Perfectly suited for low-Z
materials at the NIF!

Example: Be at T=155eV

L]

European Research Council

Reference: T. Dornheim, Zh. Moldabekov, M. Bohme, J. Vorberger, P. Tolias,
D. Kraus, F. Graziani, and T. DOppner, in preparation

- - ERC Starting Grant ,Predicting the Extreme (PREXTREME)“

Established by the European Commission
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Work in progress: large PIMC simulations with exponential speed-up

- Can do: large systems at moderate to
weak quantum degeneracy

- Can‘t do: low temperatures, strongly
quantum degenerate regime

Intensity [arb. units]

Perfectly suited for low-Z
materials at the NIF!

-800 -400 0 400 800
w [eV]

Example: Strongly compressed Be at NIF

European Research Council

Reference: T. Dornheim, Zh. Moldabekov, M. Bohme, J. Vorberger, P. Tolias,
D. Kraus, F. Graziani, and T. DOppner, in preparation

- - ERC Starting Grant ,Predicting the Extreme (PREXTREME)“

Established by the European Commission
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NIF170214 (S3)

0=120° - exact PIMC results for
1.05 T T T T T T Fee(q,T) T T T H H
) 1 R p— NIF conditions
1 -
ool 0.8 0.8
5 06 06 ® - study e-e correlations
< 09} L - -
o Ki (not possible with DFT)
0.85 | 0.44
,I mseiig |_x_|'_e_' 5 :
0.8 - I, % NIF —e— | : “or PIII?IIIIE -— :_ i i
oqs i ¢ 2 o REAS=E a A1) 70 : . % - all spectral information
0 2 4 q6[A‘1] 8 10 12 0 0.001 [ev_(i.]OOZ 0.003 in the ITCF
T
NIF170215 (S3)
0=75° . .
1.05 —————r— Fee(a,7) 1 . . : - predict experiments,
. 1 T =190eV , .
1L . guide developments
g 0.8 !
0.95 }- -8 0.9 :
G5 0.6 o6 B !
5 09r T osl S==== - benchmark for
. . 1 -
0.85 | 0:4 - approximate methods etc
I' Nge=25 +—e—i . :
B =10 |
ol P e o TS %
0.75 1 1 1 1 RPAI - |- q [A-ll : ’ 1 1 1 - -
0 2 4 6 8 10 12 0 0.001 0.002 - H, He, Li, LiH, Be, ... ?

g [A1] T [evl]

Reference: T. Dornheim, Zh. Moldabekov, M. Bobhme, J. Vorberger, P. Tolias, D. Kraus, F. Graziani, and T. Doppner (in preparation)

- - ERC Starting Grant ,Predicting the Extreme (PREXTREME)*“
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Summary and Outlook W (.

* PIMC as a starting point to understand e-e correlations in WDM
* First exact PIMC results for XC-kernel of H

e XC-kernels within the framework of DFT

DFT : Single particle Harmonic
n(x) density An(x) perturbations

q1
q2

X

Taken from: Zh. Moldabekov, M. Bohme, J. Vorberger,
D. Blaschke, and T. Dornheim, J. Chem. Theory Comput. 19,
1286-1299 (2023)
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Summary and Outlook . €

* PIMC as a starting point to understand e-e correlations in WDM
* First exact PIMC results for XC-kernel of H

e XC-kernels within the framework of DFT

* Imaginary-time correlation functions as a framework to
understand e-e correlations

Intensity [a.u.]
Laplace transform

- XRTS measurements: T, S(q), etc.

0.0001
-100 -50 0 50 100 150 200 250 300

w [eV]

Taken from: T. Dornheim, M. Bohme, D. Chapman, D. Kraus,
Th. Preston, Zh. Moldabekoy, ..., and J. Vorberger,
Phys. Plasmas 30, 042707 (2023)




CASVUS

Summary and Outlook ol 20 o

* PIMC as a starting point to understand e-e correlations in WDM

Thank you for your
attention!

* First exact PIMC results for XC-kernel of H

e XC-kernels within the framework of DFT

NIF170215 (S3)

Feelq,T)
1

T =190eV |

* Imaginary-time correlation functions as a framework to
understand e-e correlations

0.8

- XRTS measurements: T, S(q), etc.
- Ab initio PIMC simulations

- New experimental set-ups, ...

Taken from: T. Dornheim, Zh. Moldabekov, M. Bohme,

J. Vorberger, P. Tolias, F. Graziani, and T. Doppner
(in preparation)
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Imaginary-time correlation functions
Imaginary-time path integral configuration

» Density—density correlations: 6 l l
F(q,7) = (A(q,0)(—q, 7)) o R S S
- measures stability / decay of correlations along t .
o n(q,T)
"'|:- 3 - - = =N - = =N - & =N -y =8
2 b =) = = = = = - Y — -
1 R PTG U —— f—
n(qg,0
. (9,0)
0 1 2 3

Taken from: T. Dornheim, Zh. Moldabekov, P. Tolias, M. Bohme,

and J. Vorberger, Matt. Rad. Extremes 8, 056601 (2023)
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Imaginary-time correlation functions

» Density—density correlations:

F(q7 T) — <ﬁ(q7 O)ﬁ(_qa T)>

- measures stability / decay of correlations along t

e Connection to DSF:

F(q,7) = /_oo doS(q, w)e ™

o

=D

1 CASUS

4
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Imaginary-time path integral configuration

6

T/€
w

n(q,T)

Taken from: T. Dornheim, Zh. Moldabekov, P. Tolias, M. Bohme,

and J. Vorberger, Matt. Rad. Extremes 8, 056601 (2023)
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Imaginary-time correlation functions
Imaginary-time path integral configuration

» Density—density correlations: 6 . l
F(q,7) = ((q,0)i(—q,7)) o A S
- measures stability / decay of correlations along t .
» Connection to DSF: N n(q,T)
"'|:- 3 - - = =N - = =N - & =N -y =8
o0
F(q,7) = / doS(q, w)e ™
. 2 F-Q------ X5 LEEEEER -
* Spectral representation: 1b--@----@-®-------- -
2 n(q,0
S(q,w) = E :Pm Inmi(a)]|” d(w — wim) 0 @9
_— 0 1 2 3
X
_ 2 —Twim
F(q’ T) - Z P Hnml (q) H € Taken from: T. Dornheim, Zh. Moldabekov, P. Tolias, M. Béhme,
m,l and J. Vorberger, Matt. Rad. Extremes 8, 056601 (2023)
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Imaginary-time correlation functions
Example: Imaginary-time diffusion of a single electron

» Gaussian diffusion process:

6 : &
po(r, 1 B) = / dr’ po(r,1's 7' )po(t' x5 B — ') ; AN
Q :
4 g S S
— Decay of elecronic correlations along : :Ar(T)
W A_
= 3 :
Fsp(q,7') = f dAr P(Ar,7') cos(q - Ar) i :
Q 2 443—
0 - o—
0 1 2 3
X

Taken from: T. Dornheim, J. Vorberger, Zh. Moldabekov and
M. Bbhme , Phil. Trans. Royal. Soc. (in print), arXiv: 2211.00579
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Imaginary-time correlation functions

) . ) Sinale-electron ITCF exhibits correct T-denendence
» Gaussian diffusion process:

pO(ra r; 16) — / dI', Po (1", 1",; T,)pO(r/a r; 16 - T,)
Q

- Decay of elecronic correlations along T:

Fsp(q,7') = f dAr P(Ar,7") cos(q- Ar)
Q

— Increasing t-decay with q accurately follows from single-particle
model

Taken from: T. Dornheim, J. Vorberger, Zh. Moldabekov and
M. Bbhme , Phil. Trans. Royal. Soc. (in print), arXiv: 2211.00579
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Excursion: Nonlinear electronic density response of WDM ('

Direct perturbation method gives access to nonlinear effects
Density response at the first harmonic

e Harmonically perturbed electron gas
N
Pt Fat A 0
H = Hygg + 2A 5 cos (- q)
k=1
-0.01 -
- Expand nonlinear density response in powers of A =

: -0.02 5

A (D (1,cubic) 3 ¥

(Oq)y 4 = X (@A + X (@A~

- g

0.06 . LRT + -3 -
fy — 2 2 : B bic -0

(:02q>qA = X( )(Q)A ; %X 0.03 o’ e -

’ 3 &
0 ﬁg‘.@_... 4.._.10.‘...@..‘....e.‘...‘.e.‘.‘“e‘_._‘.“.g‘ -
A _ 3 3 o003fp® v . .
<P3q>q,A = x " (q@)A”, 0 02 04 06 08 1
A
Taken from: T. Dornheim, J. Vorberger, and M. Bonitz,

Phys. Rev. Lett. 125, 085001 (2020)
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Direct perturbation method gives access to nonlinear effects

e Harmonically perturbed electron gas
Density response at the first harmonic

A A N A 0.04 . . —
H = Hygg + 24 5 cos (- q) =2 . LRT e
— =1  *"®  A=05r—e—
0.02 | A=0.2 .
- Expand nonlinear density response in powers of A x *
» *
~ 1 1,cubic 3 s O e R
(Pg)yp = X (DA + xO(9A°,
A 2 2 B
(P2q), 4 = x P (A%, oy o3
(@) *W«:p
n 3 3 a o
<'O3Q>qA — X( )(Q)A ’ -0.04 e L
’ 0 1 2 3 4

a/dr

Taken from: T. Dornheim, J. Vorberger, and M. Bonitz,
Phys. Rev. Lett. 125, 085001 (2020)
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Direct perturbation method gives access to nonlinear effects

e Harmonically perturbed electron gas
Density response at the first harmonic

N
Pt Fat A 004 1 1 _I
H = Hygg + 24 Z cos (f; - q) =2 \ e
k—1 Ve B=1 —o—i
0.02 | -
- Expand nonlinear density response in powers of A » ¢
~ 1 1,cubi 3 < .
(Pa)ya = X V(@A + x4 (g)A°, T
~ 2 2 L
(P2q), 4 = x P (A%, 002
A — (3) A3 N | ] |
(:03q>q,A X (q)A”, 0.0 - , - - ’

a/ar

Taken from: T. Dornheim, J. Vorberger, and M. Bonitz,
Phys. Rev. Lett. 125, 085001 (2020)
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Direct perturb

Physics of Plasmas ARTICLE scitation.org/fjournaliphp
e Harmonically per
rst harmonic
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i — [ i Electronic density response of warm dense matter® [ -
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Various aspects of nonlinear density response theory

e Get nonlinear density response from higher-order
imaginary-time correlation functions

TD, ZM, and }V, J. Chem. Phys. 151, 054110 (2021)

Taken from: T. Dornheim, Zh. Moldabekov et al,
Phys. Plasmas 30, 032705 (2023)
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Various aspects of nonlinear density response theory

e Get nonlinear density response from higher-order

imaginary-time correlation functions T - n T :
PIMC: N=14 *+ -% -1
TD, ZM, and }V, J. Chem. Phys. 151, 054110 (2021) 0.03 | * PIMC: N=20 + -¢ -1 -
ideal: N=14 ---%---:
e LFC-based framework for nonlinear response RPA -----
LFC ............
TD et al, Phys. Rev. Research 3, 033231 (2021) 002 k ideal i
0.01 *, . \ .
’l .'x.:..
d %
v .""%-..___
0 i 1 1 I B S
0 1 2 3 4 5
q/ar

Taken from: T. Dornheim, M. Bohme, Zh. Moldabekov,
J. Vorberger, and M. Bonitz, Phys. Rev. Research 3,
033231 (2023)




=D
Excursion: Nonlinear electronic density response of WDM (C;, SASYS

s SYSTEMS UNDERSTANDING

Various aspects of nonlinear density response theory

25 T T T
6=0.01 -----
* Get nonlinear density response from higher-order ol 8203~ ]
imaginary-time correlation functions g=i
S 15} ST B .
TD, ZM, and }V, J. Chem. Phys. 151, 054110 (2021) 3, B
e LFC-based framework for nonlinear response =07 I T I
TD et al, Phys. Rev. Research 3, 033231 (2021) s IR I
. . . . ,}I ch"\“"kaa,
e Connection to higher-order correlation functions 0 0” 1 2 3 .
TD, ZM, and }V, J. Phys. Scn. Jpn. 90, 104002 (2021) - oo
T L 0=05 --- - ]
K [ T [
40 | AL N =2 ---- -
'&«_O‘ ,;_t ‘\. \ 8=4
& 30f o X -
= - \
f! ’ -“\"-.,, ...h':-:\
10t NG -
:‘" M"‘-m
o L 1 1 ] _
Taken from: T. Dornheim, Zh. Moldabekov, and Jan Vorberger, © 1 2 3 4
J. Phys. Scn. Jpn. 90, 104002 (2021) alar
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Various aspects of nonlinear density response theory

* Get nonlinear density response from higher-order 0.01 T T w11 E 1
imaginary-time correlation functions 0005 F Ly .
E ; @ : : :
TD, ZM, and }V, J. Chem. Phys. 151, 054110 (2021) o i e ve e Sa——
e LFC-based framework for nonlinear response 00051 i T
1 : O2i ;202 : 3d2.
TD et al, Phys. Rev. Research 3, 033231 (2021) “OOTF qii 2q4i 3q:i 4q4i 5q;
S -0015F % i1 LS
e Connection to higher-order correlation functions = ” : : : :
—002F i i i b
TD, ZM, and }V, J. Phys. Scn. Jpn. 90, 104002 (2021) 0.025 S i : ;
e r e i : C ]
e Nonlinear interaction of multiple perturbations 003 F ﬁ  A=0.02 —E—
E ; : A = 01 HIPT o T
TD et al, Contrib. Plasma Phys. €202100247 (2022) ~0.035 f o A=05F % = -
T LRT
_004 | i 1 : | L |
0 1 2 3 4 5
KiK ¢

Taken from: T. Dornheim, J. Vorberger, Zh. Moldabekov,
and M. Bonitz, Contrib. Plasma Phys. e202100247 (2022)
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Various aspects of nonlinear density response theory

e Get nonlinear density response from higher-order Sixth-order density response (!)
imaginary-time correlation functions 2 . : , :
TD, ZM, and }V, ). Chem. Phys. 151, 054110 (2021)
e LFC-based framework for nonlinear response BT
TD et al, Phys. Rev. Research 3, 033231 (2021) < 1 |
e Connection to higher-order correlation functions ;Z
TD, ZM, and JV, J. Phys. Scn. Jpn. 90, 104002 (2021) == 05T
e Nonlinear interaction of multiple perturbations 0 % } ‘$
TD et al, Contrib. Plasma Phys. E202100247 (2022)
e Nonlinear response of ideal systems of arbitrary order 05 ¢ ! !
0 0.2 0.4

P. Tolias, TD, ZM and JV, EPL 142, 44001 (2023) A [Ha]

Taken from: P. Tolias, T. Dornheim, Zh. Moldabekov,
J. Vorberger, EPL 142, 44001 (2023)
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Various aspects of nonlinear density response theory

e Get nonlinear density response from higher-order

. . . . . T N T T T
imaginary-time correlation functions L ' .
ginary 0.04 [ PIMC +—o—
TD, ZM, and )V, J. Chem. Phys. 151, 054110 (2021) i e DFT(RPA) —e—
g v DFT(RPA)+LFC =
* LFC-based framework for nonlinear response i p DFT
b ' RPA
TD et al, Phys. Rev. Research 3, 033231 (2021) = . 5 LEC s s
— 1 \
e Connection to higher-order correlation functions Ex 0.02 F '«
TD, ZM, and }V, J. Phys. Scn. Jpn. 90, 104002 (2021)
e Nonlinear interaction of multiple perturbations
TD et al, Contrib. Plasma Phys. E202100247 (2022)
e Nonlinear response of ideal systems of arbitrary order 0
0 1 2 3 4 5
P. Tolias, TD, ZM and )V, EPL 142, 44001 (2023) /
4/qr
e Nonlinear density response from DFT
Taken from: Zh. Moldabekov, J. Vorberger, and
ZM, )V, and TD, J. Chem. Theor. Comput. 18, 2900 (2022) T. Dornheim, . Chem. Theor. Comput. 18, 2900 (2022)
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