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Taken from: T. Dornheim, S. Groth, and M. Bonitz, Phys. Rep.
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Warm Dense Matter (WDM)

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

r(~0~r~1

- r.=d/a_, density parameter, 0=k T/E_, '=W/E

 Examples: giant planet interiors, brown dwarfs

« WDM highly important for technological applications:

- Inertial 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 ~ ;

r(~0~r~1

- r.=d/a_, density p

gREUE RS  \WDM routinely realized in large research &5

facilities around the globe!
« WDM highly impo

- |nertial confinement fusion, etc.

Taken from: Lawrence Livermore National Laboratory
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But: Rigorous WDM theory indispensable Isochorically heated graphite at LCLS (Stanford)
«  Experiment
» Diagnostics: parameters like 7, n, Z, etc. cannot be 1005‘ -Fr:;m,?ev 1
measured and have to be inferred from theory e o
— X-ray Thomson scattering (XRTS) Eiii;ﬁee
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Taken from: D. Kraus et al., Plasma Phys. Control. Fusion 61,

014015 (2019)
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» Diagnostics: parameters like 7, n, Z, etc. cannot be
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But: Rigorous WDM theory indispensable

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

description of WDM?

— X-ray Thomson sc

* WDM theory noté€

- intricate interplay Can we do XRTS diagnostics of WDM
1) Coulomb coupli without models / approximations?

2) quantum dege

3) thermal excitations
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Problem:

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

- finite 7: XC-free energy f

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) D) e » .
Hydrogen at T=65,000K e} e “Oimaa 2 e @ ot () 2 n)

= i . - r : 4 L P 4 !\.\\ ; : : .. s I 2, .\\:'\\

(a) Ground-state LDA by Perdew PR S ) @
And Zunger, PRB (1980) [PZ] | ! S l
(b) our thermal LDA . . '_ { o
[GDSMFB] PAL PR @S el

Taken from: K. Ramakrishna, T. ) Jvﬁ, AP ¢ ~( AP Py J
Dornheim, and J. Vorberger, A e _ . P m ¢ <~ \Prte- »
Phys. Rev. B 101, 195129 (2020) —= AW W,
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Impact on thermal DFT simulation of warm dense hydrogen

Example:
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Density response functions, local field correction

e Dynamic density response function

Xo(g, @)
1 - Z[1-G(q,0)]xo(q, @)

- X,(qw) ideal density response function

x(qw) =

- G (g,w) dynamic local field correction, containing all
electronic XC-effects
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Density response functions, local field correction
e Dynamic density response function Important input for many applications:
- Advanced nonlocal XC-functionals for DFT
. Xo(4> w)
X(q> w) - 477 - Stopping power, electronic friction, ...
1 - 23[1-G(q,@)]x0(g w) . |
9 - Effective potentials

- X,(q.w) ideal density response function - Electrical/thermal conductivity
- G(g,w) dynamic local field correction, containing all — Interpretation of XRTS experiments

electronic XC-effects
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Density response functions, local field correction Imaginary time T€[0,p]

e Dynamic density response function

1
F(qa T) — N (p(q’ T)/O(_qa O)>
Xo(g>w)

1 - 2[1- G(q.0) 104, @) fan  Fao-s@

i

x(qw) =

,.—,,_—/"’/__/
-/%/
%

- X,(qw) ideal density response function 1

- G (g,w) dynamic local field correction, containing all 82
electronic XC-effects '

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

q/dr

Taken from: T. Dornheim, T. Sjostrom, S. Tanaka, and .

Vorberger, Phys. Rev. B 101, 045129 (2020)
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Part |ll: Static density response of WDM

Density response functions, local field correction

* Dynamic density response function 4 T = Ma'c(s ' ;‘(
: X CDOP == =
: this work X
( )_ XO(%C‘)) 31 >N -
X q) w _ 477 :: :.' :.'
1-2 [1-G(gq,w)]x(g w) X /108K X /105K {10%K
© 2F X X X XXX X X X -
- X,(qw) ideal density response function % >< X
- G (q,w) dynamic local field correction, containing all 1r X X X X §§ g ~ § i
electronic XC-effects X X
o L - .
0.7 1 2 5 10 20
e Static limit: Exact QMC results for x(q) := x(g.0), G(q) s
* Extensive PIMC data for LFC G(q) for ~50 r -6 combinations Taken from: T. Dornheim, J. Vorberger, S. Groth,

N. Hoffmann, Zh. Moldabekov, and M. Bonitz,
J. Chem. Phys. 151, 194104 (2019)
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Density response functions, local field correction

e Dynamic density response function

Xo(%w)
1 — %[1—G(q,w)]xo(q,w) q O

rs O
6 O

x(qw) =

- X,(qw) ideal density response function

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

OO0 00000000
OO0 000 000

OG0 0000000

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

* Extensive PIMC data for LFC G(q) for ~50 r -6 combinations Taken from: T. Dornheim, J. Vorberger, S. Groth,

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 response functions, local field correction b) By . neural net
CDOP ==--
MCS @

e Dynamic density response function

G PIMC
x(g ) = AU E
1- %[1-G(g.0)xo(q ©)
- X,(qw) ideal density response function o,;
- G (q,w) dynamic local field correction, containing all U -

electronic XC-effects

e Static limit: Exact QMC results for x(q):= x(q.0), G(q) 6'4

* Extensive PIMC data for LFC G(q) for ~50 r -6 combinations Taken from: T. Dornheim, J. Vorberger, S. Groth,

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 response functions, local field correction

e Dynamic density response function

Xo(g, @)
Xgw) = —F
1- 23 [1-G(q0)]x(q w)
- X,(qw) ideal density response function

- G (g,w) dynamic local field correction, containing all

electronic XC-effects

e Static limit: Exact QMC results for x(q):= x(qg,0), G(q)
* Extensive PIMC data for LFC G(q) for ~50 r-8 combinations

First results for XC-kernel of hydrogen:
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Taken from: T. Dornheim, . Vorberger, S. Groth,
N. Hoffmann, Zh. Moldabekov, and M. Bonitz,
J. Chem. Phys. 151, 194104 (2019)

M. Bobhme, Zh. Moldabekov, J. Vorberger, and T. Dornheim, Phys. Rev. Lett. 129, 066402 (2022)
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Density response of warm dense hydrogen

2.5 T T v
« Exact exchange-correlation kernel of hydrogen (PIMC) N PFl’IIwMC(:::i(I:jE)z :;—_: I," ‘ |
— Benchmark Adiabatic LDA (ALDA) etc ALDA ===+ ¢
- Influence of partial localization around ions? T o s
- ... g 1r ,/ --------------------------- N
05 | ’_,-s'/'f“ $ 4
* UEG models break down at low density . ____.l‘?,g'l’fl ° ]
Q 177 re=2
* Future works: ' ' '
— input for time-dependent DFT, etc - ' A S——
- development of new XC-functionals =4 ’,.»-“‘"“ o
- predict NIF experiments o bme” l
g e ¢
- ... = ®e
G o o
Exchange—correlation kernel of ) 1s | ’ ° ¢ 3
warm dense hydrogen 3
UEG: a=0.6
Taken from: M. Béhme, Zh. Moldabekov, P e o §
J. Vorberger, and T. Dornheim, Phys. -3 0 '1 ; '3 .
Rev. Lett. 129, 066402 (2022) W
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Density response of real materials

« Compute exchange—correlation kernel from DFT simulations
— Problem: DFT limited to singe-electron density
— Solution: Perturb system, compute density response

- DFT gives access to exchange—correlation kernel
Taken from: Zh. Moldabekov,

M. Bohme, J. Vorberger, D. Blaschke,
and T. Dornheim, arXiv:2209.00928

DFT : Single particle Hasmonie Exact e — e Applications :
n(x) density An(x) perturbations K..(g) correlations
| | N | S(q,w), €(q,w),
q2 T oal(q,w), owm(q, w),
VAV, &'ﬂ = 32.5(q), 9(r)
s ot (1) ...
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Density response of real materials

« Compute exchange—correlation kernel from DFT simulations
— Problem: DFT limited to singe-electron density
— Solution: Perturb system, compute density response

—Kxc(q)/v(q)

- DFT gives access to exchange—correlation kernel

* DFT capable to generate electronic XC-effects

- insights into performance of XC-functionals g e 58 5 BE bE B0 o
— XC-effects of real materials a/ar
- ...
gF 1.5 7 0
10 | Fy *
6 05F 7 é ~d
Exchange—correlation kernel of & ' g /5
warm dense hydrogen =L &9 G. 2 | 5
¥ |0 1 2 3 .
Taken from: Zh. Moldabekov, 5 5L A 8
M. Bohme, J. Vorberger, D. Blaschke, . i
and T. Dornheim, arXiv:2209.00928 | ¢ s @ 0=1
1 1 1 i 1
0 1 2 3 4
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Density response functions, local field correction b) ,_, neural net
i, CDOP - ---
e Dynamic density response function i MCS o
G PIMC  x

g 1%
iy g
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7 8 L
v IIIRKAL
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Wave-number resolved description of

XC-effects of warm dense electrons
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- X,(qw) ideal den

dynamic
electro

- G (q,w)
What about frequency-dependence?

e Static limit: Exact (
* Extensive PIMC data for LFC G(q) for ~50 r.-6 combinations Taken from: T. Dornheim, . Vorberger, S. Groth,
N. Hoffmann, Zh. Moldabekov, and M. Bonitz,

J. Chem. Phys. 151, 194104 (2019)

First results for XC-kernel of hydrogen:
M. BOhme, Zh. Moldabekov, J. Vorberger, and T. Dornheim, Phys. Rev. Lett. 129, 066402 (2022)
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Need for dynamic properties of WDM Isochorically heated graphite at LCLS (Stanford)

Experiment
e WDM Diagnostics: obtain plasma parameters from 10°F o .
XRTS experiments A SR s

ol

- Dynamic structure factor boundiree

alternate instrument

function

—
(e
L

1
F(gq,t) = N (0(q,t)p(—q,0))

1 .
= S(Q? 0)) — _/ dt F(C],f) ew)t
2

—00

scattering intensity (arb. units)

—
o
o

10-3 e S IS 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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Need for dynamic properties of WDM

e WDM Diagnostics: obtain plasma parameters from
XRTS experiments

- Dynamic structure factor

1
F(gq,t) = N (0(q,t)p(—q,0))

0

1 .
= S(Q? 0)) — _/ dt F(C],f) ew)t
2

—0

e Rigorous description of dynamic properties even
more challenging then TD equilibrium

- TD-DFT: adiabatic approximation, no XC-kernel

- Green functions: approximation in coupling

- PIMC: Imaginary time, analytic continuation
possible for UEG!

scattering intensity (arb. units)
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Isochorically heated graphite at LCLS (Stanford)

Experiment
100 - Fit:
: Te =21.7eV

Z=171
IPD =24.0 eV
free-free
bound-free
elastic

function

107}

alternate instrument

10-3l__|___\__4__| !

5550 5600 5650

5700

5750 5800
photon energy (eV)

5850

5900 5950 6000

Taken from: D. Kraus et al., Plasma Phys. Control. Fusion 61,

014015 (2019)
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First ab-initio results for dynamic structure factor of UEG
DLFC: exact solutions —— DLFC ---- SLFC —— RPA Exampe: UEG at 6=1

RPA: G(q,w)=0
SLFC: G(q,w)=G(q,0)

— static approximation

a/qF

Taken from: T. Dornheim, S. Groth, J. Vorberger, and M. Bonitz,

Phys. Rev. Lett. 121, 255001 (2018)
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First ab-initio results for dynamic structure factor of UEG
DLFC: exact solutions —— DLFC ---- SLFC —— RPA Exampe: UEG at 6=1

RPA: G(q,w)=0

SLFC: G(q,w)=G(q,0) .94

— static approximation

2.35
I,
I
* Metallic density (rs=2.4). S | g8
- red-shift compared to RPA
— static approximation quasi-exact 1.25
0.63

Taken from: T. Dornheim, S. Groth, J. Vorberger, and M. Bonitz,

Phys. Rev. Lett. 121, 255001 (2018)
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First ab-initio results for dynamic structure factor of UEG
DLFC: exact solutions —— DLFC ---- SLFC —— RPA Exampe: UEG at 6=1
RPA: G(q,w)=0
SLFC: G(q,w)=G(q,0) 5 04
— static approximation
2.35
I,
4
* Metallic density (rs=2.,4): S | g8
- red-shift compared to RPA
— static approximation quasi-exact 1.25
0.63
e Electron liquid (rs=10):
- non-trivial shape of S(q,w)
- negative dispersion relation Taken from: T. Dornheim, S. Groth, J. Vorberger, and M. Bonitz,

Phys. Rev. Lett. 121, 255001 (2018)
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DLFC: exact solutions
RPA: G(q,w)=0
SLFC: G(q,w)=G(q,0)

— static approximation

e Metallic density (rs=2,4):

- red-shift compared to RPA

— static approximation quasi-exact

e Electron liquid (rs=10):

- non-trivial shape of S(q,w)

— negative dispersion relation

(', CASVUS

s SYSTEMS UNDERSTANDING

First ab-initio results for dynamic behaviour of WDM

Exampe: UEG at 6=1

5 4 —— DLFC
---- SLFC /g
4 IS RPA ’,'
TS — 4 ,."‘/,I 14
a, 3 - .,,;/
3 ol
g
3 94
1 iz o)
o | A
| | | | | |
0 1 2 3 0 1 2 3
q/qr q/qr

Taken from: T. Dornheim, S. Groth, J. Vorberger, and M. Bonitz,
Phys. Rev. Lett. 121, 255001 (2018)
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First ab-initio results for dynamic behaviour of WDM
DLFC: exact solutions Exampe: UEG at 6=1
RPA: G(q,w)=0 e //
SLFC: G(q,w)=G( /
, static approxi What is the physical origin g/ /
of the observed roton feature? /
e Metallic density, /, ,/,::
, red-shift comps Pair alignment: /_/
— static approxi )
' [ | I I [ I I I
e Electron liguid (rs=10): 0 1 2 3 0 1 2 3
- non-trivial shape of S(q,w) a/4r afar
- negative dispersion relation Taken from: T. Dornheim, S. Groth, J. Vorberger, and M. Bonitz,

Phys. Rev. Lett. 121, 255001 (2018)
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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) Z:?::;Cateinstrument

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 Ill: Dynamic properties in the imaginary time

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, arXiv:2209.02254 (submitted)
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X-ray Thomson scattering (XRTS)

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

I(q,w) = S(q,w) ® R(w)

* Frequency domain:
- no direct access to physical information

- approximate theoretical models

 Imaginary-time domain:
— direct access to physics, e.q. T, W

- exact QMC simulations

£1S(qw)] = / 7w e ™ S(aquw)

— OO

Experiment:

I(g,w) = S(q,w)®R(w)

deconvolution+ + convolution

DSF: S(q,w)

physical information

A

Apprixmate models

Chihara models
TD-DFT, ...

Laplace

-—

inverse Laplace

Laplace

-—

inverse Laplace

(".‘ CASUS
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Experiment (Laplace):

I(g,T) = F(g,T) * R(T)

division ++ multiplication

ITCF: F(q,T)

physical information

A

Exact QMC results

PIMC, ...

Taken from: T. Dornheim, Zh. Moldabekov, P. Tolias, M. Bohme,
and J. Vorberger, arXiv:2209.02254 (submitted)
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X-ray Thomson scattering (XRTS)

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

I(q,w) = S(q,w) ® R(w)

* Frequency domain:
- no direct access to physical information

- approximate theoretical models

 Imaginary-time domain:
— direct access to physics, e.q. T, W

- exact QMC simulations

L15(q,w) ® R(w)]
L|R(w)]

L[S(q,w)] =

Experiment:

I(g,w) = S(q,w)®R(w)

deconvolution+ + convolution

DSF: S(q,w)

physical information

A

Apprixmate models

Chihara models
TD-DFT, ...

Laplace

-—

inverse Laplace

Laplace

-—

inverse Laplace
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Experiment (Laplace):

I(g,T) = F(g,T) * R(T)

division ++ multiplication

ITCF: F(q,T)

physical information

A

Exact QMC results

PIMC, ...

Taken from: T. Dornheim, Zh. Moldabekov, P. Tolias, M. Bohme,
and J. Vorberger, arXiv:2209.02254 (submitted)
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Model-free temperature from XRTS experiments:

S(q, —w) = S(q,w)e

* Detailed balance in the T-domain:

- works for all wave numbers

- no explicit resolution of plasmon required Left: S(q,w) Right: Laplace transform
100 3 T 1 1 1 1 F 1 I
F g = 0.25q¢
q = 0.5q¢
'_ Q_=3CIF
Laplace transform: 10 a= 39
> 1 £
LiS@w)] = [ dwe™ S@w) s
e % 01Fg 5
- symmetry around t=(2T)* - oo -
0.001 -
l 1 iI 1 1
0.0001 L 1 1 1 1 L 0 0.02 0.04 0.06 0.08
-100 -50 0 50 100 150 200 250 300 < [eV]

w [eV]

Taken from: T. Dornheim et al., in preparation
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Model-free temperature from XRTS experiments:

* Detailed balance in the T-domain:

- finite w-range, check convergence with x

xT

- no explicit resolution of plasmon required L. [S(q,w) ® R(Ww)] = dw e ™ {S(q,w) ® R(w)}

—X

- works for all wave numbers

Temperature of warm dense Be [Glenzer (2007)]
100 T T T T

_ I I IIExperimen;:
Eo=2.96keV model, T=12eV b)
Probe
) tail fit =—— go [T g T
oo [T=148eV L [S(q, w) ® R(w)]
z L[S(q,w)] =
g L[R(w)]
2 = T=21.1eV
= (<2 N
40 |
20 F XX
X<
“““ X raw X
corrected —6—
0 Jessshasmsane—. 1 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, arXiv:2206.12805
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Part Ill: Dynamic properties in the imaginary time

Model-free temperature from XRTS experiments:

* Detailed balance in the T-domain:

- works for all wave numbers - finite w-range, check convergence with x

xT

- no explicit resolution of plasmon required L. [S(q,w) ® R(w)] = dw e ™ {S(q,w) ® R(w)}
—I
Temperature of warm dense Be [Glenzer (2007)]
3 1 1 1 . 1 100 1 1 1 1 8
Ep=2.96keV 4"t sy — b) sl ©
i Probe —— T=12eV '
2.5 a) tail fit  — 80 [~ e ------- -------- ,
T=14.8eV v 1 ge £ e .
z = -] 5 er L (B2
‘o % % x x P | b= !
£ = T=21.1eV zw&é,&‘ w&;"&“ 3 55 \\
B a0 P 1 & :
X 4 5 |
% :
X 4.5 1
20 - RX \_:_/
X ) ' x = 35eV |
T raw X L ] 1 1
0 Jessssssbesme | L Co'rrGCted L > 0 20 40 60 80 100
-40 -20 0 20 40 60 10 15 20 25 30 35 40 < [keV-1]
E [eV] x [eV]

Taken from: T. Dornheim, M. Bohme, D. Kraus, T. Doppner, T. Preston, Zh. Moldabekov, and J. Vorberger, arXiv:2206.12805
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Part Ill: Dynamic properties in the imaginary time

Model-free temperature from XRTS experiments:

* Detailed balance in the T-domain:

- works for all wave numbers - finite w-range, check convergence with x

— no explicit resolutic e ™ {S(q,w) ® R(w)}

XRTS gives direct access to T, etc

- model-free EOS measurements

’&xxx

T=211eV X B g X %a‘;'

Intensity

Laplace tra

A’(
X
20 } XX
% B i
X X = 35eV

raw X
colrrected |_e_

1
60 80 100

0 sl —L
10 15 20 25 30 35 40 T [keV1]

E [eV] X [eV]

Taken from: T. Dornheim, M. Bohme, D. Kraus, T. Doppner, T. Preston, Zh. Moldabekov, and J. Vorberger, arXiv:2206.12805
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Ab initio theory of WDM

neural net
CDOP -=---

* need for finite-T XC functionals based on PIMC results
* static density response: PIMC + neural net

* PIMC results for warm dense hydrogen

* DFT framework for the study of XC-effects

* dynamic density response: PIMC + analytic continuation

Key pre-print:

Taken from: T. Dornheim, J. Vorberger, S. Groth, N. Hoffmann,
Zh. Moldabekov, and M. Bonitz, JCP 151, 194104 (2019)
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Summary and Outlook ('

Physics in the imaginary time

* Usual w-representation equivalent to T-domain
* Model-free T-diagnostics etc.

* Future works: physical insights form the t-domain

Laplace transform

Key pre-prints:

Taken from: T. Dornheim, M. Bohme, D. Kraus, T. Doppner,
T. Preston, Zh. Moldabekov, and J. Vorberger, arXiv:2206.12805
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