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Can a computer simulation reliably predict the 
properties of warm dense matter, including ICF?
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Can a computer simulation reliably predict the 
properties of warm dense matter, including ICF?

NOOOO!!



  

Motivation: Warm dense matter*

quantum
degeneracy

coupling 
(T=0)

generalized coupling par.

*M. Bonitz et al., Phys. Plasmas 2024
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Motivation
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1. Dramatic recent progress in WDM experiments, in particular, at the NIF
    (even German government got activated) 

2. progress in WDM diagnostics, accuracy (e.g., XRTS)

3. Breakthroughs in simulations for WDM, e.g., in our group, starting from first principles:

    - new fermionic PIMC simulations (PB-PIMC, CPIMC) for uniform electron gas
       Benchmark data for thermodynamic functions (2011-2018)

    - dynamic structure factor, imaginary time correlations (T. Dornheim et al.)

    - new first principles hydrogen simulations (2023)  
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1. Dramatic recent progress in WDM experiments, in particular, at the NIF
    (even German government got activated) 

2. progress in WDM diagnostics, accuracy (e.g., XRTS)

3. Breakthroughs in simulations for WDM, e.g., in our group, starting from first principles:

    - new fermionic PIMC simulations (PB-PIMC, CPIMC) for uniform electron gas
       Benchmark data for thermodynamic functions (2011-2018)

    - dynamic structure factor, imaginary time correlations (T. Dornheim et al.)

    - new first principles hydrogen simulations (2023)  

WDM enters a new era of high-precision research
Chances and challenges
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744, 1-86 (2018)



  

Physics of plasmas, in press (ca. 90 pages, 800+ Refs.)

Invited review (featured article, Scilight coverage)

Based on talk held at APS/DPP meeting 2023

Content and conclusions evolved dynamically (Nov. 2023 – May 2024)
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Abstract

...theory and modeling have produced extensive collections of data. They 
originate from a very large variety of models and simulations including path 
integral Monte Carlo (PIMC) simulations, density functional theory (DFT), 
chemical models, machine-learned models, and combinations thereof. At the 
same time, each of these methods has fundamental limitations (fermion sign 
problem in PIMC, approximate exchange-correlation functionals of DFT, 
inconsistent interaction energy contributions in chemical models, etc.), so for 
some parameter ranges accurate predictions are difficult.

Recently, a number of breakthroughs in first principle PIMC as well as in DFT 
simulations were achieved which are discussed in this review. Here we use 
these results to benchmark different simulation methods....

...We conclude by outlining strategies to combine different simulations to 
achieve accurate theoretical predictions that are based on first principles.



  

Can a computer simulation reliably predict the 
properties of warm dense matter, including ICF?

The answer is „No, but...“

Why?
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Can a computer simulation reliably predict the 
properties of warm dense matter, including ICF?

The answer is „No, but...“

Why?

No doubt, there exist excellent simulations! Tremendous progress during past 30 years:
 
- DFT, average atom models, Boltzmann equation, hydro codes, quantum hydro,
   semiclassical MD, wave packet MD, HNC, chemical models and more

- many can be systematically improved (via choice of approximations)

- often very good agreement with experiments achievable 

M. Bonitz, WDM simulations, 2024



  

The ultimate test for any theory: Agreement with experiment
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Successful examples:

- black body radiation: measurements of 
  Lummer and Pringsheim (1900) 
  vs. theory of W. Wien (top/bottom curves)

- absorption spectroscopy of atoms 
- semiconductor optics 
- cold atoms in optical lattices   
   [Schlünzen et al., PRB 93, 035107 2016]
etc.

high precision comparisons routine
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Successful examples:

- black body radiation: measurements of 
  Lummer and Pringsheim (1900) 
  vs. theory of W. Wien (top/bottom curves)

- absorption spectroscopy of atoms 
- semiconductor optics 
- cold atoms in optical lattices   
   [Schlünzen et al., PRB 93, 035107 2016]
etc.

high precision comparisons routine

But: situation in plasma physics different (?) 



  

Theory-experiment comparisons in WDM
problem: WDM experiments very complex, accuracy limited/unknown

Example: hydrogen hugoniot (1996-2000, unknown T and systematic errors, model input)

M. Bonitz, WDM simulations, 2024

from M. Bonitz et al., Phys. Plasmas 2024 which simulation is correct??



  

How accurate are the simulations?
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Why are there no error bars in the simulations? What are statistical and systematic errors?
Why nobody seems to care?

Given the large error in the experiments – does it matter at all which simulation to use?

How should a comparison between theory and experiment be done? 
Take the average of all simulations (weighted by the number of papers)?



  

How accurate are the simulations?
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Why are there no error bars in the simulations? What are statistical and systematic errors?
Why nobody seems to care?

It is very bad habit not to state the known/expected errors

Given the large error in the experiments – does it matter at all which simulation to use?

Of course!

How should a comparison between theory and experiment be done? 
Take the average of all simulations (weighted by the number of papers)?

Never!



  

The purpose of experiments
(as often stated in motivation of papers, talks)

M. Bonitz, WDM simulations, 2024

To „discriminate between models“ 



  

The purpose of experiments
(as often stated in motivation of papers, talks)
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Example: deuterium hugoniot* 

*from Gaffney et al., HED Phys. (2018): first code 
 comparison for ICF

There are qualitative differences in the model quality!

only QMC and DFT (??) deserve term „first principles“ 
approach!



  

Asking Wikipedia 
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„first principles“ theory

= ab initio
= „theoretical work that starts directly at the level of established science….
...does not make assumptions such as empirical model and parameter fitting“



  

Asking Wikipedia 
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„first principles“ theory

= ab initio
= „theoretical work that starts directly at the level of established science….
...does not make assumptions such as empirical model and parameter fitting“

DFT 
„...In the context of computational materials science, ab initio (from first 
principles) DFT calculations allow the prediction and calculation of material 
behavior on the basis of quantum mechanical considerations…
without requiring higher-order parameters such as fundamental material 
properties.“

Without assumptions??



  

The purpose of experiments
(as often stated in motivation of papers, talks)
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Example: deuterium hugoniot* 

*from Gaffney et al., HED Phys. (2018): first code 
 comparison for ICF

There are qualitative differences in the model quality!

only QMC and DFT (??) deserve term „first principles“ 
approach!

by construction, they are more accurate than the rest (if 
applied correctly) 

No experiment is needed to „discriminate“ 
between  QMC, DFT, average atom, CHNC.
Exp should be ambiteous: falsify theory!



  

How accurate is enough for a simulation?
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Given the large error bars in the experiments – 
is it worth to use/develop costly accurate simulations?



  

How accurate is enough for a simulation?
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Example of high accuracy measurements:
even small deviations of theory may be significant
and be related to new physical effects 

Consequence: development of Planck’s radiation law - 
an exact result that is reliable and predictive

Wien’s model
wrong at large λ



  

How accurate is enough for a simulation?

M. Bonitz, WDM simulations, 2024

Wien’s model
wrong at large λ

Imagine, there would be a WDM simulation that has 
predictive capability, i.e. reliably predict the 
result, without adjustments to experiments…

Tremendeous benefit for experiments and other 
simulations/models 

Example of high accuracy measurements:
even small deviations of theory may be significant
and be related to new physical effects 

Consequence: development of Planck’s radiation law - 
an exact result that is reliable and predictive



  

Simulations with predictive capability*
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They exist!

*free of systematic errors (only statistical errors that can be controlled)
 different from/more than the DFT notion of „first-principles“ or „ab initio“



  

Simulations with predictive capability
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- Solution of Schrödinger’s equation (CI, MCTDHF, ...*)

- DMRG simulations

- Quantum Monte Carlo simulations
  without nodal or other restrictions

They exist!

*D. Hochstuhl, C. Hinz, and M. Bonitz, EPJ-ST 223, 177-336 (2014)

Additionally: exact results for models:
Ideal gas, uniform electron gas, OCP etc.
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- Solution of Schrödinger’s equation (CI)

- DMRG simulations

- Quantum Monte Carlo simulations
  without nodal or other restrictions

They exist!

Additionally: exact results for models:
Ideal gas, uniform electron gas*, OCP etc.

Only N=2...20, microcanonical ensemble

Only 1D

only for parameters permitted by fermion 
sign problem, only WDM in equilibrium 

No experimental realization, but useful 
special cases for simulations (match Θ, Γ, rs)

Even though, they have limitations

Red: relevant for WDM, *Dornheim et al., Phys. Rep. 744, 1-86 (2018)



  

Simulations with predictive capability
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- Solution of Schrödinger’s equation (CI)

- DMRG simulations

- Quantum Monte Carlo simulations
  without nodal or other restrictions

They exist!

Computer experiments are source for benchmarks, complementing real experiments

Additionally: exact results for models:
Ideal gas, uniform electron gas, OCP etc.

Only N=2...20, microcanonical ensemble

Only 1D

only for parameters permitted by fermion 
sign problem, only WDM in equilibrium 

No experimental realization, but useful 
special cases for simulations (match Θ, Γ, rs)

Even though, they have limitations



  

Simulations relevant for warm dense matter*
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Observables

I. TD properties: p, E, g(r), S(q)

II. e-dynamic properties:
    See(q,ω), Fee(q,τ)

III. e-transport and opt. prop.s:
     σ(ω), λ(ω), κ(ω)

IV. e-spectral properties: 
     DOS, A(q,ω)

V. Ion dynamic properties: 
    Sii(q,ω), Di(ω)   

*M. Bonitz et al., Phys. Plasmas 2024



  

Quantum Monte Carlo simulations for dense H*
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*M. Bonitz et al., Phys. Plasmas 2024



  

Fermion PIMC and RPIMC for dense H: EOS*
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RPIMC validated by fermionic PIMC
*A.Filinov and M. Bonitz, PRE 108, 055212 (2023)
 M. Bonitz et al., Phys. Plasmas 2024



  

Phase diagram of dense H*
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* M. Bonitz et al., Phys. Plasmas 2024

Current questions: position of LLPT?
                              Superconductivity?

accessible only to CEIMC (but no benchmarks yet)
how about DFT, AA?



  

Simulations relevant for warm dense matter (2)*
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Observables

I. TD properties: p, E, g(r), S(q)

II. e-dynamic properties:
    See(q,ω), Fee(q,τ)

III. e-transport and opt. prop.s:
     σ(ω), λ(ω), κ(ω)

IV. e-spectral properties: 
     DOS, A(q,ω)

V. Ion dynamic properties: 
    Sii(q,ω), Di(ω)   

*M. Bonitz et al., Phys. Plasmas 2024



  

What FPIMC-based benchmarks provide*
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*M. Bonitz et al., Phys. Plasmas 2024

Green functions: - exact if selfenergy would be exactly known
                           - available: limited number of approximations (Feynman diagrams) 
                           - only some selfenergies can be systematically improved (perturbation theory)
                           - often not clear which of the choices is the most accurate
                             Schlünzen et al., PRB 95, 165139 (2017); J. Phys. Cond. Matt. 32, 103001 (2020),
                                 Kas and Rehr, Phys. Rev. Lett. 119 , 176403 (2017)

Kohn-Sham-DFT (KS-DFT, DFT-MD, based on Born-Oppenheimer approx.): 
                           - exact if XC functional would be exactly known
                           - available: limited number of approximations („Jacob’s ladder“) 
                           - in general, unknown which of the choices is the most accurate
               

FPIMC (or RPIMC) allows one to decide which selfenergy/XC functional is the most accurate, 
                               in the given case (and sometimes also why).



  

DFT, AA simulations for dense H: EOS*
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*A.Filinov and M. Bonitz, PRE 108, 055212 (2023)
 M. Bonitz et al., Phys. Plasmas 2024

Right axes with arrows: rel error to FPIMC



  

DFT, AA simulations for dense H: EOS*
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*A.Filinov and M. Bonitz, PRE 108, 055212 (2023)
 M. Bonitz et al., Phys. Plasmas 2024

Right axes with arrows: rel error to FPIMC



  

DFT, AA simulations for dense H: pair distributions*
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*A.Filinov and M. Bonitz, PRE 108, 055212 (2023);
 M. Bonitz et al., Phys. Plasmas 2024



  

Simulations relevant for warm dense matter (3)*
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*M. Bonitz et al., Phys. Plasmas 2024

Properties: I: Thermodynamic; II: electron dynamic; 
III: el. Transport; IV: el. Spectral, V: ion dynamic



  

Semiclassical MD and FVT for dense H: EOS*
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*A.Filinov and M. Bonitz, PRE 108, 055212 (2023)
 M. Bonitz et al., Phys. Plasmas 2024

Semiclassical MD simulations with 
improved Kelbg potential (Hanno Kählert)

IKP: A. Filinov et al., J. Phys. A (2003) and 
PRE 2004



  

Summary of thermodynamic benchmarks*
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*M. Bonitz et al., Phys. Plasmas 2024

1. RPIMC (free-particle nodes): very accurate in tested parameter region. 
     - relative errors of the pressure do not exceed 2%, except for lowest temperature, T = 15 625K.     
       - accuracy of the results (and the quality of the nodes) at higher density, rs ≲ 3, remains to be tested.

2. KS-DFT (PBE): moderately accurate in tested parameter region. 
   - relative errors of the pressure reach 7% 
    - KDT16 functional (finite T) substantially more accurate. For T= 60 000K, error ~ 2%.
      For T=30 000K error larger 

3. SC-MD (improved Kelbg): accuracy of 1. . .3%, for the pressure, for T ≳ 60 000K and rs ≳ 7,      
     - density range quickly widens with increasing temperature. Suitable for ion-acoustic modes

4. DFT-AA: good agreement with FPIMC, for pair distributions and static structure factors, 
     - with KS-DFT, for the conductivity. 
     - for quantitative benchmarks, additional tests required. 

More FPIMC benchmark data available for lower density and higher T and for g(r), S(q)
Also: density response, ITCF, DSF by T. Dornheim



  

Nonequilibrium simulations for warm dense matter*
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*M. Bonitz et al., Phys. Plasmas 2024
Properties: I: Thermodynamic; II: electron dynamic; 
III: el. Transport; IV: el. Spectral, V: ion dynamic

VI: nonequilibrium properties



  

Nonequilibrium benchmarks for warm dense matter
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[1] M. Bonitz, „Quantum Kinetic Theory“, 2nd ed. Springer 2016
[2] N. Schlünzen, J.-P. Joost, and M. Bonitz, PRL 124, 076601 (2020)

- NEGF may serve as basis [1]
  contain correlations, 
  collisions, spectral function

- recently achieved dramatic   
  acceleration with G1-G2  
  scheme [2]
- no hydrogen simulations yet

- required: model cases for  
  comparisons of methods



  

Overview on observables and methods*
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* M. Bonitz et al., Phys. Plasmas 2024

Analysis of fundamental limits 
and possible improvements



  

Conclusion: there is no „silver bullet“*
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* M. Bonitz et al., Phys. Plasmas 2024

- There is no single simulation that can reliably predict all relevant properties
  of warm dense matter, including ICF.

- first principles/predictive approaches do not reach the scales of interest

- simulations that do extend to large length and time scales have untested   
  accuracy, no predictive power



  

Conclusion: there is no „silver bullet“*
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*M. Bonitz et al., Phys. Plasmas 2024

- There is no single simulation that can reliably predict all relevant properties
  of warm dense matter, including ICF.

- first principles/predictive approaches do not reach the scales of interest

- simulations that do extend to large length and time scales have untested   
  accuracy, no predictive power

The alternative: development of set of different methods and their combination
                          Preserve predictive capability via „QMC downfolding“

analogous to „ab initio downfolding“ (DFT based model hamiltonians)



  

Outlook: smart combination of methods
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* M. Bonitz et al., Phys. Plasmas 2024

„QMC-downfolding“:
i.e., based on predictive si-
mulations (Fermionic PIMC)

Systematic iterative
→ Reduction of resolution +
→ Increase of accessible 
     r- and t-scales

all levels must be rigorously
derivable from top level



  

Example: FPIMC downfolding for 
Ionization potential depression (IPD)*
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* M. Bonitz et al., Phys. Plasmas 2024

map on simpler model that includes IPD:
Chemical model (Saha equation)

Classical limit

S.X. Hu, PRL 119, 065001 (2017) 
M. Bonitz and L. Kordts, to be published

IPD not directly accessible in QMC

IPD



  

FPIMC downfolding result for 
Ionization potential depression (IPD)*

M. Bonitz, WDM simulations, 2024

* M. Bonitz et al., Phys. Plasmas 2024 use FPIMC results for α as input to obtain continuum lowering



  

FPIMC downfolding result for 
Ionization potential depression (IPD)*

M. Bonitz, WDM simulations, 2024

*M. Bonitz and L. Kordts, to be published from FPIMC results for continuum lowering obtain IPD, Ieff
1s



  

FPIMC downfolding result for 
effective ionization potential*

M. Bonitz, WDM simulations, 2024

* M. Bonitz et al., Phys. Plasmas 2024 from FPIMC results for continuum lowering obtain IPD, Ieff
1s



  

QMC downfolding: Benefit for ICF
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* M. Bonitz et al., Phys. Plasmas 2024

Hydro simulations indispensible
to cover relevant scales and 
complexity

with present approach:

- needed input can be 
  improved substantially

- limitations can be better
  quantified.

- predictive simulations 
  will become possible  



  

Thank you for your attention
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