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● Ground state energies:
iterated backflow, neural network wave functions

● Energy gaps (insulators):
single particle excitations (charged gap)
particle-hole excitations (neutral gap)

● Fermi liquid properties (metals):
momentum distribution
renormalization factor Z
effective mass m*



  

Plasmas in condensed matter (I)

“Condensed” matter:    

● Temperatures much smaller than electronic Fermi temperature T<<T
F 
 

Energetics: Born-Oppenheimer approximations (electronic ground state for fixed/static ions)

● “collective” electronic phases (not bandstructure): electron gas (one component plasma)

● “collective” nuclear effects at low temperature: quantum liquids, ultracold atoms,…

● “emergent” phases of long living excitations (quasi-particles): excitons,…

● (non-relativistic) Hamiltonian for ions and electrons (Coulomb interaction)     

“Plasma” physics:    



  

Plasma in condensed matter (II)

● (High Tc) supraconductors…:

Electronic matter:    

□ Bose condensation, e-h plasma: bi-excitons, qudri-excitons…
(David Neilson, Filippo Pascucci, Stefania de Palo, ...)

μ

● Excitation spectra and many-body correlations:

● (High Tc) supraconductors…:

● composite bosons with dominant dipolar interaction, nanostructures...

Semiconductor excitons:    

□ Hubbard model(s) (phase diagram)
□ Phases of continuum models (electron gas)
□ “ab-inito” description of materials

from electronic structure: embedding, downfolding...

□ Fermi liquid vs Mott
□ Photon absorption
□ Excitonic effects, plasmons...

Ultracold atoms, helium liquids:    

● effective short-range interactions (few parameters, quantitatively measured)

(Shiwei Zhang, David Ceperley, Ilya Esterlis, 
□ Yubo Yang, Carlos Sa de Melo, David Linteau)



  

Phase diagram of the homogeneous electron gas:
 an ideal problem for computational methods!
Phase diagram of the homogeneous electron gas:
 an ideal problem for computational methods!

Electron gas:
(jellium, HEG,OCP)    

● Based on variational principle    

● Explicitly correlated wave functions 
(Slater-Jastrow,…)

● Stochastical improvements
● Monte Carlo integrations
● finite number of particles N

Quantum Monte Carlo methods: 



  

Methodological developments….:Methodological developments….:

● Twisted boundary conditions (k-point sampling): eliminates/reduces shell effects
● Understanding of two-body correlations: finite-size corrections to reduce 2-body effects 

Ceperley, Chester, Kalos (1977)
Slater-Jastrow Backflow - 3body

Schmidt,Pandharipande,.

● Higher many-body correlations: U4,...
● Iterated backflow q(n+1)

  build by building functions from 
previous backflow coordinates q(n)

Neural quantum states
● Graph neural networks
● Deep layer structures

See
Shiwei Zhang, Yubo Yang,
David Linteau, Conner Smith

Thermodynamic limit extrapolations: 
from finite (small) N to “real matter”  

Better ground state wave functions: 



  

M. Wilson, S. Moroni, M. H., N. Gao, F. Wudarski, T. Vegge, A. Bhowmik,Phys. Rev. B 107, 235139 (2023).



  

Phase diagram of the homogeneous electron gas:Phase diagram of the homogeneous electron gas:

Itinerant magnetism in 3D electron gas? 



  

Itinerant ferromagnetism:Itinerant ferromagnetism:

F. Bloch, Zeitschrift f. Physik 57, 545 (1929).
● F. Bloch (1929):

same electrons can lead to electronic conduction and ferromagnetism

based on homogeneous electron gas model
using Hartree-Fock approximation 

● E. Wigner (1934):
importance of correlations (beyond Hartree Fock)

possibility of crystalline order at low densities (Wigner crystal)
”magnitude of correlation energy important for questions of para- and ferromegnetism”

E. P. Wigner, Phys. Rev. 46, 1002 (1934)

● E. Stoner (1938):
mimic correlations by phenomenological interaction term between

spin-up and spin-down densities  
=> continuous transition between zero and full magnetisation 

    (Stoner transition)
”Stoner criterium”: ratio of repulsive energy to Fermi energy

E.C. Stoner, Proc. R. Soc. Lond. A 165, 372 (1938)



  
B. Bernu, L. Candido, and D. M. Ceperley, 
Phys. Rev. B 70, 094413 (2004)

Results from 2002 indicate Stoner transition!Results from 2002 indicate Stoner transition!

F. H. Zong, C. Lin, and D. M. Ceperley, 
Phys. Rev. E 66, 036703  (2002)

Phase diagram T≥0Continuous 
polarization transition at T=0



  

Application of iterated backflow renormalization:

M.H. and S. Moroni, Phys. Rev. Lett. 124, 206404 (2020)

Many-body correlations in the low
Density region can be accurately 
Extrapolated by iterative backflow

Wigner crystalization
sets in before 
Polarization transition

Itinerant magnetism in 3D electron gas? 
Many-body correlations vs Stoner (polarization) transition



  

● Electronic systems:
itinerant ferromagnetism: correlations + band structure

● different isotropic systems with spin-independent ?
(ultracold atoms/ molecules) 

Does a Stoner transition occur in nature?Does a Stoner transition occur in nature?

 Change scattering length a
s
→∞ ?

=> difficulties/controversals due to 2-body bound state leading to instability!

 Dipolar interactions (heteronuclear molecules, Rydberg atoms)?
=> no polarization transition in 2D before freezing

T. Comparin, R. Bombin, M. H., F. Mazzanti, J. Boronat, and S. Giorgini, 
Phys. Rev. A 99, 043609 (2019)

Conjecture:
For an isotropic normal Fermi liquid with
spin-independent isotropic interactions
the ground state remains unpolarized up to freezing.

● Liquid helium ? No
experiment / higher order backflow calculations... 



  

● Quantum Monte Carlo calculations are based on variational principle

Beyond ground state energies:Beyond ground state energies:

 Energy is true upper bound, but other (ground) state properties are accessible:
pair correlation functions, static structure factor give structural information

Momentum distribution gives complementary information:
Extended or localized electronic states, Fermi liquid behavior?

□ Extensions to excited state properties:
effective mass, gaps? 

● (New) difficulties for computing spectral properties:

● Quantum Monte Carlo calculations are based on variational principle

 QMC extensions for excited states to guarantee orthogonality

□ Extended systems/thermodynamic limit: continuous spectrum:
important finite size effects may be expected,
transition from discrete to continuous spectra might not be straightforward 



  



  



  



  



  

Momentum distribution of solid and liquid Li (r
S
=3.25):

 Experiment vs QMC (full electron) 

Momentum distribution of solid and liquid Li (r
S
=3.25):

 Experiment vs QMC (full electron) 

 Yang, Hiraoka, Matsuda, M. H., Ceperley,
Phys. Rev. B 101, 165125 (2020);
Hiraoka, Yang, Hagiya, Niozu, Matsuda, Huotari, M. H., Ceperley,
Phys. Rev. B 101, 165124 (2020). 

Use of Pseudo-potentials to eliminate core 
electrons gives systematic (small) deviations: 
all electron calculations needed!



  



  



  

QMC attemps to match excitation spectra 
to Landau functional
QMC attemps to match excitation spectra 
to Landau functional

● Controversy of m*:
VdiagMC,K. Haule and K. Chen,
Scientific Reports 12, 2294 (2022)
vs QMC study by
Azadi, Drummond, Foulkes
PRL 127, 086401 (2021)

● Problems:

○No explicit (operational) definition of 
quasi-particle excitation

○Validity away from the Fermi surface?

○Non degenerate ideal gas excitations only
for finite N around Fermi surface

○Discrete (finite N) vs continuous (infinite N)
energy spectrum of excitations:
m* characterizes the continuous spectrum!



  



  



  



  



  



  



  

Static self-energy Static self-energy 

M.H., F. Calcavecchia, D.M. Ceperley, V. Olevano, cond-mat 2305.02274 (2023)  



  

Size corrections (analytic): Size corrections (analytic): 

M. H., B. Bernu, D. Ceperley, J. Phys.: Conf. Ser. 321 012020 (2011), cond-mat/1105.2964.

Exact (beyond RPA) leading order finite size corrections (based on Ward identities): 

Leading order size corrections from Coulomb singularity (q⟶0) 

q→0



  

Z + static self-energy = m* Z + static self-energy = m* 
M.H., F. Calcavecchia, D.M. Ceperley, V. Olevano, PRL 131, 186501 (2023)  
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P. Loubeyre, F. Occelli , P. Dumas,
 PRL 129, 035501 (2022)

V. Gorelov, M. Holzmann, D. Ceperley, 
C. Pierleoni, PRL 124, 116401 (2020)

High pressure hydrogen:
Insulator-metal transition

High pressure hydrogen:
Insulator-metal transition

● Characterize insulator:
spectral (optical) properties, gaps,…

● CEIMC: includes nuclear quantum motion

From ground states to excitations…..



  

Electronic momentum distribution
and fundamental gap at the LLPT

V. Gorelov, D. Ceperley, M.H., C. Pierleoni, PRB 195133 (2020)



  

Fundamental (charged) and neutral gap
In solid H

2
 (phase I - HCP)

V. Gorelov, M.H., D.M. Ceperley, C. Pierleoni, Phys. Rev. B 109, L241111 (2024)

Experimental results from 
inelastic X-ray scattering:
Gap from lower limit of photon
energy loss spectra

B. Li, Y. Ding, D. Y. Kim, L. Wang, T.-C. Weng,
W. Yang, Z. Yu, C. Ji, J. Wang, J. Shu, J. Chen, K. 
Yang,Y. Xiao, P. Chow, G. Shen, W. L. Mao, H.-K. Mao,
 Phys. Rev. Lett. 126, 36402 (2021).



  

Summary - Conclusions:Summary - Conclusions:

Improvement of ground state wave functions:
iterated backflow, machine learned network ansätze...

Jellium: many-body correlations supress polarization transition,
true for all isotropic and spin-intependent interactions?
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Fermi Liquid parameters: Z, m*
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Gaps:  single particle and p-h excitations, size effects, S(k)….
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