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We introduce a novel neural quantum state architecture for the accurate simulation of extended, strongly interacting fermions in continuous space.
The variationa state is parameterized via permutation equivariant message passing neural networks to transform single-particle coordinates to
highly correlated quasi-particle coordinates. We show the versatility and accuracy of this Ansatz by simulating the ground-state of the 3D
homogeneous electron gas at different densities and system sizes. Our model respects basic symmetries of the Hamiltonian, such as continuous
tranglation symmetries. We compare our ground-state energies to results obtained by different state-of-the-art NQS Ansaetze for continuous space,
as well as to different quantum chemistry methods. We obtain better or comparable ground-state energies, while using orders of magnitudes less
variational parameters and optimization steps. We investigate its capability of identifying and representing different phases of matter without
imposing any structural bias toward a given phase. We scale up to system sizes of N=128 particles, opening the door for future work on finite-size
extrapolations to the thermodynamic limit.
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Restriction: impose anti-symmetry

How to design fermionic Neural network Quantum States (NQS)?
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Fermionic-NQS in 1st quantization
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Fermionic-NQS in 1st quantization
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Mean field
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Nodal surface

Slater (HF)

Backflow

Nodal surface
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Fix N-1 electron positions

Figures from Pablo Lopez Rios
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Backflow as coordinate transformations

« Imaginary time evolution: &, (X) = (X|e™"#|®,) [(Tg|Do)| > 0
* Representative X’ for each X

¢, (X) = / - dX'G. (X, X")®o(X') = Vol(Q2) x G (X, Y (X)) ®o(Y (X))
Q
» Backflow transformation Y(X):

O, (X) = J(X) x @o(Y (X))
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Message-Passing BackFlow (MPNN-BF)
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Message-Passing BackFlow (MPNN-BF)
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Message-Passing BackFlow (MPNN-BF)
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Message-Passing BackFlow (MPNN-BF)
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Message-Passing BackFlow (MPNN-BF)
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Message-Passing BackFlow (MPNN-BF)
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Model summary

Pu(r) = A
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Homogeneous Electron Gas




Experiments

Homogeneous Electron Gas (3D)
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* Maintains symmetries
* Translation invariant (K = 0): floating
* Spin-inversion symmetric

» Unbiased: cubic simulation cell

Orders of magnitude less parameters (~19k)

» Allows to use Stochastic Reconfiguration, aka (quantum) Natural Gradients

Fast convergence (~500 steps vs 500k steps)

1
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Experiments
Homogeneous Electron Gas (3D)
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Fermi liquid Floating Wigner Crystal?
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Benchmark: small systems
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Benchmark: small systems
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Results

1.5 « Uniform 1-body density:
AN floating
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Ultra-cold Fermi gas




Restrictions: determinant

¢1(r1) ... ¢1(rn)

¢’>N.(1“1) ¢N<PN)

\.

Single-body orbitals

Superconductivity: BCS theory?
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Pairing fermions with Pfaffians

Definitions
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Pairing fermions with Pfaffians

Definitions
) o 0 «
_ Singlet pairing (BCS) pf [—aT 0} = det ||
Even
B(re, 0575, 0;) — ('T“\;i'“’)
( + (ool | M) (TN o gthe, ) (1) + B8 i) 1)
e (P) |

17

irsa: 23060032 Page 25/31



Pairing fermions with Pfaffians

Definitions
___ Singlet pairing (BCS) ~ pf [_fxr ‘g} = det|al
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Neural backflow Pfaffian
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Ultra-cold Fermi gas
BCS-BEC Crossover

%

BCS BEC
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Results

* Poschl-Teller interaction
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Jan Kim Alessandro Lovato
The Machine-Learning toolbox for Quantum Physics
Contains: Fermions, NQS, (MC)MC, Automatic Diff,
Argon ne o Hamiltonians, Stochastic Reconfiguration, Optimisers,

NATIONAL LABORATORY

" s
E P F L Vicentini, ..., Nys, ..., Carleo, SciPost

Phys. Codebases 7 (2022)

Computational Quantum Science Lab,
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