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NEURAL-NETWORK QUANTUM STATES

Quantum states of physical interest have distinctive features and intrinsic structures




NEURAL-NETWORK QUANTUM STATES

NQS are now widely and successfully applied to study condensed-matter systems
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WAVE FUNCTION OPTIMIZATION

ANN trained by performing an imaginary-time evolution in the variational manifold
I Ty (pr) = (1~ Ho)| Wy (b))

pER?

1 Prisr = arg max (‘(‘T’V(PT”\I’V(pT”T»f)

The parameters are updated as

Pr+ér = Pr — 57-5_1g7'

J. Stokes, at al., Quantum 4, 269 (2020).
S. Sorella, Phys. Rev. B 64, 024512 (2001) 7




NEURAL-NETWORK QUANTUM STATES

Nucleons are fermions

Uy (z1,. .., Tiye ooy Ty xa) = =Vy(T1,...,T5, ..., Tiy. .., TA)

Slater-Jastrow ansatz

Uy (X)=e/Xe(X) 5 @(X)=det

J. Stokes et al., PLB, 102, 205122 (2020)
Pfau et al., PRR 2, 033429 (2020)
Hermann et al., Nature Chemistry, 12, 891 (2020) 8



NEURAL BACKFLOW CORRELATIONS

The nodal structure is improved with neural back-flow transformations X; == & (X;;X;;)




CONDENSED-MATTER DETOUR
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HOMOGENOUS ELECTRON GAS

We develop translation invariant NQS to study the Homogeneous Electron Gas.
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HOMOGENOUS ELECTRON GAS
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COLD FERMI GASES

Periodic-NQS to solve the two-components Fermi gas in the BCS- BEC crossover region

BCS Unitary BEC
< } t } > 1/kpa
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COLD FERMI GASES

We model the 3D unpolarized gas of fermions with the Hamiltonian

2
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COLD FERMI GASES

We introduce a Pfaffian-Jastrow ansatz

0 ¢(x17$2) e ¢(.’IZ1,:L‘N)
Opy(X) = pf ¢($2', 1) O : ¢($27 ZN)
_Cb(CENaﬂfl) d(rn,z2) - 0 |

In order for the above matrix to be skew-symmetric, the neural pairing orbitals are taken to be

qb(ivi,fﬂj) = n(xz':xj) - "7(%'7337;)
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COLD FERMI GASES
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COLD FERMI GASES

(E—F(;)exp — f — 0376(5)

0454 @ DMC-BCS —
A PIBF ol
1 ---- Fit y
0.44 o —
Error . -
7
©0.43 - g -~
K Y. P
E ," 7
S8 PRs g
0.42 - ',/ /,A’
e ,”
o KX
0414 7 _~-
Rt $
,/
0.40 . | | .
0.0 0.1 0.2 0.3 0.4
kFI’e

17

J. Kim, B. Fore, AL, et al. Commun.Phys. 7 (2024) 1, 148



BACK TO NUCLEAR PHYSICS

18 Image Credit: Jane Kim



NEURAL-NETWORK QUANTUM STATES
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“ESSENTIAL"™ HAMILTONIAN

Input: Hamiltonian inspired by a LO pionless-EFT expansion

Hrpo = —Z 2mN Z Vijk

1<J 1<j<k

LO Pionless EFT
o PWA93

* NN potential fit to s-wave np scattering lengths
and effective ranges 160

4 —_—
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R. Schiavilla, AL, PRC 103, 054003 (2021) 20 Thap [MeV]




“ESSENTIAL"™ HAMILTONIAN

Input: Hamiltonian inspired by a LO pionless-EFT expansion

=2
HLOZ—Z2ZiN+ZUij+ Z Viik

i i<j i<j<k

* 3NF adjusted to reproduce the energy of 3H. 6 i

cyc

10 1.2 1.4 16 1.8 2.0
R. Schiavilla, AL, PRC 103, 054003 (2021) 21 R3 (fm)




“ESSENTIAL"™ HAMILTONIAN

Our “essential” Hamiltonian reproduces well the spectrum of different nuclei
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DILUTE NUCLEONIC MATTER
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23 B. Fore, AL, et al. in preparation




DILUTE NUCLEONIC MATTER

0.125 4\ w  AFDMC
— SLy4 EOS
.§ 0.100 - -==-Non-interacting matter
o
=
O
J<
o

Baryon density (fm™3)

24 B. Fore, AL, et al. in preparation




DILUTE NUCLEONIC MATTER

14 Neutrons, 14 Protons @ p=0.01 fm-3
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DILUTE NUCLEONIC MATTER

14 Neutrons, 14 Protons @ p=0.01 fm-3
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DILUTE NUCLEONIC MATTER

24 Neutrons, 4 Protons @ p=0.01 fm-3
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DILUTE NUCLEONIC MATTER

24 Neutrons, 4 Protons @ p=0.01 fm-3
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HYPERNUCLEI

12 /1\2(3

6 protons, 6 neutrons 6 protons, 5 neutrons, 1 lambda
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HYPERNUCLEI

Input: Hamiltonian inspired by a LO pionless-EFT expansion

N N
VAN = Z vsT(Ti; ) Pst
S.T
= T=1/2, S=1
= T=1/2, S=0
N N

Parameters are determined by fitting proton-A scattering length and effective range
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HYPERNUCLEI

Input: Hamiltonian inspired by a LO pionless-EFT expansion

N N N
VANN = Z Dsrvsr(rin)vsT(rin)QsT
S.T
= T=0, S=1/2
= T=0, S=3/2
= T=1, S=1/2
N N N

Parameters are determined by fitting f\H “H(S = 0), ‘/‘\H(S = 1), and f\He.
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HYPERNUCLEI

No terms in the Hamiltonian mix lambda and nucleons: distinguishable

Andrea Di Donna proposed the following ansatz

qj(x/\7$17 s 73314) — u(x/\;xla s ,ZUA) X \IIHN(xla s 733A)
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HYPERNUCLEI

Nuclear and Hypernuclear %
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CONCLUSIONS

NQS successfully applied to study:
= Ultra-cold Fermi gases, outperforming state-of-the-art continuum DMC;

= Dilute nucleonic matter, including the self-emergence of nuclei;

= Essential Elements of nuclear binding
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