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NEURAL-NETWORK QUANTUM STATES

By = (Uy|H[Py)
Uy (X;p) - {Tv[Ty)

> Ej

1 (X|H[Vy)
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OPTIMIZATION

NQS trained by performing an imaginary-time evolution in the variational manifold

I [y (py) = (1 HOm) Uy (p,)

<

_ 2
Pri+sr = argmax (‘ <\Pv(p7)|q’V(PT+5T)>‘ )
PER?

The parameters are updated as

Pr+6r = Pr — 57—5_1g7

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




PFAFFIAN-JASTROW ANSATZ

0 ¢($1,$2) Tt ¢(£U1,LEN)_
(I)PJ(X) _ GJ(X) y pf (b(LUQ.,LUl) 0 . Qb(.CEQ, ZUN)
_qb(xf\-fv 1) ?b(xNa Ta) - 0

The above matrix has to be skew-symmetric:

[0 $12 P13 P14

Example:  pf :iiz _223 (%3 zij = P12¢34 — P13%24 + Pr4P23
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SLATER JASTROW ANSATZ

IX)=1:  He(m,s)

W — E—»H‘ - ®- _’[>_’f(x1’E’xM)
xl\ P(x)

V4

XM P (xy)

Wagstaff et al., arXiv:1901.09006 (2019) 7 Zaheer et al., arXiv:1703.06114 (2017)




NEURAL BACKFLOW CORRELATIONS

The nodal structure is improved with neural back-flow transformations Xi ==» ! (X; y X £i)

Di Luo and B. K. Clark, Phys. Rev. Lett. 122, 226401 (2019)
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ESSENTIAL HAMILTONIAN




“ESSENTIAL"™ HAMILTONIAN

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

e T=1,S=0 » T=0, S=1

R. Schiavilla, AL, PRC 103, 054003 (2021)




AVERAGE P-WAVES

¢ Added to the NN potential some p-wave contributions

o—o—9o—9o o —o ——— 06— ©
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R. Schiavilla, AL, PRC 103, 054003 (2021) 11




“ESSENTIAL"™ HAMILTONIAN

* 3NF adjusted to reproduce the energy of 3H and 160

9

\/ijk | Ce ) e! (r,f +I‘1-2k )/R% : | | : : :
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R. Schiavilla, AL, PRC 103, 054003 (2021) 12
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GAUSSIAN PROCESS
FOR HYPERNUCLEI
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NUCLEI WITH A STRANGE PARTICLE

Hypernuclei: bound state between an ordinary nucleus with one (or more) hyperons

Our work: consider single-/\ hypernuclei to begin with

12
12 C | C
6 protons, 6 neutrons 6 protons, 5 neutrons, 1 lambda
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THE HYPERON PUZZLE
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HYPERON-NUCLEON POTENTIAL

N A\

Ve = G5 P (i) (rir)
IS i

o T=1/2, S=1 e T=1/2, $=0

N A

Channel| IS Cis (MeV) !is (fm' 1) | aexp (fM)  rexp (fM)
10 -31.0633 1.10117 |-23.7148(43) 2.750(18)
01 -68.3747 1.30512 | 5.4112(15) 1.7436(19)
%0 -33.5417 1.54720 -1.80 2.80
%1 -25.3115 1.41379 -1.60 3.30

np

p!
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HYPERON-NUCLEON-NUCLEON POTENTIAL

N A\ N

Vane = O Qusii 1)t (ti ) ().
IS i<j

e T=0,S=1/2 =« T=0,S=3/2  * T=1,5=1/2

System B, (MeV) " (MeV) IS Depen"dence

P H 0.164  0.043 02

E o h | ] _ d> 'Hsso 2169  0.042 = 03, 13
IL 10 nyper nuclear separation energies : : :

'Hs=1  1.081  0.046 !o%" !15., !og"

? He 3102 0030 03, 13, 03

1°0 13.00  0.089 o0}, 11, 03
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1_494%:822 A. Di Donna, arXiv:2507.16994

0

Do
13115

D11
10 13 16

Ij-0,3
6.45702
0 4 4
S
n s \ ) / E \
Lo 4 4

145150 155 13115 0 10 13 16
r Do D11




A. Di Donna, arXiv:2507.16994

ESSENTIAL HAMILTONIAN
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A. Di Donna, arXiv:2507.16994

SINGLE-PARTICLE DENSITIES
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A. Di Donna, arXiv:2507.16994

SINGLE-PARTICLE DENSITIES
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A. Di Donna, arXiv:2507.16994

SINGLE-PARTICLE DENSITIES
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NUCLEAR RESPONSES WITH
NQS AND MAXENT
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RESPONSE FUNCTIONS

R(,q)= 1 old |1 ™t (|| o™ (! # Ef + Eg)
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Image courtesy of S. Pastore
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NUCLEAR RESPONSES WITH NQS

f — R(w)

——= Wy =50 MeV!
~ == =100 MeV~!
—~== Wp=150 MeV!

We consider the Lorentz Kernel

z R( .
L(to.a)= ! g !(o)qulz

th

Arbitrary units

~ -

-
—————— —-———
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NUCLEAR RESPONSES WITH NQS

The first step in computing the LIT involves solving the inhomogeneous Schrodinger equation

(H! Eo! Yol iD)["L"=3J]" o"

The LIT can be computed from the norm

1 1
H#Eo# !o+i! H# Eo# ! o # !

L(to,! @)= 1" LI"L" = 1" ol Il o

Leveraging the Hermiticity of the Hamiltonian, we recast the norm as an overlap

1
0P L= = Imit (9] o

29



NUCLEAR RESPONSES WITH NQS

Resolvent equation:
(H! Eo! "ol iD)"L"=3J]"o"

1) Maximize the fidelity
! ! - 0 n n ! + T ! !
!! |II II! n |! n I | (w EO o I )l L

o= L L ars

2) Compute the global phase and norm

'I ||g||
BN N =

D. Hendry et al., Phys. Rev. B 100, 245123 (2019) 30




NUCLEAR RESPONSES WITH NQS

In matrix form

31




ERROR ESTIMATES

We provide an upper bound on the LIT uncertainty:

I#1 1" F
I L(1o,")! D ,
(O) IIN F

Where:

H w7
_ll L"‘J:"'-l y

D =min (1" P! L#!,Ei(l" P, )IZI

e
PLs T

E. Parnes, et al., arXiv:2504.20195 [nucl-th] 32




NUCLEAR RESPONSES WITH NQS

!A
We considered a dipole transition J = G (z! Zem)

:

33
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4He
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INVERTING THE LIT

Historically

IN

RI)=  c"n(t ! #1,#2,9) > | =

n=1

Polynomials defined as

! 1(" 1#11#2’$) S eXp|(! #2" ) i

I #o"
Ut (" #1,#2,8)= "' Texp ! $2—n

V D Efros, et al., J. Phys. G: Nucl. Part. Phys. 34 R459 37




INVERTING THE LIT

The LIT of the basis function is well known

" ! . I (ll " #1 #2 $)
|_ (" # # $) — du n ’ ’ ’ .
n 0, 1,772, n" "
0 (" ")zt 12
Parameters determined by minimizing the chi-square
Nio /= 2 )
2 _ (I—'i ! I—i) — 2
! - n 2 . H ! i ! i stat +

i=1 i

38
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INVERTING THE LIT

We leverage a MCMC based maximum-entropy approach

P(RIL) = P(LIR)%
Likelihood
11272
P(LIR) = ezL

Entropic prior (Skilling)

R(!) ™
m(!)

PR)= €° — s:- d R()! m()! R(!)Iog“

E. Parnes, et al., arXiv:2504.20195 [nucl-th] 39




INVERTING THE LIT

Hence, the prior is conditional on both the model and !
'S
e
P(RIm,!)= —,
(Rim.1)= —

The ! - dependent normalization constant Zs can be estimated by approximating the exponential
with a Gaussian centered at Ri = m;

' N, 1 P 70 (674 \ 7V ()LNI /2
- dR; R; 2#
Zs = I Zexp ! Ri"m" Rilog — !'" # —/ .
i=1 Ri m; I
Thus
1S "2/2
P(RIL,m,!)= ————
(RIL,m,1)= =5

E. Parnes, et al., arXiv:2504.20195 [nucl-th] 40




INVERTING THE LIT

We can marginalize over !

' : g s! "2/2 1
P(RIL,m)= d P(RIL,m,1)P(1)= d —— =
ZsZ) |
x10~1
3.0 1
m— Basis
LIT
2.5 == = Flat
2.0
s 1.5
lod
1.0 1
0.5
0.0 T T T T
0 5 10 15 20 25 30

w (MeV)
E. Parnes, et al., arXiv:2504.20195 [nucl-th] 41




NUCLEAR RESPONSES WITH NQS

MCMC “with swap” used to sample the posterior: no need to fix a

1 uT ] mmm Flat

P(alc, m)
o = N w IS ul ()] ~ 0]

5.7 5.8 5.9 6.0 6.1 6.2 6.3 155 160 165 1.70 1.75 1.80 1.85 1.90
a a

E. Parnes, et al., arXiv:2504.20195 [nucl-th] 42




NUCLEAR RESPONSES WITH NQS

Computed the photo-absorption cross section with quantified uncertainties

254 T ——— Basis expansion 3.5 1 e ——— Basis expansion
—— Maximum entropy — Maximum entropy
9 Experiment 3.0 1 ® Experiment

0 10 20 30 40 50 60 20 25 30 35 40 45
w (MeV) w (MeV)

E. Parnes, et al., arXiv:2504.20195 [nucl-th] 43




PERSPECTIVES

Leverage NQS and Bayesian methodology to compute nuclei and nuclear-star matter with
quantified uncertainties.

* Include chiral-EFT potentials without exponential scaling

P. Wen et al. e-Print: 2505.11442 [nucl-th]
Y. Yang et al., 2509.01303 [nucl-th]
Y. Yang et al., Phys. Rev. Lett. 135 (2025) 17, 172502

*  Go beyond Gaussian Process (Emulators, PMMs, Foundation NQS)

44
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THE QUANTUM MANY-BODY PROBLEM

* Non relativistic many body theory aims at solving the many-body Schrodinger equation

HI n(Xl,---,XA): Enl n(Xl,---,XA)

* Nucleons are fermions, so the wave function must be anti-symmetric

(X1, Xy ey Xy Xa) = D (X, oo Xy Xy e, XA)

N N

46




HOW TO TACKLE MEDIUM-MASS NUCLEI?

GFMC
IR N = L

i<j

AFDMC

Computational Cost

et 1+ Ryt

i<j

wory s 0
3
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ZJENERGY iy 47 Argonne




