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THE QUANTUM MANY-BODY PROBLEM

Many-body Schrodinger equation
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THE NUCLEAR MANY BODY METHODS

Configuration-interaction Quantum Monte Carlo
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CURSE OF DIMENSIONALITY

Configuration-interaction Green’s function Monte Carlo
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NEURAL QUANTUM STATES

« Most quantum states of interest have distinctive features and intrinsic structures

 Atrtificial neural networks compactly represent complex high-dimensional functions

Hilbert Space

Credit: Giuseppe Carleo

Argonne 6




SCALING AND COMPUTATIONAL PERFORMANCE

Scaling with resources

10!
Scaling with system size -
Conventional VMC: 0 (ZA) ra
=3 Tl
5V &
Neural quantum states: 0(A4”) & | deal scaling
A = Number of particles in system E ®— Time Total \\
—0— Time Walk
10-1'{ —®— Time Observables
—®— Time Optimization
30 50 100 200 400

#GPUs
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VARIATIONAL MONTE CARLO WITH NQS

1. Create the NQS wavefunction

Py (X; w) = 5

2. Sample (Metropolis-Hastings algorithm) and compute wavefunction energy
(W, 0w,)
(Py[¥y) N

0.(X)
onf (RS}
3. Minimize the energy w.r.t parameters, w, to reach the ground state

(Wy|H|Wy)
(Wy |¥y)
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FERMIONIC WAVEFUNCTIONS

W, (X) = eV@p(X)

= Build in fermion antisymmetry for network
j,Xi )| compactness

..x; ...)| " Permutation-invariant Jastrow function
improves ansatz flexibility

» Build U and & functions from fully
connected, deep neural networks
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FERMIONIC WAVEFUNCTIONS

W, (X) = eV@p(X)

U(...,.X'i , .X'] ) = U(,X], e X ) CID(...,xi ) .X'] ) = —CD(...,X]', e X )

b1(x1) P1(xy) ... Py(xy)
UX)=p (Z 9 (xz)> P(X) = b2 (xl) :
| qbn(.xl) b, (xn)
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NQS WAVEFUNCTION ANSATZ OVERVIEW

- Neural Slater-Jastrow y, = BU(.)det(gb.(’))
 Hidden Fermion — e (@ de(®)
o = det(% @) e @)

» Neural Pfaffian b (x;, %) = U(Xi;xj) —n(xj, x;)
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PIONLESS EFT HAMILTONIAN

= Pionless-EF T Hamiltonian

Hyo=— ZmN Vi + ik
1<j I<j<k
= NN potential fit to ,
— np scattering lengths viCjI — z e—Tij/R in'
— effective radii J
— deuteron binding energy p=1

=14 .
0;; = (1,735,045, 04745)

» Three body potential adjusted Vi = (r 47 k) /R%
to reproduce 3H binding Ljk E

cyc

R. Schiavilla, PRC 103, 054003(2021)
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RESULTS IN 160

~118
I A — —— NQS

~1201 —— AFDMC
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@ —1221 — Exp
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NEURAL QUANTUM STATE RESULTS IN NUCLEI

- Exp.
3 . ¢ VMC-NQS
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NEURAL QUANTUM STATE RESULTS IN NUCLEI
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MAGNETIC MOMENTS

Ground state is degenerate in L, Break degeneracy using magnetic field B,
H-H-B,L,

A. Gnech, B. Fore, Phys. Rev. Lett. 133, 122-551
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MAGNETIC MOMENTS

Ground state is degenerate in L, Break degeneracy using magnetic field B,
H-H-B,L,

.---—

A. Gnech, B. Fore, Phys. Rev. Lett. 133, 142501
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MAGNETIC MOMENTS

Ground state is degenerate in L, Break degeneracy using magnetic field B,

~.--"

A. Gnech, B. Fore, Phys. Rev. Lett. 133, 142501
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MAGNETIC MOMENTS

1.6 A

1.4

0 500 1000 1500 2000 2500 3000 3500 4000
Optimization step
A. Gnech, B. Fore, Phys. Rev. Lett. 133, 142501
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MAGNETIC MOMENTS
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A. Gnech, B. Fore, Phys. Rev. Lett. 133, 142501
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CONCLUSIONS AND NEXT STEPS

» Conclusions:
» Universal and accurate approximations for fermion wavefunctions
* No assumptions applied to nuclear structure
» Favorable scaling with number of fermions

* Next steps:
« Ground state calculations including tensor term
« DMC calculations beginning from NQS results
« Excited state calculations
* Real time dynamics
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THANK YOU
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SUPPLEMENTAL SLIDES
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LARGER NUCLEI SCALING
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NEURAL QOUANTUM STATE RESULTS IN NUCLEI
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A. Gnech, Phys. Rev. Lett. 133, 142501
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NEURAL QUANTUM STATE RESULTS IN NUCLEI

Exp
3.04f ¢ VMC-NQS

2.8 +

o
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A. Gnech, Phys. Rev. Lett. 133, 142501
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NUCLEAR MATTER
RESULTS
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PURE NEUTRON MATTER

Neutron Matter (14 particles, 0.04 fm3)

70_ ...................... + NQS
< — AFDMC
%69— b = \/MC
o === Hartree-Fock
O 6.8 -
t
a
EG'T_ | I I N N BN BN DN DN BEEE DN DI DD S B B B .
O
&8
o 0.6 1
o
L
6.5

0 1000 2000 3000 4000
Optimization Steps

29 Argonne &




TWO-BODY PAIR DISTRIBUTIONS

0.01 fm3
— Singlet Fermi Gas
—==== Triplet Fermi Gas
¢  Singlet NQS
L Triplet NQS

AhkiiAARE

OO 05 10 15 20 25 30 35 40 45 50 55

r [fm]

B. Fore, Phys Rev. Res. 5, 033062(2023)
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SYMMETRIC NUCLEAR MATTER

—10 1
-12
_14_ T T T T T
0.00 0.02 0.04 0.06 0.08
ng (fm~3)

B. Fore, Commun Phys 8, 108 (2025)
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Density: 0.01 fm-3

® Proton
® Neutron

4—‘ Fully clustered
Free neutron e (28Si Nucleus)

component
4 protons; 24 neutrons 14 protons; 14 neutrons
B. Fore, Commun Phys 8, 108 (2025)
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NUCLEAR MATTER PROTON FRACTION

0.150 A |
? NGS Assumptions:
0.125 - % AFDMC -
- ? —— SLy4 EOS = Energy expansion in
5 U].DD 7 e Non—interacting matter neutron r|ChneSS
4_. ]
: = Charge neutrality
= 0.075 1
S n, =n,
©
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— 1 _
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o
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NUCLEAR MATTER
BACKGROUND
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NEUTRON STAR STRUCTURE

+  (solid)

nuclej,

104 ~12
Inner Crust:
11 ~
4x10 nuclei, electrons, neutrons 1.5
Outer Core ~10
Q 1014
Q
?,. . neutrons, protons
f}_ electrons, muons Radius
e (km)
3 14
) 5xI10
M ~ 1.4 Mg

1015

38

Mostly neutrons but composition
varies with density

Nuclei in crust are squeezed into
uniform matter in core

Likely neutron superfluid in inner
crust and outer core

Calculations currently focus on
iInner crust
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BULK NUCLEAR MATTER SETUP

« Periodic boundary conditions

I I
® @@E @®@ E ®®@ and coordinate system
2TieT ¥ ___ (o o
@ @ : ‘ ‘ : @ @ r; ‘ r, = S11 fr@: , COS fri
® @® @@
- _G_D_ - _:_‘_ R +<_D ________ » Potential energy contribution
»® »® @@ from particle images
o® '@® @® - Assume Coulomb potential is

screened by electrons
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MEDIUM MASS NUCLEI
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CHARGE DEPENDENT TERMS

* Includes charge-dependent and Cep(3T1,Ty, —T1 * To)
charge-asymmetric terms

y Cea(T1z + T2z)
* Includes additional EM terms

« Three body potential adjusted to Vi = Cg z e_(rizj""”jzk) /R3S
reproduce 4H and 80 binding L

cyc
* Two potentials: —(r-2-+r-2 4q2 )/R2
o CD (standard three body) Vijk = CEZ e “Y kTS

o CD-triangle (experimental cyc

three body force)
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P-WAVE TERMS

* Includes vy, and v;; terms Hrio=— Z Vi + Z’Uij + Z Vijk

* Three body potential adjusted to
reproduce “H and %0 binding

* Two potentials: cyc
o GKV-weak (v{; = —1.78)
o GKV-strong (v;; = —3.857)

M. Gattobigio, Phys. Rev. C 100, 034004
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LARGER NUCLEI ENERGY
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LARGER NUCLEI RADII
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LARGER NUCLEI RESULTS

Nucleus | Expected L*|Measured L*
THe 0 0.0000(1)
SLi 0 0.0012(2)
"Li 2 2.0028(2)
"Be 2 2.0043(2)
1o 2 2.1206(11)
12¢ 0 0.0117(4)
8¢ 2 2.0702(9)
“c 0 0.0227(4)
5N 2 2.0364(7)
%0 2 2.0516(7)
%0 0 0.0233(5)
70 6 0.3005(33)|
0] 0 0.0851(13)
20 0 0.0391(5)
20 0 0.0482(5)
2ONe 0 0.0458(13)
28Gi 0 0.1835(15)
*0Ca 0 0.2224(8)
*8Ca 0 0.3084(10)

48Ca point radii

Potential R, R, Rokin
model ‘0’ | 3.4462(5) | 3.1983(4) | 0.2480(5)
CD 3.4277(7) | 3.2224(5) |0.2054(10)
CD-triangle | 3.4414(5) | 3.2366(5) | 0.2048(8)
GKV-weak | 3.7323(5) | 3.5935(5) | 0.1388(9)
GKV-strong|4.1410(11)|4.0984(15)|0.0427(20)
Exp. 0.121(35)
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LARGER NUCLEI SCALING

wn
S
p
= 2
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_E —8— Time Total QE)
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LARGER NUCLEI SCALING

Pb isotopes

Unknown nuclei
Known nuclei

Stable nuclei

v

éf""’:: U.S. DEPARTMENT OF _ Argonne National Laboratory is a

(@) U.S. Department of Energy laboratory 47 A

(B)ENERGY ::.iiyed et e rgonne
NATIONAL LABORATORY




OTHER NUCLEI RESULTS
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FERMIONIC NQS
CONSTRUCTION
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FERMIONIC WAVEFUNCTIONS

W, (X) = eVXp(X)

= Build in fermion antisymmetry for network
j,Xi )| compactness

..x; ...)| " Permutation-invariant Jastrow function
improves ansatz flexibility

» Build U and & functions from fully
connected, deep neural networks
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DEEP SET ARCHITECTURE

= Generic permutation invariant function

> $: R > RV
U =p| » ) .
: p:RY - R
H — _.m P~ —>[>—>f(xl _____ X)
xl P(xy)
\XM \45()2'\4) Z
X e [RM RNJCM RN R
Wagstaff et al., arXiv:1901.09006 (2019) Zaheer et al., arXiv:1703.06114 (2017)
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MESSAGE PASSING NEURAL NETWORK

Backflow transformation representable by updates to fully connected graph
Xi = f(x;{%}j2)

« Update edge values based on vertices

« Update vertex values based on
connected edges

» Retains ordering information for
antisymmetry operation

J. Kim, Commun Phys 7, 148 (2024)
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NEURAL SLATER-JASTROW ANSATZ

= Slater determinants used in other Y, (X) = @ (X)
methods to represent many-body states
= Slater determinant to enforce ¢1(x1) d1(xz) ¢1(.XN)
antisymmetry D(X) = $2(x1) :
= Single particle wavefunctions ;
o bulx) . e

represented by neural networks
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HIDDEN FERMIONS

Comparison to
Neural SJ Ansatz

) -

Visible wavefunctions
on hidden coordinates

. (X) = =
Rty
ey

J. R. Moreno, PNAS 119 (32) e2122059119
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NEURAL PFAFFIAN ANSATZ

= Slater determinant — Pfaffian

= Build in antisymmetry through a single pairing network rather than determinant of
single-particle states

det(M) = pf(M)? b (xi, ;) = n(xi, %) — (x5, %;)
0 ¢(x1,%2) - Plxy, xn)]
d(X) = pf qb(x?,xl) 0 ?(xz; XN)
P(xn, x1)  P(xn, Xx2) - 0

J. Kim, Commun Phys 7, 148 (2024)
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NQS WAVEFUNCTION ANSATZ OVERVIEW

 Neural Slater-Jastrow Y, = eU(.)qb. (@)
| | B bo (@ de(®)
« Hidden Fermion Y, = det (¢. @ e (.))

» Neural Pfaffian b (x;, %) = U(Xi;xj) —n(xj, x;)

TR U.S. DEPARTHENT OF _ Argonne National Laboratory is a 5 A onne 6
é.i ENERG U.S. Department of Energy laboratory rg
'«,,__,s I aaaaaaaaaaaaaaaaaaaaaaaa L LLC. NATIONAL LABORATORY




DETERMINANT VS PFAFFIAN

Defined for n X n matrices

det(A) = Z sgn(d)ﬁa;,g(f)
1

o€, i=

det(AT) = det(A)

det(A) det(B) = det(AB)

PR UsS: DEPARTENT OF  Argonne National Laboratory is a

Defined for 2n X 2n skew-symmetric matrices

1 n
pf(A) = W Z SgH(U)Haa(zi—n,a(zi)

(IESZn =1

pf(A”) = (= 1)"pf(A)

pf(A)pf(B) = exp (%tr log(A TB))

57 Argonne &



OTHER SPECIFICS ON
NQS-VMC
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METROPOLIS-HASTINGS SAMPLING

Sampling algorithm:
» Randomly sample coordinates, R’, and spins, S’
W (R, _ 1% @R S
W (R S)IZ > W (RS
= |f P is greater than uniform random variable from 0 to 1, accept new values

= Observables are estimated by taking averages over sampled configurations
(Wylo|¥y)  XsJdR [Py (R, SI? OL(R,S) 1

- O;(R,S
W) S AR ROE Ny £ W)
_(RS|0|%y)

" (RSI¥Y)

G:. U.S. DEPARTMENT OF  Argonne National Laboratory is a

) G U.S. Department of Energy laboratory 59 A

\@JENERGY ::.5yetis e e reonne
ATIONAL LABORATORY



NQS OPTIMIZATION

Improve wavefunction by minimizing energy expectation value
(P |H[¥y)

Er < Ey, =
OV (W)

. dEy
a da)i)

G = 2 ((aiWVIHI‘PV) <ai%|%>>

Gradient of energy (G;

(P |¥y) YWy Py)

Parameters at step s are updated as

wStl = s — UG

(PR U.S. DEPARTMENT OF _ Argonne National Laboratory is a
@ ENERGY U.S. Department of Energy laboratory 60
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STOCHASTIC RECONFIGURATION

Improve wavefunction by minimizing energy expectation value

Y, |H|WP
I A LI
(Wy[¥y)
Gradient of energy (G; = Zi"_), supplemented by Quantum Fisher Information S;;
G =2 (<aquV|]’-i|qJV> _r (aiLPV|LPV)>_ G — <ailpv|ajlpv> B (aquVPPV)(lPVlajLPV)
‘ (Py|Py) L WWy) T (W) (Wy [Py Py [Py)

Parameters at step s are updated as

w3t =wS —n(S+AN)"1G
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