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INTRODUCTION

Atomic nuclei are strongly interacting many-body systems exhibiting self-emerging properties
including: shell structure, pairing and superfluidity, deformation, and clustering.
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INTRODUCTION

Oscillation parameters are measured by comparing the neutrino flux at near and far detectors
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INTRODUCTION

Oscillation parameters are measured by comparing
the neutrino flux at near and far detectors

If observed, Ovpp would provide key insights into
physics beyond the Standard Model

Relating experimental constraints on Ov33 decay
rates to the neutrino masses requires quantitative
estimates of nuclear matrix elements

Accurate neutrino-nucleus scattering calculations
critical for the success of the experimental program

Credit: N. Rocco




INTRODUCTION

An accurate understanding of nuclear dynamics is critical for multi-messenger astronomy
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THE NUCLEAR MANY-BODY PROBLEM

In the low-energy regime, quark and gluons are confined within hadrons and the relevant degrees
of freedoms are protons, neutrons, and pions

Effective field theories are the link between QCD and nuclear observables.




NUCLEAR MANY-BODY METHODS

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

H\I]()(ﬂfl,...,ﬂfA):qulo(xl,.--,---,xA) H QEiE{ri,Sf,tf}

e Nuclear potentials are non-perturbative and spin-isospin dependent

JJ zv

ik \

H= Z

/U'Lj
1<J 1<j<k

Op L8 (1 O-zj7s’bj7L S) (177—ij)

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

\IJO(ZEl,...,LL’Z',...,ZEj,...,xA) :—\Ilo(xl,...,xj,...,xi,...,xA)

Argonne &

ONAL LABORATORY



NUCLEAR MANY-BODY METHODS

e Hamiltonians and consistent currents are the main inputs to nuclear many-body methods

 These methods capitalize on high-performance computers to solve the Schrodinger equation
with controlled approximation

* Nuclear many-body calculations are continually battling against the “curse of dimensionality,” the
rapid growth with complexity of computational resources needed.




COURSE OF DIMENSIONALITY

Configuration-Interaction
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CONFIGURATION-INTERACTION METHODS

Full-Cl (no-core shell model) is highly
accurate, but limited to light nuclei

Polynomially-scaling methods reach (much)
larger systems with some approximations
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QUANTUM MONTE CARLO METHODS

Continuum nuclear quantum Monte Carlo make use of coordinate-space representation of many-
body wave functions.

« They have no difficulties in treating 0.3 \
“stiff’ nuclear forces: test the i ’ \
convergence of nuclear EFTs; — ' ~— AVA'+UIX

—

-

« Access to high-momentum NLO(1.0fm)

components of the nuclear wave

functions; 0.1

. — A
* Limited to relatively light nuclear GU ; >

systems q [fm]

R. Cruz-Torres et al., Nature Phys. 17 (2021) 3, 306




NEURAL NETWORK QUANTUM STATES
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NEURAL-NETWORK QUANTUM STATES

Let's take a step back: spin problem > Hrirp=—h Z ol — Z ofoj-
i (4,5)

Finding the exact solution of this equation is, in principle, an exponentially hard problem

U) =cppp [T ) e J W) e W)

The majority of quantum states of physical interest have distinctive features and intrinsic structures

Hilbert Space

Credit: G. Carleo
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NEURAL-NETWORK QUANTUM STATES

(crtr. = (11T W) = T(MT )
: it ST SV O sy = w(s)
Cpppe. = B =T )

\

Artificial neural networks (ANNs) can compactly represent complex high-dimensional functions;

U(S) ~ (S| T(W)) = U(S; W)

ANNSs trained minimizing the energy, which is evaluated stochastically

_ W >|H|\If LN (SalHIE(W)) P(S,) = [(Su| U (W)
W) = 8 "
EOW) (O (W) | (W ; (S, | W (W))
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NEURAL-NETWORK QUANTUM STATES

Giuseppe Carleo and Mathias Troyer demonstrated that RMBs outperform traditional Jastrows

\iJ(S; W) = Z e2aj @305 T2 bihid3 2 ; Wijhiog E Hrip = —hZch — Z 0707
{hi} E g (4,3)
. ; 1073 e —
hy) 2 ' ' | . . Jaslrow
) ~
/ \ \\>< / p - : 10-4] ~~
\ /N |
{ A K< | _
[ \ : 107}
\ \
(ot (a2) (= (%) 16 .
"/ NS N_/ N__/ ; 1 % 1

G. Carleo et al. Science 355, 602 (2017)
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PIONLESS EFT (INSPIRED) HAMILTONIAN

We take as input a LO pionless-EFT Hamiltonian that we contributed developing

1<J 1<j<k
* NN potential: fit to np scattering lengths and ¢ 3NF adjusted to reproduce the 3H
effective radii and the deuteron binding energy binding energy.

4
CI _ P(r. \OP
Vij = E :U (TZJ)Oij’ 2,2 2
= E —(ri;+r5e)/R
=1 ‘/;]k —= CE e %] Jjk 3

cyc

R. Schiavilla, AL, PRC 103, 054003(2021)
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NEURAL SLATER-JASTROW ANSATZ

The ANN variational state is a product of mean-field state modulated by a flexible correlator factor

Ues(X)=e/XP(X)

* The Jastrow is a permutation-invariant
function of the single-particle coordinates

* The mean-field part is a Slater
determinants of single-particle orbitals

[ d1(x1)  di(x2) - P1(xN)]

ba(x1)  da(xa) oo da(xn) J<X>ZPF[;¢~F(”’S@')]

||_|—_ . _, @~ — @—»f(xl,...,xM)
Xl\ ‘7’(’51)\

Xy Pxy)

det

pn(x1) dwlxa) - o (xw)]

e Each orbital is a FFNN that takes as
input

RNxM

XeRM RV — R

r,=r; — Roum
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SAMPLING COORDINATES AND SPIN

The calculation of the observables involve integrating over 3A spatial and 2A spin-isospin variables

RS|H|W¥
By, = (v HY) > J ARy (R, S) PR
(Uy|Wy) > s J dR|¥v (R, S)|?

We evaluate it stochastically using the Metropolis-Hastings Markov Chain Mote Carlo algorithm

/ 2 U (R. S’ 2
Spatial move == Pp = |‘\I,\IJV ((];275))\‘2 Spin-isospin move == Pg = |\\IJV((R’ S))]|2
V1LY, \% ’

The observables are estimated by taking averages over the sampled configurations

(WyO]Ty) 1 Uy (R, S)J2
— Y OL(R,S) €—> Py(R.S) = |
(Wu[¥v) ~ Neowt 52, (R, 5) VI 5) = S TRy (RS
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STOCHASTIC RECONFIGURATION

The ANN is trained by performing an imaginary-time evolution in the variational manifold

(1— HoT)| ¥y (pr)) = Ap°| Ty (pr)) + Z Ap'O*' v (pr))

During the optimization, then parameter are updated as

Pr+sr = Pr — 77(57' + GI)_lgT

The gradient is supplemented by the quantum Fisher Information pre-conditioner

”
Sij — <6\I’V(p7) 6\I’V(p7)> . <8\Ilv(p7-)> <8\11V(p7)>
J ! Opi op; Ipi Op;
(Yl9) (@)
Y(1, ¢) = arccos \/
<¢|w> <¢|¢> S. Sorella, Phys. Rev. B 64, 024512 (2001)

.y J. Stokes, at al., Quantum 4, 269 (2020).




ADAPTIVE STOCHASTIC RECONFIGURATION

We use an adaptive learning rate with 107 < n < 10-2. It yields robust convergence patterns for all the
nuclei and regulator choices that we have analyzed

C. Adams, AL, et al, PRL 127, 022502 (2021) — A=4fm™!
37 —— A=6fm™!
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COMPARISON WITH QUANTUM MONTE CARLO

To further elucidate the quality of the ANN wave function we consider the point-nucleon density

1 .
int
pn(r) = (Ty > 60— ™ )[Ey),
A2 - ¢
7
3H ‘He
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23 C. Adams, AL, et al, PRL 127, 022502 (2021)




COMPARISON WITH QUANTUM MONTE CARLO

« The ANN Slater Jastrow ansatz outperforms conventional Jastrow correlations

A [VMC-ANN VMC-JS GFMC GIFMC.
- 4 fin~ | —2.224(1) —2.223(1) —2.224(1) -
6 fm 1| —2.224(4) —2.220(1) —2.225(1) -
3y 4fm 1| —826(1) -7.80(1) —8.38(2) -—7.82(1)
6 fm~'| —827(1) -7.74(1) —8.38(2) —7.81(1)
e 4 fm~1| —23.30(2) —22.54(1) —23.62(3) —22.77(2)
6 fm™!| —24.47(3) —23.44(2) —25.06(3) —24.10(2)

* Remaining differences with the GFMC are due to deficiencies in the Slater-Jastrow ansatz

Vg (X) =e’!XP(X)

24 C. Adams, AL, et al, PRL 127, 022502 (2021)



HIDDEN NUCLEONS

The “hidden fermion” approach was recently introduced to model fermion wave functions

- 8 o
Visible orbitals on visible coordinates
Hidden orbitas on visible coordinates

(Y1)
P2(y1) @2(y2) P2(y3) @2(ya)
¢3(y1) ¢ (Z/z) ¢3(y3) (4)
Ga(y1) @a(y2) Pa(ys) @a(ys)

Visible orbitals on hidden coordinates

J. R. Moreno, et al., PNAS 119, 2122059119(2022)
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HIDDEN NUCLEONS

The “hidden fermion” approach was recently introduced to model fermion wave functions

> 7,
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DISCRETE (POINT) SYMMETRIES

We enforce point-symmetries, such as parity and time reversal, into the hidden nucleon ansatz.

» We construct states with positive-definite parity by

UL (R, S) =TUunN(R,S)+ Uyn(—R,S).

* For even-even nuclei, such as 4He and 160 we can additionally enforce time-
reversal symmetry

where we define

0|S) = —iof|s;) ® —io}|s2) - © —ioy|sL)
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HIDDEN NUCLEONS FOR A=4 NUCLEI

We gauge the role of time reversal symmetry in 4He by comparing again with the HH method

—27.4 —27.4-
4He ¢ WYR,S) 4He ¢ VLRSS
¢  WEL(R,S) —— HH
—27.6- HH —27.6 1 — == ANN-S|
——- ANN-SJ
> _27.8-
=
L
—28.0
—28.21
200 400 600 800 1000 1200 1400 160( 1000 2000 3000 4000 5000 6000
Optimization step Optimization step

Imposing time reversal accelerates the training and augments the expressivity of the net for a fixed
number of parameters

28 AL, et al., Phys.Rev.Res. 4 (2022) 4, 043178



NUCLEAR PHYSICS APPLICATIONS

We extend the reach of neural quantum states to 160

In addition to its ground-state energy, we evaluate the point-nucleon density of 18O with An=16

0.25 -
~124 - —=- VMC 1) ¢ WILR,S)
o 160 —— AFDMC 020 160 ¢ '8' 4  AFDMC
~1261 ¢ VILR,S) ' .‘ ..
[ ]
e e
S -1281 7 0157 “ o
(V]
= £ + o’ %
w —130 ° < 0.10 1 * °
o
() [
—132; . 0.05 - °
...
. o °
~134- %o
T T T T T T T T 0.00_ ....
2 5 8 10 12 15 18 20 00 05 1.0 15 20 25 3.0 35 4.0
Ay r (fm)

AL, et al., Phys.Rev.Res. 4 (2022) 4, 043178
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INFINITE PERIODIC SYSTEMS
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— 154
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r(A)

g2(r)

30

= Permutation invariant Deep-Sets ANN for computing bosons:

We extended our approach to periodic systems, such us liquid 4He and soft (gaussian) spheres

o) e (30

Uy (R) = )

1.0 -
e
0.9 1
0"3'-.0‘
071 { Gaussian cores
—— D =1.0DMC ¢ D=10D5
0.5 1 —— D =20.DMC ¥ D=20DSs
—— D =30.DMC ¢ D=30,D5
000 N2 050 075 100 125 150 175 200

r

G. Pescia, AL, et al., Phys. Rev .Res. 4 (2022) 023138



DILUTE NEUTRON MATTER

We have introduced a periodic hidden-nucleons ansatz to model low-density neutron matter

The NQS ansatz converges to the 70 ! I NQS
unconstrained AFDMC energy, using a ' o _
fraction of the computing time < = AFDMC (unconstrained)
= 0.9 ===+ AFDMC (constrained)
g 63 - = VMC
« NQS: 100 hours on NVIDIA-A100 = ===+ Hartree-Fock
D 6.71 el o o o o o o o o o o
* AFDMC: 1.2 million hours on Intel- 8
KNL &3 6.6 1
2
* 6.5
The hidden-nucleon ansatz captures T ————
the overwhelming majority of the 6.4-— . ; ; ;
correlation energy 0 1000 2000 3000 4000

Optimization Steps
31 B. Fore, J. Kim, AL, arXiv:2212.04436 [nucl-th]




DILUTE NEUTRON MATTER

e 7#EFT model o
/>\ 10 - [ | #EFT model a
= T -l
Q
O 8-
@
o
8 61
>
g
()
c
L 4 -

0.02 0.04 0.06 0.08
p (fm™?)
32 B. Fore, J. Kim, AL, arXiv:2212.04436 [nucl-th]




DILUTE NEUTRON MATTER

Low-density neutron matter is characterized by fascinating emergent quantum phenomena, such
as the formation of Cooper pairs and the onset of superfluidity.

p =0.01 fm
1.4
a
M( ) —— Singlet Fermi Gas
1.2 oo... -==- Triplet Fermi Gas
Lo, '... ¢ Singlet NQS
. L Triplet NQS
081 %,
\:5 ., AhkickiAAR

4o AJJ.‘I‘M

O‘O T T T T T T T T T T
0.0 05 1.0 1.5 2.0 25 30 3.5 40 45 50 5.5

r [fm]
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p=0.04fm >
1.4
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— Singlet Fermi Gas
1.2 -=-- Triplet Fermi Gas
Lo, ¢  Singlet NQS
L Triplet NQS
0.8 1
+..o.... AdkkokddAR

B. Fore, J. Kim, AL, arXiv:2212.04436 [nucl-th]



PART 1 AND 1/2
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HOMOGENOUS ELECTRON GAS

We develop translation invariant NQS to study the Homogeneous Electron Gas.

1 1 & 1
He— LSz oty b
27 2 ﬁ%;lm_wﬂm

Start from a relatively simple Slater Jastrow ansatz

U(X)=e/XP(X), :; B(X)=det

_¢N&X1) ¢N&X2)

Translation invariance: single-particle orbitals are plane-waves

oF"

! (Xj) _ eiki.rj<

oils;) s

35
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HOMOGENOUS ELECTRON GAS

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

Translation-invariant (and periodic) by construction: =3 xg‘” = e, x§;?> = [rij, |[|rij]], si - s5]-

36 G. Pescia, et al., 2305.08831 [cond-mat.quant-gas]




HOMOGENOUS ELECTRON GAS
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COLD FERMI GASES

We developed periodic-NQS to solve the two-components Fermi gas in the BCS- BEC crossover region

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

S P oo
H——%;V?—i—%:mj

| ®
Se

*  We use the Pdschl-Teller potential

BEC

2 2
h H » 1k

2m cosh®(pri;)

’1)7;j = (Si . Sj — 1)V0




COLD FERMI GASES

Inspired by quantum Monte Carlo studies of dilute neutron matter, we developed a Pfaffian-
Jastrow ansatz

0 ¢(X17X2> T ¢<X1,XN)
q)PJ(X) _of ¢(X2., x1) 0 ) ¢<X2;XN>
_¢<XN7 Xl) ¢<XN7 X2) U O i

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

(x4, x;) = n(x4, x5) — n(x5,%),

0 $12 13 P14
—@12 0 P23 zzj = 12034 — 13024 + 14023

| —¢1a —P2a —P34 O |

39 J. Kim, B. Fore, AL, et al. arXiv:2305.08831
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COLD FERMI GASES

We benchmark the performances of the neural-network quantum states with DMC calculations

e Slater - Jastrow

© 0601
i - - --- DMC-PW  —@— SI-PW
ilglg filg?; jng; C 058 —— DMC-BCS  —A— SI-BF
e’ (X) % 2 2 2N ' —&— PJ
: ; . ; L0561 —
On(x1) On(x2) -+ On(xXN)] e ———— ——
1 LL.
: E 0.52
e Pfaffian - Jastrow E 0.50 - A —A
[ 0 d(x1,X2) -0 (X1, XN)_ E 0.48 -
¢(x2,%1) 0 o p(xa,xn) |
e ) x pf _ _ . _ © 0461
' ' ' : L 044] 0 — —3
[O(xn,x1) O(xn,X2) - o | i *? 5
MPNN Depth T

40 J. Kim, B. Fore, AL, et al. arXiv:2305.08831



COLD FERMI GASES

We proved that neural-network quantum state can model the BCS - BEC crossover better than DMC

15
—8— DMC-BCS
1.0— _‘_ PJ
051
0.0-
0.6-
—0.5 1
04 -
~1.01
~154 021
—2.01 02 00 02
) -1 0 1
lkmr

41
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0.44 1

E/Ef¢g

0.42 4

0.41 1
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P d
A PIBF .
---- Linear Fit //’/ o
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Error 7 A&
/’/,, /”/,
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_’ /z’
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/, //”
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/,‘
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kpl”e

J. Kim, B. Fore, AL, et al. arXiv:2305.08831



COLD FERMI GASES

The spin-dependent two-body radial distribution functions capture the probability density of finding two
particles with specific spin orientations at a given separation distance

—— l/akp=-0.5
102 —0— l/akp=0
—a— 1/akr=0.5
102 |
= =
& %
104
100 ]
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.5 1.0 15 2.0
kFI” kFr

42 J. Kim, B. Fore, AL, et al. arXiv:2305.08831



COLD FERMI GASES

The pairing gap can be estimated from odd-even
staggering 075

=== DMC, k=0
—— DMC. k#0

(=)~ 070 —— PIBE, 1D
An = 5 2EN — Ent1 — En—1] ' i
-1 PJ'BF9 (rh Sty h:'(r")

The unpaired particle has a defined momentum Et:
that fit the box

[0 ¢12 - v Yr(1)
— P12 0 - gan Yr(2)
pf| . L . .
__Qb'lN _(/5.2N 0 Ibk(.N )] 0 5000 16000 15000 20000

Optimization Stcp

43 J. Kim, B. Fore, AL, et al. arXiv:2305.08831




BACK TO NUCLEI, WITH MPNN

Even with just one hidden-nucleon we do better than AFDMC for medium-mass nuclei

—340

40Ca #® GraphNet
-350 — VMC
—— AFDMC
—360 -
% —370 -
=
Y —380
-390
—400 -

1200 1400 1600 1800 2000 2200 2400
Optimization step

44




BACK TO NUCLEI, WITH MPNN

In addition to energies and single-particle densities, we can compute electroweak properties

6L j TLi
1.20 3.4 4
1'15 ¢ Grathet 32-IIIIIII.IIIIII-IIIIIIIIIIIIIIIII
w—GFMC (1A) :
1.10 1 — AFDMC (I14) 3.0
1.05 et Bep 2g4
> 1.00- >
U . o
= z 20
S 0954 2 24
0.90 ¢ GraphNet
0.85 22 s 'GFMC (JA)'
| z,o.r e AFDMC (1A)
0.80 - «» v Exp.
1.8
0.75 T T T T T g ' ' L} 1 1 Y 1
200 400 600 800 1000 1200 1400 200 250 300 350 400 450 500 550 600
Optimization step Optimization step
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CONCLUSIONS

Neural network quantum states are extending the reach of conventional QMC methods
e Favorable scaling with the number of fermions;
* Universal and accurate approximations for fermion wave functions;

e Suitable for confined and periodic systems;

e Scalable to leadership-class hybrid CPU/GPU computers




PERSPECTIVES

* NQS calculations of medium-mass stable and exotic nuclei relevant to FRIB and ATLAS

100+

80
%
™
= sabtie 28 noter
E 2EStNg SO0pes

40+ ) ~ el

. el o lopes
™ new isslue
204 wpind 'om FRB
T T T T T T T
[ 20 ' i 0l 100 1 s 60
“auivan nimber

« High-precision electroweak transitions, including magnetic moments and beta-decay rates;

« Compute low-density isospin-asymmetric nucleonic matter: the flexibility of NQS will allow
us to see self-emerging clustering in the low-density region;

47




PERSPECTIVES

* Access “real-time” dynamics: the prototypal exponentially-hard problem in many-body theory

2

_iHt 2 _ arecos (U (Pitat) e W (pe)) (V(Pe) e [P (Pitst))
D(|‘I'(Pt+5t)>,€ |‘If(pt)) - (\/ (U (prast)| ¥ (Pease) (U ()| ¥ (Prise)) >

» Relevant for: fusion, lepton-nucleus scattering, and collective neutrino oscillation;

Sanford Underground
Reesarch Facility
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MACHINE-LEARNING THE DEUTERON

w) w2

ANNs were recently applied to solve
the deuteron in momentum space

. ) (0
using the N3LO Entem-Machleidt q W)
chiral-EFT nucleon-nucleon force

Keeble, Rios, PLB 809, 135743 (2020) |¢ AN N)

b —

The parameters of the ANN are optimized minimizing the variational energy using RMSprop

-1.5 T
-1.6 — (Yann|HYann)
=-1.7 — - (Yas|Hlves)

o (0 )
<‘IJXVNN ‘ ‘IJXVNN>

—2.1 100000 150000 200000 250000
22F Ny -
0 50000 700000 150000 200000 250000
Iterations
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NUCLEAR PAIRING MODEL

We are exploring the solution of the many-body problem in the occupation-number formalism.
As a prototypal example, we consider a simplified pairing model

_ ToT
H = Z dpa;rmapo + Z IpqQppQp | QqlOqt dp =D 5 Gpg =1

p,o pq

0.0 1

« The Jordan-Wigner transformations —05-
map the Hamiltonian into the spin basis;

& —1.0
c
G —-1.5
* We solve it using ANN ansatz and § 20
compare with exact diagonalization; 3 s
£ | — Exact
© _30{ e VMC-NQS
* The algorithm scales as the -3.5 : Mgg;
number of single-particle states _ao0l P . . . . . X
squared,; 00 0.1 0.2 0.3 04 05 0.6

g
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CONFIGURATION-INTERACTION

The exact ground-state wave function can be expressed as a sum of Slater determinants

Uo(r1,...,x4) = chq)n(xl,...,:cA)

n

The occupation-number representation automatically encompasses fermion antisymmetry

[Wo) = Z cii (@) T e @
Dl AMOAMAMAMMGRGMGSS MMM W e W
(@) =al an, . [Ro) s
The dimensionality explodes quickly b B
Q
(N) N ¢ ¢ ¢
4)  (N-ApA o) 7:) 725)
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CONTINUUM QUANTUM MONTE CARLO

The trial wave function can be expanded in the set of the Hamiltonian eigenstates

Wr) = E Cn|Vn) H|V,) = E,[¥y)
" 2638
GFMC relies on imaginary-time propagation 270 |\ B-Pudlineretal., PRC 56, 1720 (1997)

272 - §
lim e”HE=E)T Q) = | : 4 |
lim [Wr) = co| o) ol He
J. Carlson Phys. Rev. C 36, 2026 (1987) E g |

=

278

GFMC suffers from the fermion-sign problem, but =280 |

it is “virtually exact” for light nuclear systems. g5

I | I | I | I
0.000 0.002 0.004 0.006 0.008 0.010

284 Lo
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