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OCTOBER 29, 2009

Steven Pieper and Robert Wiringa, senior
scientists at the U.S. Department of Energy’s
(DOE) Argonne National Laboratory, have won
the 2010 Tom W. Bonner Prize in nuclear
physics. The award will be presented by the
American Physical Society in Washington, D.C.,
in February 2010.

—

Pieper and Wiringa, who are theoretical

L. . ) Steven Pieper (left) and Robert Wiringa, senior scientists at

physicists, won the prize for developing and
Argonne National Lab, have won the 2010 Tom W. Bonner Prize

applying models of nuclear forces and
in nuclear physics.
methods to calculate the properties of light
nuclei. The prize typically recognizes
outstanding experimental research in nuclear

physics, but in special circumstances it may be awarded for outstanding theoretical work.

Nir Barnea (HUJI) 2/33



The Argonne potential - Pieper and Wiringa

The spectra of light nuclei
AV18 - NN force

0— IL2 - NNN force
0 2H Argonne Vg
- 3H With Ilinois-2
201 GFMC Calculations

Energy (MeV)

L 12 -
-100 C -

S. Pieper and R. Wiringa, Ann. Rev. Nucl. Part. Sci. 51, 53 (2001)
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The VMC-GFMC method

o VMC - Variational Monte-Carlo
E = (Vr|H|Y7)/(Vr|Vr) = Eo

o GFMC -Green's Function Monte-Carlo
exp(—HT)|[¥r) — |¥y)
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The VMC-GFMC method

o VMC - Variational Monte-Carlo
E = (Vr|H|Y7)/(Vr|Vr) = Eo

o GFMC -Green's Function Monte-Carlo
exp(—HT)|[¥r) — |¥y)

o Limitations:
DMC unstable, needs very good starting WF,
A<12
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The trial wave-function

The trial wave-function
|¥r) = F|®)

|®) - anti symmetric wave-function
F - correlation operator

i<j<k 1<j

VMC-GFMC handles interactions with large cutoff.
The large spin-isospin vector ~ 44 creates a limitations
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Dealing with Europe’s hard right
One nation under Modi
Mr Kim goes to Russia

Economist [H

SEPTEMBER 16TH-22ND 2023

NOW AL CANREVOLUTONSE SCEKGE.
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Dealing with Europe’s hard right

The One nation under Mogi

Mr Kim goes to Russia

Economist Thehuntforgreem

HOW Al GAN REVOLUTIONISE MANY-BODY THEORY

Flexible-model
Efficient minimization
GPU tech

Automatic differentiation

arnea (HUJI)
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Neural Quantum State WY7YIT AN A TN }\'

Forward Propagation

A 4

h Iterative process until
loss function is
9 minimized

Predictions (y") True Values (y)
. Weight

4
<

Backward Propagation
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Forward Propagation

A 4

o éﬂ Iterative process until
loss function is
kK %ﬁ? minimized

[\I/({Bhl'g, .. .,:BB)]
Ew) b—{ (wiHw) |

Backward Propagation

Nir Barnea (HUJI) 7/33



Neural Qual’ltum State WY7WIT TN A TN }\'
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Forward Propagation

% Iterative process until
loss function is
w minimized

[\I/(wl,wg,...,wg)]
B H E[v] }—[ (U|H|D) ]
B S

Backward Propagation VMC
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Variational Monte Carlo - VMC D791 2L A0 DTN }\'

Variational principle:

(VIH|T)
(E) = Ty > Ey
Evaluation of the integral
JdXU*(X)HY(X)
(E) = [dXU+(X)U(X)
1 , 1
= Taxrecar | PO G Y0
N

1 1
~ Z mH\II(Xn)

X stands for the coordinates and internal dof of all the nucleons
X, is sampled from the PDF |¥(X)?

Nir Barnea (HUJI) 8/33



Neural Quantum State S — }\.
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AB INITIO CALCULATIONS OF MEDIUM-MASS
NUCLEI WITH NEURAL QUANTUM STATES

JANE KIM Challenges in effective field theory descriptions of nuclei
Argonne National Laboratory Hirschegg, Austria
21 January 2026
US. DEPARTMENT
© . eNEReY Argonne &
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NEURAL QUANTUM STATES

Y(X) = FX)®(X)
symmetric —/ K antisymmetric

Symmetric part:  F(X) = ¢’®  (positive definite)

—
m — ‘ — — pool — — — ](X)
.f/’(",\)

$x)
7 Zaheer et al., arXiv:1703.06114 (2017)
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Neural Quantum State

NEURAL QUANTUM STATES

Y(X)=FX)DX)
symmetric —/ \_ antisymmetric

Antisymmetric part:  we use one based on a Pfaffian

Di(x) d(Xy) - Pi(xy) 0 P (x,X,) e P(X,Xy)
D(X) = det D(X)) Pa(xx) - Pa(xy) O(X) = pt —P(x,X) 0 e P(Xg, Xy)
DaX) Pa(xp) - Pa(xy) —XXy) —P(XpXy) 0

A independent neural networks One neural network parameterizing the pairing orbital

or one with A different outputs JK et al., Commun. Phys. 7, 148 (2024)
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Neural Quantum States, sacobi-prasfian s e }

The MPNN Architecture - Message Passing Neural Network
architecture - creates antisymmetrized descriptors of particle location
that are already well processed by NNs.

U(X)=e!Xop;(X)
®p;(X)=pf(P) ; pt*(P)=Det(P)

0 o(x1,22) p(x1,2N)
P —¢(2a, 1) 0 ¢(z2,2N)
—¢(zn, 1) —d(an,z2) 0

J. Kim, G. Pescia, B. Fore, N. Nys, G. Carleo, S. Gandolfi, M. Hjorth-Jensen, and
A. Lovato, Communications Physics 7, 148 (2024)
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Neural Quantum States, jacobi-patfian

The MPNN Arcl
architecture - crea
that are already w

—e— DMC-BCS s

-A- PJ-BF .
= ~A
rror

14 18 22 26 30 34 38

N
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W

<
dcation

>2(P) = Det(P)

$(a1,2n)

O(z2,N)

J. Kim, G. Pescia, B. Fore, N. Nys, G. Carleo, S. Gandolfi, M. Hjorth-Jensen, and
A. Lovato, Communications Physics 7, 148 (2024)
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Neural Quantum States, idden nucleons mowrTa iy e }\'

—124 —=- VMC
. - . e —— AFDMC
A prominent example of an antisymmetric -126 + VRS
wavefunction is the Hidden Nucleons el
architecture. This extension of the slater o ’ .
=132
determinant allows much more flexibility. i = =
2 4 6 8 10 12 14 16
An
@v(X) Xv(Xh) A. Lovato et al., Phys. Rev. R
Upn(X)=| : 4, 043178 (2022)
Xh()() Jﬁ()(h) o —
-2 $  VMC-NQS
Flexibility can be enhanced by ]
. . . . 3
incorporating a symmetric Jastrow like <
terms. -6 T
=7 - 1
s T T st

H H e *Hie °Li 'Li 'Be C N ©°0 *0 70 "Ne

A. Lovato et al. (2024)
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NQS - medium mass nuclei

WY7YIT AN A TN

B. Fore, JK, et al., in prep

RESULTS: MEDIUM-MASS NUCLEI

-5
v Y — Ex
» » P
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. ¢ Weak pwave
b Strong p-wave
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Neural Quantum State (NQS) Codes (cnatcen o maun e }\'

‘THE HEBREW UNIVERSITY OF JERUSALEM

o General-purpose NQS / VMC frameworks
o NetKet (Python, JAX)
Spin, Bose/Fermi; RBM, CNN, scalable VMC
o NeuralQuantumStates.jl (Julia)
Early Julia-based NQS; pedagogical and research-oriented
0 Quantum chemistry—focused NQS
o PauliNet (Python, PyTorch)
Fermi w.f. with explicit physical priors (Slater, Jastrow)
o FermiNet (Python, JAX)
Electronic structure
o DeepErwin (Python, TensorFlow/JAX)
Deep-learning-based variational ansatz for molecules
o Hybrid quantum / differentiable programming libraries
o PennyLane (Python)
NQS-like variational w.f. and differentiable quantum models
o TorchQuantum (Python, PyTorch)
Neural-network-driven quantum state representations
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What about
reactions?




The Response function

WY7YIT AN A TN
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The EW interaction Hamiltonian: Hpw = /dw/lu(ac)j“(m)

Example - the photo-absorption cross-section

o(w) = 4mow Z[REJ (W) + R, (w)]
J

Rofw) i |<\Pf|é|\1/o>|26<Ef _ By -w)

ground bound
state excited state

Ration Enrgy
2-body break-up  3-body break-up - A-body break- up

contmuum

Cross Section

o x \(‘%’f\J"\‘I’oNZ

Exact knowledge limited in
energy and mass number

STH0 05200 25 30 a5 40

Excltation Energy
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The Lorentz Integral Transform
(LIT)




The Lorentz Integral Transform method wivs e }\'
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o Response in continuum

R(w) = I (04161 80) 26(E — Fp —w)
f
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The Lorentz Integral Transform method wivs e }\'
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o Response in continuum

V. Efros, W. Leidemann, G.
Orlandini, PLB 238, 130

mmzjm%@mea—%—w
f

(1994)
o Lorentz integral transform (LIT) method '
R(w) e
L(o,T)= [ dv——"F—— = (V|
@T) = [ ooy = (1) \ T
o The LIT equation
o o

(H — Ey — 0 4 il")|¥) = 6]T,)
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The Lorentz Integral Transform method

o Response in continuum

mwzzwwwwmm@—%—m
f

V. Efros, W. Leidemann, G.
Orlandini, PLB 238, 130

(1994)
o Lorentz integral transform (LIT) method '
R(w) o
L(o,T) = | do——7—— = (VT
@7) = [ dood e = (W) \r
o The LIT equation
0— [0}

(H — Ey — o +iT)|¥) = O]¥,)

The LIT:

« The LIT equation is a Schrodinger equation with a source

- |¥) has bound-state asymptotic behavior

+ R(w) is obtained inverting the LIT
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Example - Electron scattering iy aun

The CC-LIT method

Longitudinal response of *°Ca

PHYSICAL REVIEW LETTERS 127, 072501 (2021)

0200
ok oy e PWIA e PWIA
(a) = NNLO owss| (b) NNLO
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J. E. Sobczyk, B. Acharya, S. Bacca, and G. Hagen
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Few L I T Lem mas WY7YIT AN A TN }\'

o The LIT variational principle

o The convergence lemma

o The Hy;r ground state gap

o The fidelity and the accuracy of the LIT

Nir Barnea (HUJI) 18 / 33



‘THE HEBREW UNIVERSITY OF JERUSALEM

The LIT variational principle wn s }\'

The LIT equation
(H=2)¥)=|R) ;  |R)=6¥),
Here z = Ey + o — il

Lemma:
The solution U is unique, and minimizes the functional

I[¥) = |(A - 2)|¥) - |R)|?

Proof:

If |To) is the exact LIT WF then Z[¥,] = 0.
Otherwise, for |¥) = | 4 0¥) one has

¥ = |(H - 2)|¥ + 6%) — |R)|?
=|(H — 2)|00) > > T2(5|0T)|* > 0.

V. Efros, W. Leidemann, and G .Orlandini, PLB 238, 130 (1994).
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Lemma: The relative accuracy of the LIT function L is given by

AL =(TT) — (To|To)

‘ I[\Il]
IRV

In the limit ' = 0, 0 ® w, and £ — (7/T)R
Hence, we may further suggest that

ar|_ (718
N 'R

Implication:
For a desired relative accuracy in R, we need to calculate Z with a
precision proportional to T'.
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The LIT Hamiltonian E—
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Given the LIT equation

A~

(H-2)9)=|R) ; |R) =6[¥),

we introduce the LIT Hamiltonian:

Hyrr = (H - 2%)(1 - Pr)(H - 2) : B, =

Observations:

« Hprr is Hermitian
« The LIT w.f. |¥) minimizes Hy 7

. @) is the zero energy eigenstates of Hyjr

+ The spectrum of Hy ;7 has a gap above the ground state.
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FIDELITY and the LIT accuracy s

The Lorentz Integral Transform is obtained from the solution of the
inhomogeneous equation:

(H - 2)|¥) = 0|
—_——— ——~
|L) |R)

We solve the LIT equation maximizing the FIDELITY

(LIR)(R|L)
(LIL)(R|R)

Upper bounds on the LIT uncertainty:
N7YR) /1-F
A <D
‘C(w07 ) = T F )

(1= Pr) s 19

Nir Barnea (HUJI) 22 /33
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NNLIT




The NNLIT method, E. Parnas, et al. (PRL 2026)

Key ldea:

A variational Monte Carlo framework to compute dynamical nuclear
response functions

Neural-network quantum states (NQS)
Lorentz Integral Transform (LIT)

Both ground state W, and LIT state U represented by NQS

Optimized via the neural net

o Avoids explicit treatment of continuum states
o Compact representation
o Efficient scaling with particle number

o Rigorous upper bounds for systematic errors derived
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Deuteron L I T BenCh mal’k eI MY A TIInNG }

-2
L0 O Upper panel: LIT of the
&0 T ,E‘)éasct 2H photo-absorption dipole
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=
£ 0.4
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NQS-EIHH “He LIT Benchmark
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Upper panel: LIT of the
4He photo-absorption
dipole response

I' =10 MeV

Lower panel: NQS errors
Statistical - MC sampling

Systematic - LIT
error-bound lemma

Total - sum of the two
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Deuteron photoabsorption, . parnas, et a1. (pRL 2026) DU i TN }\

Pionless EFT inspired potential [A]
Excellent accuracy at the LIT level

Inversion - Basis expansion + regulation, Maximum entropy

© ©0 0 o

Error bars - sys+stat+inver

2.5 1 —— Basis expansion
—— Maximum entropy
@ Experiment

0 10 20 30 40 50 60
w (MeV)

[A] R. Schiavilla, et. al., Phys. Rev. C 103, 054003 (2021).
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“He photoabsorption cross-section o, (w) gl i e }
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0 (w) = dm*awR p1 (W)

G, [mb]

Nir Barnea (HUJI)

o Arkatov et al. (1979) ‘
o Shima et al. (2005)

o Nilsson et al. (2005)

@ Nakayama et al. (2007)
B Tornow et al. (2012)

I I I
— AV18+UIX (2006)

NN(N®LO)+3N(NLO) (2007)

AN T S S T A TS TS N SR NN N

i

(&)
o
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4H(i‘ photoabsorption, E. Parnas, et al. (PRL 2026) D'W'“ﬂ'w""UW'"""}

‘THE HEBREW UNIVERSITY OF JERUSALEM

o Pionless EFT inspired potential [A]
o Comparison with highly accurate EIHH calculations

o LIT reproduced at percent-level accuracy
o Photoabsorption cross-section:
o Good agreement with the experimental data

3.5 1 - Basis expansion
—— Maximum entropy
3.01 ® Experiment
2.5
3 2.0 A
£
B 1.5 1
1.0
0.5 1
0.0 1
20 25 30 35 40 45
w (MeV)
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®Li photoabsorption cross-section o (w) gl i e

x1072
i —— EIHH 4-5
1.0 —— EIHH 6-7
—— EIHH 8-9
] — EIHH 10-9
_ 08 t NQs
7
2 0.6 4
2
'_
504+
0.2 1

-10 0 10 20 30 40 50 60 70
wo (MeV)

Comparison between NLIT and EIHH

EIHH - Effective Interction Hyperspherical Harmonics method
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©

NQS+LIT provides an accurate and scalable framework for nuclear
responses

(]

Robust propagation of statistical and systematic uncertainties

Successful description of 2H and *He photoabsorption data
Outlook:

o Extension to nuclei with A < 20

o Improved interactions (local xYEFT)

©

(]

o Exclusive reactions
o Applications beyond nuclear physics (atoms, molecules)
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Questions

o How difficult is the generalization for non central forces?

(%]

How good will this method work for hard potentials?

©

What is the interplay between human wisdom and artifical

intelligence?
o What is the correct form of the wave-function?

Should we optimize the energy or the wave-function?

©

©

How to deal with excited states in general?
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Thank you !
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