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Shell model
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Classical Computer Quantum Computer
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* Works with qubits

I- A qubit can be

§ superpositionof | or 0

 + Many-qubits: entanglement,
! interference, etc

* Works with bits
* Bits are either | or 0




uantum S|mulator

Simulating Physics with Computers

Richard P. Feynman

-
Idea
Use a quantum computer (controllable quantum
device) to simulate the behaviour of another
(quantum system

J

Controllable quantum device Quantum system
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Quantum paradigms

f Digital quantum computers \
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fault-tolerance threshold

qubit error rate
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Number of qubits

IBM Condor: | 100 qubits (2023)

Preskill, Quantum 2 79 (2018)
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Classical minimisation
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Update parameters 0
Classical minimisation

8l VQE: Variational Quantum Eigensolver,
A Arnau Rios@Quantum Spain
https://www.youtube.com/watch?v=IgqiDfpGg90
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Cloud Quantum Computing of an Atomic Nucleus '
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E.F Dumitrescu,1 A.J. McCaskey,2 G. Hagen M G. R Jansen, 53 T.D. Morr1s,4’3 T. Papenbrock,4’3‘*
R.C. Pooser “D. J Dean and P LougovskllJr

* Initial work on nuclear structure (<20£3) w

- Limited to one minimisation strategy (UCC)
- Only a handful of isotopes (2H, 5Li, 8Be, 20-200, 20Ne)

Stetcu, Baroni, Carlson, Phys. Rev. C 105 064308 (2022)
Kiss, Papenbrock et al Phys. Rev. C 106 034325 (2022)
Lacroix et al, Quantum computing with and for many-body physics, EPJA 59 227 (2023)

* Consolidation phase (>2023)

- Methods: physics or hardware-inspired, UCC, ADAPT, GCM-like

- Isotope reach extended: Ca, 38Ni / '“2Ce@Surrey

Pérez-Obiol et al., Scientific Reports 13 12291 (2023) S.Yoshida et al., Phys Rev C 109 064305 (2024)
Sarma, di Matteo et al, Phys Rev C 108 064305 (2023) Singh, Siwach & Arumugan, Phys Rev C 112 034320 (2025)
13 Bhoy & Stevenson, New ] Phys 26 075001 (2024) Gibbs, Stevenson et al., arxiv:2603.1 1156



Variational

(" 2.Reference state

uantum Eigensolver

_Variational Quantum Eigensolver
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Variational Quantum Eigensolver
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Reference state
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N, neutron number

* Minimum ener’gy Slater determlnant
. * Other options: Hartree-Fock state or random (see later)
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* Minimum energy Slater determinant
. * Other options: Hartree-Fock state or random (see later)
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ADAPT state circuits

Circuit for the ground state of 180

Ua3 (02)

UGS (04)

UGz (61) Ugs (63)

Ugs (6o)

* 10-¢in energy with around 100 CNOTYS/layer
* FSWAPS so operators act on adjacent qubits

21 Pérez-Obiol, Romero et al Scientific Reports 13, 12291 (2023)




Results: resources
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Results: resources
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Results: resources across shells
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Hardware runs

Reference state ®Be reduced system (1ps3) (BSC Quantum Blue data)
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Hardware runs
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27 [H D, Hr } 7# 0 Albash & Lidar, Rev. Mod. Phys. 90 015002 (2018)



Shell Model annealing algorithm
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j, SciPost Physics Submission ‘

A Quantum Annealing Protocol to Solve the Nuclear Shell |
Model |

| Emanuele Costa®!2, Axel Pérez-Obiol®3, Javier Menéndez®!2, Arnau
Rios®!2 Artur Garcia-Saez®*5 and Bruno Julia-Diaz®!2

Costa et al., SciPost Physics 19 062 (2025), arXiv:2411.06954

E Costa

Questions
* What driver hamiltonian Hp!
* What initial state!
* What is the gap!?
* Can it be implemented!?

28



Driver hamiltonian
( Naive SM filling + |m| protocol )
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' Implementation

e Linear annealing protocol H(t) =[1 — f(t)|Hp + f(t)Hr

t=0 =t
. Drlver & target hamlltonlans L

| fip = (N EJSZ)Z 2ol -> HT—Z% aCa T 7 Z Bagvich Cﬁcécv
n p

;‘ 77 . / U(r, O — —-,N e //
* Time evolution H Uy = H exp [_ikAtﬁ(tk)}

k=0
° Parameters w =1 MeV, At — 01, TW — {10, 20, 30}

30 Costa et al., SciPost Physics 19 062 (2025), arXiv:2411.06954




Results

i 20Ne 28G;
~110-
| -2
el "'n..\l\ -1201 =
E
-30 —130; 8
I|I _5\
-35 F(1)=0.994 \ 140, F(r)=0.9991
Ae(T) =-0.00025 Ae(T) =-0.00004
_40<
0 5 10 15 20 O 5 0 15 20 % 5 10 15 20 9
tw tw tw
. . U(r)| Hr [¥(r)) — Er
* Final state: Ae(T) = <
e(7) By F(r) = [(¥(7)[Tr) ]
* Instantaneous: H(t) |e;(t)) = e;(t) |ei(t)) pi(t) = (W (t)]e; ()]

e(t) = (U(t)|H (1) (1))
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Results
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tw tw tw
. . (r)| Hr |¥(r)) — Br
* Final state: Ave(r) = <
e(r) T F(r) = |(¥(7)|0r)
e Instantaneous: H(t)|e;(t)) = e;(t) |e; (t)) pi(t) = (W (t)]e; ()]

e(t) = (W(O)[H ) ¥(1) ~ ep(t)
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. Different isotopes & schedules
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. Different isotopes & schedules
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AoE

0.02
10 36Ar 0.200 10
0.03 0.02 0.175 : 0.41
8 32 34g B 34S
0.150
0.06 0.04 0.02 0.49 0.34
° 288j  30sj  32gj 0.125 6 0gj  32gj
Q

N 0.15 0.08 0.06 0.03 0.100 N 0.56 0.51 0.32
26Mg 28Mg 30Mg

0.56  0.36 0.20 0.15

24Mg 26Mg 28Mg 30Mg
0.14 0.08 0.04 0.02

0.075

2 2Ne 2'Ne °Ne 2¢Ne [l [NEN 2 2Ne 2'Ne 2°Ne 2®Ne
0.02 0.02 0.01 0.00 0.025 0.00 0.05 0.05 0.01 o0.00
0 200 220 240 260 ' 0 180 200 220 240 260
8 10 0.000 0
Nn
* Tailored to quantum circuit execution E Costa
o . Costa et al., PLB 872 40042 (2025)
° Palrlng correlations 0n|)’ See also: Yoshida et al PRC 109 064305 (2024)
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. Quasi-boson encoding

E— Circuit depth = 105 |
Total number of gates = 158 |
Number of qubits = 6
Most common gates:
cx: 80

rx: 32

h: 32

)
\/

Circuit depth =6

Total number of gates = 6
‘ 7 Number of qubits = 3
qi) Most common gates:
| cx: 4
qz) C’J ¢ T
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Hardware runs: quasiparticles

OMIO@CESGA
1 Layer ADAPT 5Be QP framework (QMIO CESGA data)

= Qmio)

@@ Experimental

I Readout corrected
/) CESGA

Fidelities:
Experimental: 0.6698
Readout corrected: 0.8234

Probability

h L_L h s e | E Costa A.Mordn

N N S QN QN N
g ¢ ¥ ¥y ¢ ¥
Quantum state
Master’s thesis, Arnau Morén (ongoing) Phys Lett B 872 140042 (2025)

Hard-core boson mapping //Iqo}_‘ LD Ry LD

Valence g1
6B€ space| Ops/, —@)— 1G2)
\ S

i
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Probability

6Be

Quasi-boson ADAPT

Full roto-ADAPT QP framework (IONQ Forte-1)

0.35 -

0.30 -

= = i o
— — N N
o (&) o (&)
1 1 1 1

0.05 -

) ION

I Ideal
0 Raw
I Particle projection

Fidelities:
Raw: 0.9735
Particle projection: 0.9995

0.00 -

Hard-core boson mapping

uantum state

Valence
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* VQEs can reproduce shell model wavefunctions

* Number of qubits not an issue

* Depth of circuit is an issue

* Algorithm development

* Entanglement forging

To-Do List:

* Error mitigation

J Ainaud

* Quantum complexity

e Excited states
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£ Outlook & Perspectives
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