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Nuclear Physics in Barcelona

Open Postdoc & PhD opportunites

Deadline: 30/11/2025 https://icc.ub.edu/job-offers

Maria de Maeztu Postdoctoral position in Quantum Resources for Science and Technology
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» Proton number, Z

https://people.physics.anu.edu.au/~ecs103/chart/
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Open questions in fundamental physics

* What is the nature of the dark matter!’

e Dark matter interacts with dense nuclei!

. SN

* What is the nature of the neutrino!’

* Neutrinos interact with dense nuclei!

* Astrophysical neutrinos created in Neutron Stars

Masses in the Stellar Grave_yard

* What are the origins of gravitational waves!’

* Nuclear fusion in stars

* r-process sites for nucleosynthesis
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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




ﬂﬁ* Quantum comEutlng & nuclear structure

i PHYSICAL REVIEW LETTERS 120, 210501 (2018) ’
‘
|

Cloud Quantum Computing of an Atomic Nucleus

E.F. Dumitrescu,’ A.J. McCaskey G. Hagen, MG R Jansen,™” T.D. Morris,** T. Papenbrock,“’l’k
R.C. Pooser14 D.J. Dean and P Lougovsk1lT
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e Initial work on nuclear structure (before ’20)

- Limited to one minimisation strategy (UCC)
- Only a handful of isotopes (2H, 6Li, 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)

*Our strategy
- Can we beat exponential scaling?
- Does it work across shells!?
- Quantify resources with classical simulations
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Reference state
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* Minimum ener’gy Slater determlnant
» * Other options: Hartree-Fock state or random (see later)
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|. Ansatz
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Anand, Aspuru-Guzik et al, Chem.Soc.Rev.51, 1659 (2022)
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Grimsley, Economou, Barnes & Mayhall, Nat Comms 10 3007 (2019)
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ADAPT state circuits

Circuit for the ground state of 80O

Ug3 (02)

UGS (04)

UGz (61) Ugs (63)

Ugs (6o)

e 106 in energy with around 99 CNOTS/layer
e FSWAPS so operators act on adjacent qubits

|7 Pérez-Obiol, Romero et al Scientific Reports 13, 12291 (2023)
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Results: resources
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Results: resources
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Results: resources across shells
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Number of operations

* What algorithm costs more in terms of quantum resources!?
* Heuristic number of operations
ADAPT UCC

[A operators (respecting symmetry)
* Ansatz requires A operators

| [(8)) ~ TIA_yomAn|yy)

. Each iteration is a A-dim minimisation

—

min F'(0)

* A operators (respecting symmetry)

* lLayer |:requires | operators

41 (601)) = €14

* Layer |: I-dim minimisation

—

min E(0)

v 9
E, . heeeeee

0

21 Carrasco-Codina et al., arXiv:2507.13819 (accepted in Phys Rev C)




Number of operations

* What algorithm costs more in terms of quantum resources!?
* Heuristic number of operations
ADAPT UCC

[A operators (respecting symmetry)
* Ansatz requires A operators

| [0(@)) ~ T8 _ e A ) |

. Each iteration is a A-dim minimisation

—

min F'(0)

* A operators (respecting symmetry)

* Layer 2: requires 2 operators

e (61, 09)) = €02 k2 01 Ak, 0y §

* Layer 2:2-dim minimisation

0, —

min E(0)

21 Carrasco-Codina et al., arXiv:2507.13819 (accepted in Phys Rev C)




Results: UCC vs ADAPT
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Results: ADAPT reference state
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UCC vs ADAPT
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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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*Nuclear shell model

*VQEs for nuclei

Scientific Reports 13, 12291 (2023)
EPJA 59, 240 (2023)
+ arXiv:2409.04510 + arXiv:2507.13819

*Entanglement forging

arXiv:2411.06954
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Single-orbital entanglement

* A is single-nucleon basis states
B all other states
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Single-orbital entanglement
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Single-orbital entanglement
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Single-orbital entanglement
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Mutual information
S(A: B) = S(A) — S(A|B) = S(A) + S(B) — S(AB)
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Mutual information in nuclei

S(A: B) = S(A) — S(A|B) = S(A) + S(B) — S(AB)
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Other g complexity measures

proton-neutron proton neutron
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Entanglement forging

Variational quantum algorithm Physical system Reduced VQA using EDEF
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| D Fermi-Hubbard model
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| D Fermi-Hubbard model
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| D Fermi-Hubbard model
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|d Fermi Hubbard
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Entanglement forging

Schmidt decomposition Circuit cutting
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Entanglement forging

Schmidt decomposition Circuit cutting
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Entanglement forging

Circuit cutting
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Entanglement forging

Circuit cutting
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Similar ideas in ‘“‘standard” S
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Proton-neutron entanglement in the nuclear §
shell model

Weak entanglement approximation for nuclear structure

Oliver C. Gorton ®"
Lawrence Livermore National Laboratory, Livermore, California 94550, USA

Calvin W. Johnson ©
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JB Outlook & Perspectives

* VQEs can reproduce shell model wavefunctions

* Number of qubits not an issue [ Tl =
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