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Dense matter
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Nuclear structure
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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

arXiv:2411.06954
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Isotope chart
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https://people.physics.anu.edu.au/~ecs103/chart/ 
https://www-nds.iaea.org/relnsd/vcharthtml/VChartHTML.html 
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Open questions in fundamental physics

ν?

•What is the nature of the dark matter?
• Dark matter interacts with dense nuclei!

•What is the nature of the neutrino?
• Neutrinos interact with dense nuclei!
• Astrophysical neutrinos created in Neutron Stars

•What are the origins of gravitational waves?
• Nuclear fusion in stars

• r-process sites for nucleosynthesis

X X



Shell model
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3. Use effective Hamiltonian in valence space 
4. Generate many-body basis for system
5. Diagonalise effective Hamiltonian matrix

Caurier, Martínez-Pinedo, Poves et al
Rev. Mod. Phys. 77 427 (2005)
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Shell model complexity
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Variational Quantum Eigensolver
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H

|ψ(θ)⟩

R(θ)

Quantum hardware

R(θ)

Measurement

E(θ) =
⟨ψ (θ)|Ĥ|ψ (θ)⟩

⟨ψ (θ)|ψ (θ)⟩

Update parameters θ 
Classical minimisation
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H

|ψ(θ)⟩

R(θ)

Quantum hardware

R(θ)

Measurement

E(θ) =
⟨ψ (θ)|Ĥ|ψ (θ)⟩

⟨ψ (θ)|ψ (θ)⟩

Update parameters θ 
Classical minimisation

VQE: Variational Quantum Eigensolver, 
Arnau Rios@Quantum Spain 
https://www.youtube.com/watch?v=lgqiDfpGg90



•Initial work on nuclear structure (before ’20)
- Limited to one minimisation strategy (UCC)
- Only a handful of isotopes (2H, 6Li, 8Be, 20-20O, 20Ne)

•Our strategy
- Can we beat exponential scaling?
- Does it work across shells?
- Quantify resources with classical simulations

Quantum computing & nuclear structure

10

Phys. Rev. Lett. 120 210501 (2018)

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)
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hÔ
i

Z0

Z1

X0X1

Y0Y1

�1

0

1

hÔ
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hĤ
2
i

(M
eV

)

Theory

IBM

Rigetti

�⇡ �⇡/2 0 ⇡/2 ⇡
✓

�1

0

1

hÔ
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Jordan-Wigner mapping
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UCC approach

13 Anand,  Aspuru-Guzik et al, Chem. Soc. Rev. 51, 1659 (2022)
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<latexit sha1_base64="DPbThbnS9oz7GKcOUhaqML56iNM="></latexit>

| 1(✓1)i = ei✓1Âk | 0i
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✓2Âk2 e
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Âm : i(a†pa
†
qaras � a†ra

†
sapaq)

Δ operators (respecting symmetry)

2. Compute gradients

<latexit sha1_base64="jsUsHS19JSQXwV7idnuVc9DZyoE="></latexit>

@E

@✓k

����
✓k=0
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Layer N
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Circuit for the ground state of 18O

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

• 10-6 in energy with around 99 CNOTS/layer 
• FSWAPS so operators act on adjacent qubits
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2. Compute gradients
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• What algorithm costs more in terms of quantum resources?  

• Heuristic number of operations

Number of operations
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Carrasco-Codina et al., arXiv:2507.13819 (accepted in Phys Rev C)
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• Layer 1: requires 1 operators

• Layer 1: 1-dim minimisation

<latexit sha1_base64="4/d4tJEuXalVKNSUsZdDs5sZcNY="></latexit>

NADAPT
op = fcalls1



• What algorithm costs more in terms of quantum resources?  

• Heuristic number of operations

Number of operations

21

<latexit sha1_base64="zIxiYWZPe1wPtrMyBzhvMyy7dJ4="></latexit>

NUCC
op = fcalls→!

ADAPT UCC

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

• Δ operators (respecting symmetry)
• Ansatz requires Δ operators

<latexit sha1_base64="Vqtjx1T4uK3s87u/of5kcXFscFw="></latexit>

|ω(εϑ)→ ↑ !!
m=1e
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Results: UCC vs ADAPT
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Results: ADAPT reference state

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

°16 °14 °12 °10 °8 °6 °4 °2

E0, Energy [MeV]

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

N
op

,T
ot

al
op

er
at

io
ns

(£
10

6 )

8Be

0.850 0.875 0.900 0.925 0.950 0.975 1.000

I, Infidelity

Random states
Basis states

• No strong dependence with:
- Reference state energy
- Reference state overlap with benchmark

ADAPT ADAPT

M Carrasco-Codina
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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

arXiv:2411.06954

10-20 10-15 10-10 10-5 100 105 1010 1015

Halflife [s]

0. 0.1 0.2 0.3 0.4



Single-orbital entanglement

28

• A is single-nucleon basis states 
• B all other states
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Mutual information in nuclei
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Other q complexity measures
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Equipartition entropies

32

n/p partition
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Entanglement forging
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1D Fermi-Hubbard model
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1d Fermi Hubbard
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Entanglement forging
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Entanglement forging
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Entanglement forging
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Similar ideas in “standard” SM
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Outlook & Perspectives
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To-Do List:
• Error mitigation 

• Simulations in real hardware

• Entanglement 
• Other quantifications

• Excited states & dynamics 
• Other quantifications

• VQEs can reproduce shell model wavefunctions
• Number of qubits not an issue
• Depth of circuit is an issue
• ADAPT vs UCC quantification
• Entanglement forging 

MareNostrum Ona@BSC
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Thank you!
arnau.rios@icc.ub.edu 

https://sites.google.com/view/arnaurios/
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