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Motivation: guantum many-body problem

Stalfér;d/%ronuanrgics , - (molecules, crystals,
y H = Z Lia. a; + Z L @; 4; akd; - nuclei, optical lattices,
of lattice - - otc)

Hamiltonians

 Exact diagonalization (bad scaling)

Hilbert space - Solvable cases (limited, e.g. 1D, no interactions...)
scales tactorially * TN, mean field, MC, PT... (approximations)
q = (NS + ]ZVVP - 1), 4, = <]1\\]’> - Analog simulation (difficult for arbitrary 7;;)
P P

» Quantum computation (not yet...)

= Use quantum bits instead of = Use universal set of quantum
bits: e.g. one qubit per orbital gates: e.qg. rotations + CNOT
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H(t) = H(T - t)+% H, = Avoid degeneracy

= graphene ground states

Phys. Rev. A 106, 052408 (2022)

(Y6 | H|P0,)) = Minimize energy

E = min
6. (PO | (O)

= nuclear ground states

Sci Rep 13, 12291 (2023)  Eur. Phys. J. A 59, 240 (2023)
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Simulation of (artificial) graphene

1. Map fermions to qubits with Jordan-Wigner: a, Ha@ (o-(x) iaj(”)

Fermions _—
operators

{aia aj} — 61] \,"-:' ~

— (4T 4TV =
{aiaaj} — {aiaaj } - O

el

Qubit operators o;

2. Prepare ground state of U=0, depth scales as 6(V,.,)  aopios o 014058 (2016)

3. Adiabatic evolution (U=0 —> U=1)
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Search for the optimal Trotterizations and periods
with circuit simulations

Phys. Rev. A 106, 052408 (2022)

Cirq (Google) + openfermion (prepares initial states)
Qibo, Quantum Science and Technology 7, 015018 (2021). (fast simulator)

example of 1x1 lattice (but simulations up to 4 hexagons)
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Cirq (Google) + openfermion (prepares initial states)
Qibo, Quantum Science and Technology 7, 015018 (2021). (fast simulator)

example of 1x1 lattice (but simulations up to 4 hexagons)
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Using counter diabatic driving
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Nuclear shell model
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adapt-VQE for Nuclear shell model

1. As an initial we chose lowest energy basis state
W) = | [ 4 Ivac). eq. lwp) = aja]10)
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2. Pool of operators for the ansatz
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1. As an initial we chose lowest energy basis state
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2. Pool of operators for the ansatz
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Grimsley et al., Nat. *
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Sci Rep 13, 12291 (2023)
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adapt-VQE for Nuclear shell model

num. parameters for each nuclei . .
P scaling QC vs scaling ED

shell | N, | Ngp | nucleus | Njayers | € bound

6 5 6Be 2 10~7
10 °Li 9 10~°
D 9 51 5Be 48 107°
51 10Be 48 10~° .
42 13C 17 10° 0
14 50 5 10~ S
o | T4 190 39 10~ = .
81 2009 70 106 = Ca
sd 142 22() 119 10-° *% 20 Y/ 4Ca
640 2UNe 167 2% 10—< 10 20 48
24 | 4206 | 22Ne | 236 | 2x 1072 T e
7562 | 24Ne | 345 | 2 x 1072 VPC <J*Ne A*Ca

30 42(Ca 9 108 O 80 [>2Ne
565 “(Ca 132 102
of | 20 | 3952 | 45Ca 124 102
12022 | 48(Ca 101 102
17276 | °YCa 221 102

(classical cost)



Nuclear entanglement & QC

Von Neumann entropy

5 =— ZPilOgPi

We find very low entanglement
between proton and neutron

orbitals, e.qg.
Eur. Phys. J. A 59, 240 (2023)
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Nuclear entanglement & QC

Von Neumann entropy

5= - ZPilOgPi

We find very low entanglement

between proton and neutron
orbitals, e.qg.

Eur. Phys. J. A 59, 240 (2023)
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Summary

1. Devised and simulated quantum algorithms for nuclei and graphene

—> Jordan Wigner mapping: one orbital per qubit

1. Adiabatic evolution for graphene
Polynomial scaling of periods and time steps, efficient measurement

Shortcuts to adiabaticity improve the efficiency but depending on time period

2. Adaptive variational for nuclei:
Errors decrease exponentially fast with num. parameters
No barren plateaus found

Exponential speed up vs classical computers not clear when going to heavy nuclel



