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➡ Use quantum bits instead of 
bits: e.g. one qubit per orbital

➡ Use universal set of quantum 
gates: e.g. rotations + CNOT
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➡ graphene ground states ➡ nuclear ground states
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|ψ(T )⟩ = ̂Te−i ∫T
0 ℋ(t)dt |ψ(0)⟩ ≈

N

∏
j=0

e−iℋ( jδt)δt |ψ(0)⟩ ≈ ∏
i,σ

e−iUsδta†
i,↑a†

i,↓ai,↑ai,↓ × ∏
⟨ij⟩,σσ′ 

eitδta†
i,σaj,σ × ∏

⟨ij⟩,σ

e−i 2iλR
3 δta†

i,σaj,σ′ [( ⃗σ × ⃗d ij)z]σ,σ′ |ψ(0)⟩

3. Adiabatic evolution (U=0 —> U=1)

adiabatic errors adiabatic+circuit errors

Simulation of (artificial) graphene



circuit for   for 1 hexagone−iℋ(s)δt

hC = a†
0 a†

1 a0 a1

e−iUhC =

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 e−iU

hH = a†
0 a1 + a†

1 a0

e−ithH =

1 0 0 0
0 cos(t) −i sin(t) 0
0 −i sin(t) cos(t) 0
0 0 0 1

FSWAP = 1 + a†
0 a1 + a†

1 a0 − a†
0 a0 − a†

1 a1

=

1 0 0 0
0 0 1 0
0 1 0 0
0 0 0 −1
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Search for the optimal Trotterizations and periods

with circuit simulations

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)

Phys. Rev. A 106, 052408 (2022)



Search for the optimal Trotterizations and periods

with circuit simulations

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)

Choose 
optimal T, δt

error as a function of T and δt

Phys. Rev. A 106, 052408 (2022)



Using counter diabatic driving

A(t) = i α [Hkin, Hint]
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H(t) = Hkin + λ(t) Hint+λ′ (t) A(t) λ(t) = sin ( π t
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Using counter diabatic driving

in terms of number of steps in terms of circuit depths:

H(t) = Hkin + λ(t) Hint+λ′ (t) A(t) A(t) = i α [Hkin, Hint] λ(t) = sin ( π t
2T )
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 Hamiltonian coefficients adjusted phenomenologically 
(e.g. nuclear ground energies)
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adapt-VQE for Nuclear shell model

1. As an initial we chose lowest energy basis state 
, e.g. 


2. Pool of operators for the ansatz

|Ψ0⟩ = ∏
i

a†
i |vac⟩ |ψ0⟩ = a†

0 a†
3 |0⟩

Ak = i(a†
pa†

qaras − a†
r a†

s apaq)

|ψ( ⃗θ )⟩ =
n

∏
k=1

eiθkAk |ψ0⟩

E = min
θk

⟨Ψ(θk) |H |Ψ(θk)⟩

➡ Ansatz built adaptively: largest ∂E(n)

∂θk θk=0

Grimsley et al., Nat. 
comm. 10, 1–9 (2019) 
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➡ Ansatz built adaptively: largest ∂E(n)

∂θk θk=0

Grimsley et al., Nat. 
comm. 10, 1–9 (2019) 



adapt-VQE for Nuclear shell model

shell Nq NSD nucleus Nlayers ✏r bound

p

6 5
6
Be 2 10

�5

12

10
6
Li 9 10

�7

51
8
Be 48 10

�5

51
10
Be 48 10

�5

42
13
C 17 10

�5

sd

12

14
18
O 5 10

�6

74
19
O 32 10

�6

81
20
O 70 10

�6

142
22
O 119 10

�6

24

640
20
Ne 167 2⇥ 10

�2

4206
22
Ne 236 2⇥ 10

�2

7562
24
Ne 345 2⇥ 10

�2

pf 20

30
42
Ca 9 10

�8

565
44
Ca 132 10

�2

3952
46
Ca 124 10

�2

12022
48
Ca 101 10

�2

17276
50
Ca 221 10

�2

num. parameters for each nuclei scaling QC vs scaling ED

(classical cost)
(q

ua
nt

um
 c

os
t)



Nuclear entanglement & QC

S = − ∑
i

ρi log ρi

We find very low entanglement 
between proton and neutron 
orbitals, e.g.

Von Neumann entropy

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

p vs n



Nuclear entanglement & QC

S = − ∑
i

ρi log ρi

We find very low entanglement 
between proton and neutron 
orbitals, e.g.

Von Neumann entropy
|ψ⟩ = ∑

j

cj |ϕ(p)
j ⟩ ⊗ |ϕ(n)

j ⟩

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

p vs n



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 nuclei


