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•Me, as a young postdoc at MSU: 
- I am from Barcelona! 
- Oh, so you work with Poves?

Alfredo

https://www.youtube.com/watch?v=rOqp4xhKgCQ

12 Dec 2020, Colloquium @ ICCUB
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What is quantum computing?

Classical Computer Quantum Computer

• Works with bits 
• Bits are either 1 or 0

0100011010 
1010100100

• Works with qubits 
• A qubit can be superposition  

of 1 or 0 
• Many-qubits: entanglement, 

interference, etc 

|0⟩, |1⟩,
c0|0⟩ + c1|1⟩
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Logic gates 1

qubit
|q1⟩ → {|0⟩, |1⟩}

Logic gates
|q1⟩ |qf⟩Z

|q1⟩ = |0⟩ → |qf⟩ = |0⟩
|q1⟩ = |1⟩ → |qf⟩ = − |1⟩
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Logic gates 1

qubit
|q1⟩ → {|0⟩, |1⟩}

Logic gates
H

|0⟩ ↦
|0⟩ + |1⟩

2

|1⟩ ↦
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2 qubit gates
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Circuits

Solovay-Kitaev theorem
A quantum circuit of m qubit gates can be approximated 
to ε error by a quantum circuit of O(mlogc(m/ε)) gates 
using a set of finite universal gates.

Kitaev, Russian Mathematical Surveys 52 (6) 1191 (1997) 
Nielsen & Chuang, Quantum Computation and Quantum Information

|q1⟩
|q2⟩
|q3⟩
|q4⟩

H

R(θ)

X
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Circuits

Solovay-Kitaev theorem

Kitaev, Russian Mathematical Surveys 52 (6) 1191 (1997) 
Nielsen & Chuang, Quantum Computation and Quantum Information

|q1⟩
|q2⟩
|q3⟩
|q4⟩

H

R(θ)

X

We can build a universal black box with only a finite 
number of buttons. 

(Alessandro Roggero)
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Why quantum circuits?

Shor’s algorithm
“Find prime factors of an integer 
N with O(log N) operations” 

Classical ✘ 
Quantum ✔
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Why quantum circuits?

Shor’s algorithm
“Find prime factors of an integer 
N with O(log N) operations” 

Classical ✘ 
Quantum ✔

Variational Quantum Eigensolver

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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Shell model complexity
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•Previous work on nuclear structure 
- 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? 
- “Build” circuits and quantify resources

QC in nuclear structure

Phys. Rev. Lett. 120 210501 (2018)

Lacroix et al, Quantum computing with and for many-body physics, arXiv:2303.04850 
Stetcu, Baroni, Carlson, Phys. Rev. C 105 064308 (2022) 

Kiss, Papenbrock et al Phys. Rev. C 106 034325 (2022)
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Variational Quantum Eigensolver

1.Mapping

|q1⟩
|q2⟩
|q3⟩
|q4⟩
|q5⟩
|q6⟩

J Tilly et al.  Phys. Reports 986 1 (2022)
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⟨ψ0|Ô(θ)†Ô(θ)|ψ0⟩

θ
Emin

E(θ)

|q6⟩

2.Reference state

= |ψ0⟩
|q1⟩
|q2⟩
|q3⟩
|q4⟩
|q5⟩

X

H

|q6⟩

J Tilly et al.  Phys. Reports 986 1 (2022)



12

Variational Quantum Eigensolver

1.Mapping

|q1⟩
|q2⟩
|q3⟩
|q4⟩
|q5⟩

3.Minimisation

min
θ

E(θ) =
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⟨ψ0|Ô(θ )†ĤÔ(θ )|ψ0⟩
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Our work: mapping
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Our work: reference state
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ADAPT
min

θ
E (θ ) =

⟨ψ0|Ô (θ )† Ĥ Ô (θ )|ψ0⟩

⟨ψ0|Ô (θ )†Ô (θ )|ψ0⟩

θ
Emin

E (θ )

Grimsley, Economou, Barnes & Mayhall, Nat Comms 10 3007 (2019)
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Energy measurement strategy

One-body terms
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h |Ĥ1| i =
X

p

✏ph |a†pap| i
<latexit sha1_base64="peBcapQ0jPHHY6ocCCIoDz2SWKo="></latexit>

h |a†pap| i =
1

2
h |1� Zp| i = Pp=1

<latexit sha1_base64="NblqcC9QZPsAEPv5xbdfkFXUJ5A="></latexit>
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ADAPT

Grimsley, Economou, Barnes & Mayhall, Nat Comms 10 3007 (2019)
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Âm : i(a†pa
†
qaras � a†ra

†
sapaq)

M operators (consider symmetries!)

2. Compute gradients
<latexit sha1_base64="jsUsHS19JSQXwV7idnuVc9DZyoE="></latexit>

@E

@✓k

����
✓k=0
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ADAPT state circuits

Circuit for the ground state of 18O
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Results

Pérez-Obiol, Romero et al arxiv:2302.03641
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Single-orbital entanglement
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Outlook & Perspectives

To-Do List: 
•Quantum computer 

• Simulations in “real” QCs 

•Other methods 
• Unitary Coupled Cluster 

•Entanglement 
• Quantification, exploitation 

•Excited states 
• Rodeo algorithm
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| N (~✓)i = ⇧N
l=1e
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ADAPT vs UCC
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•VQEs can reproduce shell model wavefunctions 
•Number of qubits not an issue 
•Depth of circuit is an issue 
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