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I) General introduction

Quantum decoherence  
(qubits = open quantum system).

Only a few qubits accessible 

Nqubits ∼ 10

Observation : Current quantum computers are “NISQ” devices.  
(NISQ :  Noisy Intermediate-Scale Quantum) 

Advantages : 

• Exponentially fewer resources to store information (/classical CPU) 

• Based on a few qubits. 

• Pretty resistant to the noise effects.

NEAR TERM  
QUANTUM ALGORITHMS
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Û( ⃗θ )
X
X

|0⟩
|0⟩
|0⟩
|0⟩

VARIATIONAL QUANTUM EIGENSOLVER (VQE)

Classical processor

CPU

Simulation of the  
VQE algorithm

I) General introduction

H H

e−

e−



19
7

I) General introduction

VQE extensions for the 
computation 

 of excited states



19
7

I) General introduction

QSE: Quantum-subspace extension 
J. R. McClean et al., Phys. Rev. A 95, 042308 (2017).

VQE extensions for the 
computation 

 of excited states

https://link.aps.org/doi/10.1103/PhysRevA.95.042308
https://link.aps.org/doi/10.1103/PhysRevA.95.042308


19
7

I) General introduction

QSE: Quantum-subspace extension 
J. R. McClean et al., Phys. Rev. A 95, 042308 (2017).

SS-VQE: subspace search VQE
K. M. Nakanishi et al., Phys. Rev. Res. 1.3 (2019): 033062

VQE extensions for the 
computation 

 of excited states

https://link.aps.org/doi/10.1103/PhysRevA.95.042308
https://link.aps.org/doi/10.1103/PhysRevA.95.042308


19
7

I) General introduction

QSE: Quantum-subspace extension 
J. R. McClean et al., Phys. Rev. A 95, 042308 (2017).

VQD: variational quantum deflation
O. Higgott et al., Quantum 3 (2019): 156.

SS-VQE: subspace search VQE
K. M. Nakanishi et al., Phys. Rev. Res. 1.3 (2019): 033062

VQE extensions for the 
computation 

 of excited states

https://link.aps.org/doi/10.1103/PhysRevA.95.042308
https://link.aps.org/doi/10.1103/PhysRevA.95.042308


19
7

I) General introduction

QSE: Quantum-subspace extension 
J. R. McClean et al., Phys. Rev. A 95, 042308 (2017).

MC-VQE: multi-contracted states VQE
R. M. Parrish et al., Phys. Rev. Lett. 122, 230401 (2019).

VQD: variational quantum deflation
O. Higgott et al., Quantum 3 (2019): 156.

SS-VQE: subspace search VQE
K. M. Nakanishi et al., Phys. Rev. Res. 1.3 (2019): 033062

VQE extensions for the 
computation 

 of excited states

https://link.aps.org/doi/10.1103/PhysRevA.95.042308
https://link.aps.org/doi/10.1103/PhysRevA.95.042308
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.230401
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.230401


19
7

I) General introduction

QSE: Quantum-subspace extension 
J. R. McClean et al., Phys. Rev. A 95, 042308 (2017).

MC-VQE: multi-contracted states VQE
R. M. Parrish et al., Phys. Rev. Lett. 122, 230401 (2019).

VQD: variational quantum deflation
O. Higgott et al., Quantum 3 (2019): 156.

SA-OO-VQE: State-averaged orbital-optimised VQE

S. Yalouz, et al. Quantum Science and Technology 6.2 (2021): 024004. 

S. Yalouz, et al. arXiv preprint arXiv:2109.04576 (2021).

SS-VQE: subspace search VQE
K. M. Nakanishi et al., Phys. Rev. Res. 1.3 (2019): 033062

VQE extensions for the 
computation 

 of excited states

https://link.aps.org/doi/10.1103/PhysRevA.95.042308
https://link.aps.org/doi/10.1103/PhysRevA.95.042308
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.230401
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.230401


19
Content

8

I) General introduction 

II) Describing conical intersections on near term quantum computers  

III)SA-OO-VQE: Some results 

IV) Take home messages



19
9

Conical intersection:  
A singular point of degeneracy 

connecting two Potential Energy 
Surfaces (PES)

E0 = E1

E0

E1

II) Describing conical intersections on near term quantum computers 



19
9

Conical intersection:  
A singular point of degeneracy 

connecting two Potential Energy 
Surfaces (PES)

E0 = E1

E0

E1

Non-radiative  
relaxation

Trans- 

conformation

Photon

Cis- 

conformation

E0

E1

Rotation

Energy

Photo-isomerization 

II) Describing conical intersections on near term quantum computers 



19
9
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A singular point of degeneracy 

connecting two Potential Energy 
Surfaces (PES)

E0 = E1

E0

E1

Non-radiative  
relaxation

Trans- 

conformation

Photon

Cis- 

conformation

E0

E1

Rotation

Energy

Photo-isomerization 

GOOD TARGET FOR QUANTUM COMPUTERS ! 

A NISQ algorithm to tackle this problem
SA-OO-VQE

HARD FOR CLASSICAL COMPUTER 
= 

II) Describing conical intersections on near term quantum computers 
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- Avoid states resolution at each VQE step 
- Add more flexibility (choose your final basis)

Final state resolution
Advantages

|Ψ0(φ)⟩ ∝ cos(φ) |ΨA⟩ + sin(φ) |ΨB⟩
|Ψ1(φ)⟩ ∝ cos(φ) |ΨA⟩ − sin(φ) |ΨB⟩

Û( ⃗θ )
∝ cos(φ) |ΦA⟩ + sin(φ) |ΦB⟩
∝ cos(φ) |ΦA⟩ − sin(φ) |ΦB⟩Û(φ)
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Û( ⃗θ )Û(φ)
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Non-adiabatic couplings
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Nuclear derivatives

dEI

dx
Coupling between two states  
through nuclear vibrations 

Estimation of analytical derivatives
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∂x )

Estimation of analytical derivatives



19
13

III) SA-OO-VQE: Some results

Nuclear forces with respect  
to coordinate “ x ”

Non-adiabatic couplings

DIJ = ⟨ΨI |
d
dx

ΨJ⟩

Nuclear derivatives

dEI

dx
Coupling between two states  
through nuclear vibrations 

Lagrange multipliers method

ℒI = EI + ∑
pq

κI
pq

∂ESA

∂κpq
+ ∑

n

θI
n

∂ESA

∂θn
EI

∂ℒI

∂κI
pq

=
∂ℒI

∂θI
n

=
∂ℒI

∂κI
pq

=
∂ℒI

∂θI
n

= 0

(HOO HOC

HCO HCC) (κI

θI) = − (GO,I

GC,I)
dEI

dx
= ∑

pq

∂hpq

∂x
γI,eff

pq +
1
2 ∑

pqrs

∂gpqrs

∂x
ΓI,eff

pqrs + ∑
J

∑
n

wJθ̄I
nGC,J

n ( ∂Ĥ
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Can be measured out of the circuit !
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Minimal-energy  

conical-intersection 
(MECI)

Ingredients:   
- Nuclear gradients 
- Non-adiabatic couplings

Evolution of the geometry optimisation with SA-OO-VQE
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(a) (b) (c) (d)

Research of 
Minimal-energy  

conical-intersection 
(MECI)

Ingredients:   
- Nuclear gradients 
- Non-adiabatic couplings

MECI with  
SA-CASSCF  
(OpenMolcas)
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DIJ = ⟨ΨI |
d
dx

ΨJ⟩

Analytical derivatives

dEI

dx

Potential energy surfaces
MECI optimisation

(a) (b) (c) (d)

Next steps: 

SA-OO-VQE = Quantum analog of SA-CASSCF (a reference for degeneracies!)

SA-OO-VQE

2) Application to quantum dynamics ?

1) Switching to diabatic states ? 
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