
The road ahead …



Thinking outside the box II
Standard CI approach

Φ̂ = ∑
k1,k2,…,kL

ck1,k2,…,kL
k1⟨ Ψ k2⟨ Ψ … Ψ kL⟨

• CI-type diagonalization for a preselected set of many-particle basis states



Thinking outside the box II
Standard CI approach

DMRG

Φ̂ = ∑
k1,k2,…,kL

ck1,k2,…,kL
k1⟨ Ψ k2⟨ Ψ … Ψ kL⟨

Φ̂ = ∑
k1,k2,…,kL

ck1,k2,…,kL
k1⟨ Ψ k2⟨ Ψ … Ψ kL⟨

• Determine CI coe$cients from correlations among orbitals 

• CI-type diagonalization for a preselected set of many-particle basis states



Thinking outside the box II
Standard CI approach

DMRG

Φ̂ = ∑
k1,k2,…,kL

ck1,k2,…,kL
k1⟨ Ψ k2⟨ Ψ … Ψ kL⟨
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k1,k2,…,kL

ck1,k2,…,kL
k1⟨ Ψ k2⟨ Ψ … Ψ kL⟨

Quantum Computing

⟩Φ −He Φ̂ = ∑
k

ck ⟩Φ Pk Φ̂

Φ̂ = U( ×ζ) k1⟨ Ψ k2⟨ Ψ … Ψ kL⟨

• Determine CI coe$cients from correlations among orbitals 

• CI-type diagonalization for a preselected set of many-particle basis states

• “Learn” the energy 

using an entangled set of qubits



Quantum Chemistry on a Quantum Computer:
Concepts and Challenges 
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Simulating some quantum mechanical 
effects on a classical computer is unfeasible Use a quantum one!

Simulating quantum physics
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The origins of quantum computing

From bits to …

Simulating quantum physics

qubits

• Classical bit can be either in state  or state

• Qubit can be in a superposition of both states

• Measuring the state of the qubit with probability 

0̂ 1̂

P

η̂ = φ 0̂ + σ 1̂ ≡ φ [1
0] + σ [0

1]

η̂ = 0̂
superposition

η̂ = φ 0̂ + σ 1̂ η̂ = α 0̂ + β 1̂

η̂ = 0̂

η̂ = 1̂

α2

β2

P ( η̂ = 0̂) = α2 and P ( η̂ = 1̂) = β2

quantum computation
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We are in the era of the Noisy/Early Fault 
Tolerant Quantum computers:

soon useful for simulation!

Thousands
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nd
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ds

Using a quantum computer
as a quantum physics simulator

A universal quantum computer can solve problems 

beyond quantum simulation (e.g. factorisation)

Arbitrary state of its qubits

Quantum 5, 433 (2021)



Quantum computer technologies

Source: Quantum Computing Modalities -  
A Qubit Primer Revisited -  

The Quantum Leap (quantum tech.blog)



Electronic wave-function 
representation

Chemical 
properties

Fermion-to-qubit mapping

Post-processing

The state of the quantum processor 
mathematically represents the state of 
the molecule 

The goal is to !nd the state of the 
molecule for which the energy is minimal 

The energy of the molecule needs to be 
measured 

Quantum Computing  
for Quantum Chemistry in a Nutshell



Challenges in near-term QC

1. Measurement stage is time-consuming 

2. Hilbert space is a big space 

3. Qubits are a scarce resource 

4. Noise biases the results 

5. Resource e$cient/aware representation
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fermion to qubit space



Mapping the problem from fermion to qubit space
General considerations

• We need to map both


• N-electron wave function  
 

• Second-quantized Hamiltonian


• Fermions are indistinguishable particles, qubits are distinguishable 
—> we need to account for anti-commutation of fermionic operators in the map! 

Φ̂

{ −ap, −aq} = 0 { −a†
p, −a†

q} = 0 { −ap, −a†
q} = βpq

−He = ∑
p,q

hpq −Epq + 1
2 ∑

p,q,r,s
(pq |rs) ( −Epq −Ers ℒ βqr −Eps) ?

Φ̂ = ∑
δ

cδ ∈δ⟨



Exact for infinite M!

• Write wave function in ON vector basis for  single-particle basis statesM

N-electron wave function
Mapping the problem from fermion to qubit space

Φ̂ = ∑
f

cf fMℒ1…f1 f0⟨ with fp ≈ {0,1}



Exact for infinite M!

• Write wave function in ON vector basis for  single-particle basis statesM

N-electron wave function
Mapping the problem from fermion to qubit space

Φ̂ = ∑
f

cf fMℒ1…f1 f0⟨ with fp ≈ {0,1}

• Trivial interaction of fermionic creation/annihilation operators on ON
−a†
p fMℒ1…fp+1 0 fpℒ1…f0⟨ = (ℒ1)≪pℒ1

s=0 fs fMℒ1…fp+1 1 fpℒ1…f0⟨
−a†
p fMℒ1…fp+1 1 fpℒ1…f0⟨ = 0

−ap fMℒ1…fp+1 1 fpℒ1…f0⟨ = (ℒ1)≪pℒ1
s=0 fs fMℒ1…fp+1 0 fpℒ1…f0⟨

−ap fMℒ1…fp+1 0 fpℒ1…f0⟨ = 0



• Trivial translation of fermionic ON vector basis to qubit ON vector basis

N-electron wave function
Mapping the problem from fermion to qubit space

fMℒ1…f1 f0⟨
• What about creation/annihilation operators for qubits?

with fp ≡ qp ≈ {0,1}qMℒ1⟨→ Ψ q1⟨ Ψ q0⟨ ≡ qMℒ1…q1q0⟨



• We need a simple recipe for one-qubit creation and annihilation operators

Jordan-Wigner mapping
Mapping the problem from fermion to qubit space

−Q+ 1̂ = 0 −Q+ 0̂ = 1̂ −Qℒ 1̂ = 0̂ −Qℒ 0̂ = 0and

with
−Q+ = 1̂ ⟩0 −Qℒ = 0̂ ⟩1
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• We need a simple recipe for one-qubit creation and annihilation operators

Jordan-Wigner mapping
Mapping the problem from fermion to qubit space

−Q+ 1̂ = 0 −Q+ 0̂ = 1̂ −Qℒ 1̂ = 0̂ −Qℒ 0̂ = 0and

with
−Q+ = 1̂ ⟩0 −Qℒ = 0̂ ⟩1

• They locally obey the fermionic anti-commutation relations

{ −Q+, −Qℒ} = −Q+ −Qℒ + −Qℒ, −Q+ = 1̂ ⟩1 + 0̂ ⟩0 = I { −Q+, −Q+} = { −Qℒ, −Qℒ} = 0

BUT not for different qubits! (see exercise!)



Jordan-Wigner mapping
Mapping the problem from fermion to qubit space

• Better ansatz? Can we exploit the properties of Pauli matrices?

−Q+ = 1̂ ⟩0 ≡ 1
2 (πx ℒ iπy) = 1

2 (X ℒ iY)

−Qℒ = 0̂ ⟩1 ≡ 1
2 (πx + iπy) = 1

2 (X + iY)



• Why Pauli matrices and why are they a suitable choice?

Jordan-Wigner mapping
Mapping the problem from fermion to qubit space

πx = (0 1
1 0) πy = (0 ℒi

i 0 ) πz = (1 0
0 ℒ1)



• Why are Pauli matrices a suitable choice?

Jordan-Wigner mapping
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πx = (0 1
1 0) πy = (0 ℒi

i 0 ) πz = (1 0
0 ℒ1)

Single-qubit quantum gates are  unitary matrices 2 ∗ 2



• Why are Pauli matrices a suitable choice?

Jordan-Wigner mapping
Mapping the problem from fermion to qubit space

πx = (0 1
1 0) πy = (0 ℒi

i 0 ) πz = (1 0
0 ℒ1)

Single-qubit quantum gates are  unitary matrices 2 ∗ 2
—> Pauli matrices are  Hermitian (unitary) matrices

—> Pauli matrices are involutory: 


—> Pauli matrices anti-commute: 


2 ∗ 2
π2

p = 1 ⟨p ≈ [x, y, z]

{πp, πq} = 2Iβpq ⟨p, q ≈ [x, y, z]



• Because of anti-commutation among Paulis,  and  anti-commute


• Represent action of fermionic operators  for index  by acting with  on 
qubit  and with  on all qubits with index  and with the identity  on 
the remaining qubits

−Q± πz

−a(†)
p p −Q±

p πz q < p 1

Jordan-Wigner mapping
Mapping the problem from fermion to qubit space



• Because of anti-commutation among Paulis,  and  anti-commute


• Represent action of fermionic operators  for index  by acting with  on 
qubit  and with  on all qubits with index  and with the identity  on 
the remaining qubits

−Q± πz

−a(†)
p p −Q±

p πz q < p 1

Jordan-Wigner mapping
Mapping the problem from fermion to qubit space

−a†
p ≡ 1ΨMℒpℒ1 Ψ −Q+

p Ψ [πΨp
z ] = 1

2 (Xp Ψ [πΨp
z ] ℒ iYp Ψ [πΨp

z ])



• Because of anti-commutation among Paulis,  and  anti-commute


• Represent action of fermionic operators  for index  by acting with  on 
qubit  and with  on all qubits with index  and with the identity  on 
the remaining qubits

−Q± πz

−a(†)
p p −Q±

p πz q < p 1

Jordan-Wigner mapping
Mapping the problem from fermion to qubit space

−a†
p ≡ 1ΨMℒpℒ1 Ψ −Q+

p Ψ [πΨp
z ] = 1

2 (Xp Ψ [πΨp
z ] ℒ iYp Ψ [πΨp

z ])
−ap ≡ 1ΨMℒpℒ1 Ψ −Qℒ

p Ψ [πΨp
z ] = 1

2 (Xp Ψ [πΨp
z ] + iYp Ψ [πΨp

z ])



• Major drawback of Jordan-Wigner mapping: -locality!  
-locality: each term in the Hamiltonian acts non-trivially on at most  

qubits 
 
—> non-locality of “parity term ” that appears in  introduces a 

number of extra qubit operations which scale as !


• Example: how does it work for mapping  for an  quit system?

k
k k

[πΨp
z ] −a(†)

p

≠(M)

−a†
6 N = 10

Jordan-Wigner mapping
Mapping the problem from fermion to qubit space
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Jordan-Wigner mapping
Mapping the problem from fermion to qubit space

Could we avoid to operate with  on all qubits  with 
?

πz q
q < p



Parity mapping
Mapping the problem from fermion to qubit space

• Alternative idea to occupation number basis —> parity basis:  
 
Use qubit  to store the parity  of all occupied orbitals up to 


• Parity of set of orbitals with  determines whether  introduces a 
phase of -1 
 
—> it suffices to only have  acting on qubit 

p Δ p

q < p −a(†)
p

πz p ℒ 1

Δp = mod (
p

∑
s=0

fs , 2)



Parity mapping
Mapping the problem from fermion to qubit space

• BUT: we cannot represent the creation or annihilation of a particle in qubit  
 
with  since  stores the parity of all orbitals with index 


• Representing for example  in terms of  depends on qubit :


• qubit  is in state : act on qubit  with 


• qubit  is in state : act on qubit  with 

qp

−Q(±)
p qp q ∥ p

−a†
p −Q±

p (p ℒ 1)

(p ℒ 1) 0̂ p −Q+
p

(p ℒ 1) 1̂ p −Qℒ
p



Parity mapping
Mapping the problem from fermion to qubit space

• Operator equivalent to  in parity basis is  and a two-qubit operator!−Q± −P±

−P±
p ≡ −Q±

p Ψ 0̂ ⟩0
pℒ1

ℒ −Q∂
p Ψ 1̂ ⟩1

pℒ1

= 1
2 (Xp Ψ Zpℒ1 ∂ iYp)
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Parity mapping
Mapping the problem from fermion to qubit space

• Operator equivalent to  in parity basis is  and a two-qubit operator! 
 
 
 
 
 
 
NB: creating/annihilating a particle in  changes the parity to be stored in 
qubits with index greater : apply  to all qubits  with 

−Q± −P±

p
p πx qk k > p

−P±
p ≡ −Q±

p Ψ 0̂ ⟩0
pℒ1

ℒ −Q∂
p Ψ 1̂ ⟩1

pℒ1

= 1
2 (Xp Ψ Zpℒ1 ∂ iYp)

−a†
p ≡ [πΨMℒp

x ] Ψ −P+
p = 1

2 ([πΨMℒp
x ] Ψ Xp Ψ Zpℒ1 ℒ i [πΨMℒp

x ] Ψ Yp)
−ap ≡ [πΨMℒp

x ] Ψ −Pℒ
p = 1

2 ([πΨMℒp
x ] Ψ Xp Ψ Zpℒ1 + i [πΨMℒp

x ] Ψ Yp)



• Major drawback of parity mapping: -locality!  
 
—> non-locality of “update term ” that appears in  introduces a 
number of extra qubit operations which scale as ! 

k

[πΨMℒp
x ] −a(†)

p
≠(M)
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Parity mapping
Mapping the problem from fermion to qubit space

Could we avoid to to operate with  on all qubits  with 
?

πx q
q > p



• Major drawback of parity and J-W mapping: -locality which is also referred 
to as Pauli weight 

• Other more elaborate mappings exist which scale as   
[Bravyi-Kitaev —> “combines ideas” of J-W and parity mappings] or  
even up to 

k

≠(log2 M)

≠(log3 M)

Notes on other mappings
Mapping the problem from fermion to qubit space



• Major drawback of parity and J-W mapping: -locality which is also referred 
to as Pauli weight 

• Other more elaborate mappings exist which scale as   
[Bravyi-Kitaev —> “combines ideas” of J-W and parity mappings] or  
even up to 


• Customised (tree-based) mappings tailored to QC hardware layout are also 
possible!

k

≠(log2 M)

≠(log3 M)

Notes on other mappings
Mapping the problem from fermion to qubit space



• Common outcome of mappings:  is expressed as a sum of Pauli strings −He Pk

Notes on other mappings
Mapping the problem from fermion to qubit space

−He = ∑
pq

hpqa†
paq + 1

2 ∑
pqrs

gpqrsa†
pa†

r asaq −He = ∑
k

ckPk



• The Hamiltonian is given as a linear combination of Pauli strings


• We can calculate expectation values on the quantum computer

on a quantum computer
Calculating the energy

Each term is a product of local operators−He = ∑
k

ckPk Pk = ΨMℒ1
s=0 πks,(s)

⟩Φ −He Φ̂ = ∑
k

ck ⟩Φ Pk Φ̂Φ̂ = ∑
f

cf fMℒ1…f1 f0⟨
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Cannot even be written down 
on a classical computer

“Easy” on a quantum computer: only 
requires measuring Pauli strings



• The Hamiltonian is given as a linear combination of Pauli strings


• We can calculate expectation values on the quantum computer

on a quantum computer
Calculating the energy

Each term is a product of local operators−He = ∑
k

ckPk Pk = ΨMℒ1
s=0 πks,(s)

⟩Φ −He Φ̂ = ∑
k

ck ⟩Φ Pk Φ̂Φ̂ = ∑
f

cf fMℒ1…f1 f0⟨

Cannot even be written down 
on a classical computer

“Easy” on a quantum computer: only 
requires measuring Pauli strings

Φ̂?



Quantum algorithms for quantum chemistry: 
where the quantum computer sits
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Variational 
Quantum 
Algorithms

Quantum Boosted 
Classical Methods

-  Need circuit that produces accurate energies 

- Need to learn accurate noise model 

- Exponential measurement overhead 

- risk: noise, optimizer pathologies, depth limits  

+  Provides a variational energy measured on the 
quantum computer  

+ Tremendous research available  

+ Exploit resource that is classically hard to produce 

+ Highly accurate circuit is not required 

+ No no-go theorems 

- risk: sampling quality and bias control  

Fault-tolerant 
approaches

+  Systematic precision 

- High resource costs 

- Good initial wave function required (overlap!) 

- risk and cost drivers: logical qubits, T gates, 
state prep  

“Wave function optimization 
done on the QPU”

“Implement accurate 
quantum dynamics”

“Use the QPU only where it 
adds information”
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- Need to learn accurate noise model 

- Exponential measurement overhead 

+  Provides a variational energy measured on the 
quantum computer  

+ Tremendous research available  

+ Exploit resource that is classically hard to produce 

+ Highly accurate circuit is not required 

+ Can exploit hardware-efficient ansätze 

+ No no-go theorems

Fault-tolerant 
approaches

“Wave function optimization 
done on the QPU”

“Implement accurate 
quantum dynamics”

“Use the QPU only where it 
adds information”

+  Systematic precision 

- High resource costs 

- Good initial wave function required (overlap!) 

- risk and cost drivers: logical qubits, T gates, 
state prep  
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FT approaches: Quantum Phase Estimation in a Nutshell 

• Requires system and register qubits 

• Controlled unitaries and and (inverse) quantum fourier transformation (QFT) are costly operations 

• reasonable initial state  requiredηk⟨

QPE converts the phase accumulated under time evolution into a digital estimate of an eigenvalue 

-
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FT approaches: Quantum Phase Estimation in a Nutshell 

Note that the eigenvector  does not 

change; the eigenvalue phase becomes a 

relative phase on the phase register.  

-> Phase kickback

ηk⟨

U ηk⟨ = e2ωiλk ηk⟨

ηk⟨ ηk⟨

0̂ + 1̂

2

0̂ + e2ωiλk 1̂

2

 is an eigenstateηk⟨

 is not an eigenstate but a superpositionη̂

U2j ηk⟨ = e2ωi2jλk ηk⟨

η̂ = ∑
k

ck ηk⟨
QPE entangles phase and system registers; the probability of measuring  

occurs with probability . 

λk

∞ ck
2

The eigenstate stays unchanged; increasing powers of  amplify its unknown 

eigenphase so that QPE can resolve its binary digits 

U

Suitable choice in chemistry: U(t) = eℒi −Ht
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Variational 
Quantum 
Algorithms

Quantum Boosted 
Classical Methods

-  Need circuit that produces accurate energies 

- Need to learn accurate noise model 

- Exponential measurement overhead 

+  Provides a variational energy measured on the 
quantum computer  

+ Tremendous research available  

+ Exploit resource that is classically hard to produce 

+ Highly accurate circuit is not required 

+ Can exploit hardware-efficient ansätze 

+ No no-go theorems

Fault-tolerant 
approaches

+  Systematic precision 

- High resource costs 

- Good initial wave function required (overlap!) 

“Wave function optimization 
done on the QPU”

“Implement accurate 
quantum dynamics”

“Use the QPU only where it 
adds information”
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Quantum boosted approaches: Sample-based quantum 
diagonalization / quantum-selected CI as a prominent 
example
Use the QPU as a configuration generator while solving the eigenvalue problem in a compact classical subspace

bitstrings = determinants/occupation number vectors

prepare an 
approximate 
state η̂

measure in 
computational 
basis

correct “wrong” 
bitstrings

QPU

build subspace 
Hamiltonian 
from bitstrings

Hs

HPC

solve classically 

Hsc = Ec

subspace Hamiltonian Hs

core idea: bitstring samples reveal where the wavefunction has weight; selected CI recovers amplitudes, energies, 
and properties in that subspace.
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Quantum boosted approaches: Sample-based quantum 
diagonalization / quantum-selected CI as a prominent 
example

proposes a determinant 

list  by sampling  S η2

Role of QPU Role of HPC

recover / batch and 
possibly expand the 
selected space S

diagonalize in  to 
obtain eigenvalues 
and eigenvectors 

S

HSC = EC

Why could it be potentially useful?

✓ variational energies 

✓ no noisy optimizer loop 

✓ fewer measured observables 

✓ system-tailored selected spaces 

✓ cost set by |S|, not full FCI
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Quantum boosted approaches: Sample-based quantum 
diagonalization / quantum-selected CI as a prominent 
example

proposes a determinant 

list  by sampling  S η2

Role of QPU Role of HPC

recover / batch and 
possibly expand the 
selected space S

diagonalize in  to 
obtain eigenvalues 
and eigenvectors 

S

HSC = EC

And why could it be potentially useless?

x Repeated samples: problem in discovering new bitstrings 

x Ansatz dependence:  may miss energetically important bitstrings 

x  may be less compact than spaces  from classical SCI 

x classical bottleneck: a large still means expensive Hamiltonian 

build and diagonalization

S

S S⊗ 

S
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Quantum boosted approaches: Sample-based quantum 
diagonalization / quantum-selected CI as a prominent 
example

proposes a determinant 

list  by sampling  S η2

Role of QPU Role of HPC

recover / batch and 
possibly expand the 
selected space S

diagonalize in  to 
obtain eigenvalues 
and eigenvectors 

S

HSC = EC

And why could it be potentially useless?

x Repeated samples: problem in discovering new bitstrings 

x Ansatz dependence:  may miss energetically important bitstrings 

x  may be less compact than spaces  from classical SCI 

x classical bottleneck: a large still means expensive Hamiltonian 

build and diagonalization

S

S S⊗ 

S

SQD may be attractive when quantum samples contain information that classical selection cannot easily obtain. It remains elusive 
whether, for chemically accurate results, the sample cost + post-processing can (ever) beat mature classical selected-CI methods. 
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Variational 
Quantum 
Algorithms

Quantum Boosted 
Classical Methods

-  Need circuit that produces accurate energies 

- Need to learn accurate noise model 

- Exponential measurement overhead 

+  Provides a variational energy measured on the 
quantum computer  

+ Tremendous research available  

+ Exploit resource that is classically hard to produce 

+ Highly accurate circuit is not required 

+ Can exploit hardware-efficient ansätze 

+ No no-go theorems

Fault-tolerant 
approaches

+  Systematic precision 

- High resource costs 

- Good initial wave function required (overlap!) 

“Wave function optimization 
done on the QPU”

“Implement accurate 
quantum dynamics”

“Use the QPU only where it 
adds information”
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Variational optimisation with the 
Variational Quantum Eigensolver

Peruzzo et al., A variational eigenvalue solver on a photonic quantum processor, 
Nature Communications 5, 4213 (2014)
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-  Need circuit that produces accurate energies 
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+  Provides a variational energy measured on the 
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+ Exploit resource that is classically hard to produce 

+ Highly accurate circuit is not required 

+ Can exploit hardware-efficient ansätze 

+ No no-go theorems

Fault-tolerant 
approaches

+  Systematic precision 

- High resource costs 

- Good initial wave function required (overlap!) 

“Wave function optimization 
done on the QPU”

“Implement accurate 
quantum dynamics”

“Use the QPU only where it 
adds information”

Variational optimisation with the 
Variational Quantum Eigensolver
Peruzzo et al., A variational eigenvalue solver on a photonic quantum processor, 
Nature Communications 5, 4213 (2014)
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⟩Ê = ⟩Φ( ×ζ) −He Φ( ×ζ)⟨ ↑ Eground
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The Variational Quantum Eigensolver

• Prepare some quantum state using a 
so-called variational form (ansatz)


• Gates (unitary rotations) in the ansatz 
have free parameters 


• For each value of the parameters the 
resulting state has some mean energy


• Find the ground state variationally: 
minimising over the parameters 

{ ×ζ}

{ ×ζ}

|Φ( ×ζ) >

⟩Ê = ⟩Φ( ×ζ) −He Φ( ×ζ)⟨ ↑ Eground
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in a VQE simulation

Every Pauli string evaluated 
independently through repeated 
measurements

⟩Φ −He Φ̂ = ∑
k
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Measuring the energy
in a VQE simulation

Every Pauli string evaluated 
independently through repeated 
measurements

⟩Φ −He Φ̂ = ∑
k

ck ⟩Φ Pk Φ̂

Repeat each many times to 
estimate the mean ⟩Φ Pk Φ̂



Solving the problem?
The Variational Quantum Eigensolver

|Φ( ×ζ) >

Sounds good, BUT


• How do we know the ansatz contains 
the ground state?


• How do we find the corresponding 
parameters?


• How efficient is the whole approach?


• What about the noise? ⟩Ê = ⟩Φ( ×ζ) −He Φ( ×ζ)⟨ ↑ Eground
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• There are mainly two broad strategies in 
circuit ansatz design


• physically motivated ansätze


• hardware heuristic ansätze  
—> parametrized circuits comprising 
single-qubit rotations and entangling 
blocks chosen to take advantage of 
specific quantum hardware capabilities
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The Variational Quantum Eigensolver
UCCSD ansatz

• UCCSD ansatz has the form 

   with     


• Commonly approximation: Trotterize unitary to first order  
 




—> Low-order trotterized form may fail to reach chemical accuracy 
—> Large number of exponential factors prohibits preparation on quantum processors

ΦUCCSD⟨ = e −T1+ −T2 Φref⟨
−T1 = ∑

i,a
−ϵa
i = ∑

i,a
ϵa

i (a†
aai ℒ a†

i aa)

−T2 = ∑
i,j,a,b

−ϵab
ij = ∑

i,j,a,b
ϵab

ij (a†
aa†

b aiaj ℒ a†
j a†

i abaa)

ΦtUCCSD⟨ = ⟩
c≈{ia}

e −ϵc ⟩
d≈{ijab}

e −ϵd Φref⟨



The Variational Quantum Eigensolver
ADAPT-VQE ansatz

• The ADAPT-VQE algorithm grows ansätze by appending one unitary at a time to a trial 
state


• Requires to 


• a priori define an operator pool , a collection of antihermitian generators  
—>  and  in UCCSD


• choose a reference state calculate (HF or anything reasonable)  
 

• The operator with the largest gradient norm is appended to the ansatz

Δ = {Pi}
−ϵa
i −ϵab

ij

↓E
↓ζi ζi=0

= [ ↓
↓ζi

∏Φ(k) eℒζiPiHeζiPi Φ(k)⟨]
ζi=0

= ∏Φ(k) [H, Pi] Φ(k)⟨



Choosing an ansatz - ADAPT-VQE

Nat. Comm., 10, 3007 (2019)
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• What about the noise? ⟩Ê = ⟩Φ( ×ζ) −He Φ( ×ζ)⟨ ↑ Eground



Solving the problem?
The Variational Quantum Eigensolver

|Φ( ×ζ) >
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Solving the problem?
The Variational Quantum Eigensolver

|Φ( ×ζ) >

Sounds good, BUT


• How do we know the ansatz contains 
the ground state?


• How do we find the corresponding 
parameters?


• How efficient is the whole approach?


• What about the noise? ⟩Ê = ⟩Φ( ×ζ) −He Φ( ×ζ)⟨ ↑ Eground

Efficient measurement strategies are required!  
Noise mitigation is crucial!



Molecular properties / Dynamical correlation
The Variational Quantum Eigensolver

• Expectation values of one-electron  and 
two-electron  operators can be 
straightforward obtained from optimal VQE


• Higher-order RDMs …  
—> CASPT2/NEVPT2, response theory, …


• quantum equation-of-motion …


• …

−O1
−O2

⟩Ê = ⟩Φ( ×ζ) −He Φ( ×ζ)⟨ ↑ Eground

⟩ −O1⟨ = ∑
pq

opq ⟩ −a†
p −aq⟨

⟩ −O2⟨ = ∑
pqrs

opqrs ⟩ −a†
p −a†

r −as −aq⟨



Quantum computers without 
algorithms are useless machines 

CONCLUSION 

With proper algorithms we can make quantum computers work 

Which algorithms will make “the race” remains unclear, but there is no 
substantial reason to await the FT are of quantum computing 

We barely scratched the surface of quantum algorithms for quantum 
chemistry…


