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Take-home messages – Big picture

• What is quantum chemistry?

Why is it worthwhile?

• What is quantum computing?

What are the potential advantages?

• How can it help quantum chemistry?

– What are state-of-the-art approaches?
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Quantum Chemistry and Electronic

Structure Theory



Surprisingly small systems at the center of fascinating

physical and chemical effects
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Motivation: Haber-Bosch process and biological nitrogen fixation

Haber-Bosch Process

• Crucial for fertilizer production

• 2% of world’s energy consumption

• 3% of global carbon emissions

• 5% of natural gas consumption
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Problem: Strongly correlated quantum systems

Nitrogenase

FeMoCo

• Small molecular systems act as catalysts:

Iron-Molybdenum cofactor (FeMoCo)

• Experimental study very difficult!

→ Numerical studies of relevant electronic

quantum phenomena necessary!
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Quantum Chemistry – Applications

Nitrogen fixation Artificial photosynthesis High-Tc superconductivity

• Drug discovery

• Materials design

• Battery development

• . . .

Accurate theoretical understanding at quantum-scale for bottom-up materials design!

≈ 30% of high-performance computing resources for chemistry-related problems
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Quantum Chemistry – Electronic Structure Theory

Insight on physical and chemical properties (ground- and excited state energies,

chemical reactions, . . . ) of quantum systems by solving the Schrödinger equation:

Ĥ |Ψ〉 = E |Ψ〉

Current state of all electrons described by the wavefunction: Ψ(r1, r2, . . . rn)

All information of a quantum system contained in electronic Hamiltonian:

Coulomb repulsion correlates all electrons of a system → analytic solution too

complex → approximations and computational approaches
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Quantum Chemistry – Accuracy and cost

Depending how accurately we treat correlation: various methods and levels of theory

to solve the Schrödinger equation

System size

Accuracy/Cost

Hartree Fock, Density Functional Theory 1000s of atoms

Perturbation Theory, . . . 100s of atoms

Coupled Cluster methods, . . . 10s of atoms

Quantum Monte Carlo, . . . (few)

exact FCI
→ Extend with HPC+QC

Exp. scaling

Need highly-accurate methods to describe strongly correlated problems

Cytochrome c: enzyme that eliminates toxic radicals produced by cells. From Santagati et al., arXiv:2301.04114



Quantum Chemistry – Accuracy and cost

Depending how accurately we treat correlation: various methods and levels of theory

to solve the Schrödinger equation

System size

Accuracy/Cost

Hartree Fock, Density Functional Theory 1000s of atoms

Perturbation Theory, . . . 100s of atoms

Coupled Cluster methods, . . . 10s of atoms

Quantum Monte Carlo, . . . (few)

exact FCI
→ Extend with HPC+QC

Exp. scaling

Need highly-accurate methods to describe strongly correlated problems

Cytochrome c: enzyme that eliminates toxic radicals produced by cells. From Santagati et al., arXiv:2301.04114



Exponential scaling of the exact solution
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Exponential scaling of the exact solution

Hartree-Fock
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Exponential scaling of the exact solution

|ΦHF 〉

...

k

j

i

a

b

c

|Φa
i 〉+

...

|Φab
ij 〉+

...

|Φabc
ijk〉+ + · · ·

...

All possible excitations from HF state

Number of possible states for given number of
electrons and orbitals

Mol. #orbitals #electrons #states

H2 2 2 4

LiH 4 4 36

Be2 8 8 4900

H2O 12 12 ∼ 8 · 105

C2H4 16 16 ∼ 16 · 106

F2 18 18 ∼ 2 · 109

≈ 256 GB to store wavefunction
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Quantum Chemistry meets Quantum Computing

Nitrogenase

FeMoCo

FeMoCo

We have the equations at hand, but

exponentially costly on classical computers!

CPU

System size

Cost
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Quantum Chemistry meets Quantum Computing

Nitrogenase

FeMoCo

FeMoCo

Quantum computers could provide a

potential speedup!

System size

Cost
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The Case for Quantum Computing



Classical bit

0 1
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Quantum bit = qubit

a |0〉 + b |1〉

14



Quantum bit = qubit

a |0〉 + b |1〉
|a|2 + |b|2 = 1
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Qubits – Bloch Sphere
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Multiple Qubits – Entanglement

Bringing two qubits together:

|Ψ〉 =

qubit 1︷ ︸︸ ︷
(|0〉+ |1〉)⊗

qubit 2︷ ︸︸ ︷
(|0〉+ |1〉) = |00〉+ |01〉+ |10〉+ |11〉 4 states

Three qubits:

|Ψ〉 =

qubit 1︷ ︸︸ ︷
(|0〉+ |1〉)⊗

qubit 2︷ ︸︸ ︷
(|0〉+ |1〉)⊗

qubit 3︷ ︸︸ ︷
(|0〉+ |1〉)

= |000〉+ |001〉+ |010〉+ |100〉+ |011〉+ |101〉+ |110〉+ |111〉 8 states

N qubits can encode exponentially many (2N ) states.

40 qubits enough to encode the ∼ 2 · 109 states of F2!

→ Need new quantum algorithms to

use this potential advantage!

System size

Cost
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Quantum Computing for Quantum

Chemistry



How can Quantum Computing help Quantum Chemistry?

|ΦHF〉 = |1100〉 , |Φa
i 〉 = |1010〉 , . . .

↑
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2N states

N qubits

Fermion to qubit mapping
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How can Quantum Computing help Quantum Chemistry?

|ΦHF〉 = |1100〉 , |Φa
i 〉 = |1010〉 , . . .

↑
↓
↑
↓

X

X

Ry

Ry

Ry

Ry

Ry

Ry

Ry

Ry

2N states N qubits

Fermion to qubit mapping

• Map our problem (Hamiltonian/basis functions) onto quantum hardware/qubits

– Qubits encode occupation of spin-orbitals ∈ [0, 1]

→ Use quantum algorithms for ground-, excited states, dynamics, ...
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Quantum Chemistry on Quantum Hardware

1) Prepare an initial state |Φ0〉 :

|Φ0〉 =


1

1

0

0
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∼ 15mK

Magnetic shielding

Heat,radiation
...

Effect of noise:

• Bit flip: |0〉 ↔ |1〉
• Phase flip: |0〉 ↔ − |0〉
• Decoherence: |0〉+ |1〉 → |0〉+ ei? |1〉
• . . .
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2) Perform unitary operations of chosen quantum algorithm:2) Perform unitary operations of chosen quantum algorithm:

3) Measure observable 〈Ô〉3) Measure observable 〈Ô〉
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Possible Quantum Advantage – Quantum Phase Estimation

Û |Ψ〉 = eiθ |Ψ〉
Unitary op.

Eigenstate

Phase

Ĥ |Ψ〉 = E |Ψ〉
Schrödinger eq.

e−iĤt |Ψ〉 = e−iEt |Ψ〉

|Ψ〉 =
∑

i ci |ψi〉

No matrix diagonalization!

Subroutine of Shor’s algorithm

• Many qubits, deep circuits → requires

error corrected quantum devices

• State preparation: how to get good

approximations of |Ψ〉?
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Transition toward fault-tolerance

NISQ:

• Noisy and small
quantum devices

• Limited utility

• Hybrid approaches

Fault-tolerant QC:
Quantum advantage

• Shor’s algorithm

• Quantum phase
estimation
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Near-term approaches and our work



NISQ Era – Hybrid Quantum-Classical Approach

Use benefits of both quantum and classical resources

QPU

# of
qubits

N

qubits

2N states

...
...Quantum circuit/

Ansatz/algorithm

Quantum circuit

Û(θ)

H

Ry(θ)

Y

Z

. . .

Measurement

〈Φ(θ)|Ô|Φ(θ)〉

Classical computer

CPU

θtθt+1

Update parameters θ

Circuit depth

• Use short-depth quantum circuits

that fit current hardware

• Improve on classical estimates by

non-classical states

• Store quantum state with expo-

nentially fewer resources
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State-of-the-art – Quantum Computing enhanced Quantum Monte Carlo

Quantum-enhanced QMC methods:

– Use the QPU to alleviate computational bottlenecks of conventional QMC methods
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State-of-the-art – Quantum Computing Quantum Monte Carlo
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State-of-the-art – Subspace Expansion Methods

Ĥ |Ψ〉 = E |Ψ〉 −→ span{|ψ〉 , Ĥ |ψ〉 , Ĥ2 |ψ〉 , . . . }
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Ĥ |Ψ〉 = E |Ψ〉 −→ span{|ψ〉 , Ĥ |ψ〉 , Ĥ2 |ψ〉 , . . . }
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Hybrid Quantum-Classical Approach

Use benefits of both quantum and classical resources
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lution (QITE)
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• Error mitigation
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Resource Reduction: Qubits and circuit depth

Cusp condition: Singularity of Coulomb potential (∼ 1
|ri−rj | )

→ sharp cusp of exact wavefunction Ψ({r}) at electron coalescence (|ri − rj | = 0)

−1 0 1

|ri − rj|

Ψ
(r
i,

r j
)

Exact

e e

rij
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Resource Reduction: Transcorrelation (TC)

|ri − rj|

|Ψ({r})〉
=

|ri − rj|

f({r})

Treat class. O(n3
el)

×
|ri − rj|

Treat on QC

|Φ({r})〉
⇒

Ĥ |Ψ〉 = E |Ψ〉 → |Ψ〉 = f |Φ〉 →
ĤTC︷ ︸︸ ︷

f−1Ĥf |Φ〉 = E |Φ〉

|Φ〉 easier to represent with less basis functions/qubits → immense resource reduction

WD, Luo, Alavi, PRB 99 (7), 075119 (2019); Cohen, Luo, Guther, WD, Tew, Alavi, JCP 151 (6), 061101 (2019);
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f−1Ĥf |Φ〉 = E |Φ〉

|Φ〉 easier to represent with less basis functions/qubits → immense resource reduction

WD, Luo, Alavi, PRB 99 (7), 075119 (2019); Cohen, Luo, Guther, WD, Tew, Alavi, JCP 151 (6), 061101 (2019);



Resource Reduction: Transcorrelation (TC)

|ri − rj|

|Ψ({r})〉
=

|ri − rj|

f({r})

Treat class. O(n3
el)

×
|ri − rj|

|Φ({r})〉

Qubits

E
n

er
gy

no-TC

TC

⇒
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Reference-State Error Mitigation: A Strategy for High Accuracy Quantum Computation of
Chemistry, J. Chem. Theory Comput., 19, 3, 783 (2023)
P. Lolur, M. Skogh, W. Dobrautz, C. Warren, J. Biznárová, A. Osman, G. Wendin, J. Bylander, M. Rahm
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Osman, G. Tancredi, J. Bylander, M. Rahm, Chemical Science 15, 2257 (2024)
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−1.1

−1.0

−0.9

E
n

er
gy
|H

Regular VQE

Exact

Readout + REM

– Multireference-state error mitigation for strong correlation,

H. Zou, E. Magnusson, H. Brunander, M. Rahm, W. Dobrautz, to be submitted

– Electron density: M. Skogh, P. Lolur, W. Dobrautz, C. Warren, J. Biznárová, A.
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Quantum Computing – Algorithms and Classical Optimization

Orders of magnitude increased accuracy for quantum many-body problems on
quantum computers via an exact transcorrelated method, Phys. Rev. Research
5, 023174 (2023), I. O. Sokolov∗, W. Dobrautz∗, H. Luo, A. Alavi, I. Tavernelli
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Optimizing Variational Quantum Algorithms with qBang: Efficiently Inter-
weaving Metric and Momentum to Tackle Flat Energy Landscapes,
D. Fitzek, R. S. Jonsson, W. Dobrautz, C Schäfer, Quantum 8, 1313 (2024)
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