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Use emerging quantum computers 


to learn about fundamental particle interactions. 



Quantum simulations of gauge theories

Use emerging quantum computers 


to learn about fundamental particle interactions. 



Fundamental for many areas of physics, in particular: 

Condensed matter physics e.g. frustration, topological order 

High energy physics e.g. QED, QCD

Gauge Theories

Here: Focus on high energy physics



Many open question in modern science

require new simulation methods  
for gauge theories



Inaccessible to Monte Carlo Methods
Afflicted by sign problems



Possibility to break through this roadblock:


Build quantum computers.



Possibility to break through this roadblock:


Build quantum computers.

alternative path: Tensor Network States



Time

Learn new physicsProof-of-concept 

Quantum simulator

Condensed 
matter physics

High energy  
physics

Quantum  
chemistry



QTFLAG review article: Eur. Phys. J. D 74, 1 (2020).

Proof-of-concept demonstrations
Quantum simulations: gauge theories for high energy physics

E. Martinez, C.M. et al.,Nature 534, 516-519 (2016).

C. Kokail et al., Nature 569, 355 (2019).

B. Yang et. al., Nature 587,392 (2020).

A. Mil et. al., Science 367, 1128  (2020).

C. Schweizer et al., Nat. Phys. 15, 1168 (2019).

F. Gorg et. al Nat. Phys. 15, 1161 (2019).

and more…

N. Klco et al., Phys. Rev. D 101, 074512 (2020).

N. Klco et al., Phys. Rev. A 98, 032331 (2018).

A. Ciavarella, N. Klco, and M. J. Savage, Phys. Rev. D 103, 094501 (2021)
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     How to efficiently simulate 1D-SU(2)
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Digital real-time simulation of 1D-QED

Variational quantum simulation of 1D-QED
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This talk:


• Towards 2D


• Non-Abelian simulations (baryons!)



Towards 2D



Important open questions in gauge theories cannot be tackled with current methods 
and


quantum simulators offer a path forward. 

But

simulating gauge theories with matter beyond 1D is challenging and could not be 

demonstrated so far. 

Therefore

we developed quantum simulation tools  

for studying 2D physics in gauge theories today.



Beyond 1D: 

• Magnetic field effects

• Fermi statistics plays a role


1D

2D, 3D

Fundamental particle interactions beyond 1D
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Fundamental particle interactions beyond 1D

More physics



1D

2D, 3D

Fundamental particle interactions beyond 1D

More challenges



Observe:

• Running coupling

• Dynamically generated magnetic fields

Our proposal
arXiv:2008.09252



1. Encode gauge theory in effective spin model

2. Implement effective spin model on quantum device                        

How it works



Guiding themes



Guiding themes

Allow for:

✅  proof-of-concept demonstration in the lab today




Guiding theme

Allow for:

✅  proof-of-concept demonstration in the lab today


Rendered possible by: 
• Resource-efficient encoding

• New truncation scheme for gauge fields 
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Allow for:

✅  proof-of-concept demonstration in the lab today

✅   perspective to reach the continuum limit

Nature

Simulator

Discretization of space Continuum limit

Na

} a → 0
N → ∞1



Guiding theme

Allow for:

✅  proof-of-concept demonstration in the lab today

✅   perspective to reach the continuum limit

Rendered possible by: 
Hilbert space truncation with a 

regularisation of the gauge group.

Quantum 5, 393 (2021).
 J. Haase, L. Dellantonio, A. Celi, D. Paulson, A. Kan, K. Jansen, and CM



1. Encode gauge theory in effective spin model

2. Implement effective spin model on quantum device                        

How it works



Matter fields: Vertices
Gauge fields: Links

Lattice QED

We use compact lattice QED with staggered fermions.



Electric fields: Eij

Vector potentials: θij

Gauge fields

j k

i l

Eij

ElkEij

Eil



Electric fields: infinite discrete spectrum

Vector potentials: compact continuous variable

Electric field eigen basis

…
…

|0⟩

| + 1⟩

| + 2⟩

| − 1⟩

| − 2⟩

| + ∞⟩

| − ∞⟩



Gauss law:

Classical Electrodynamics:



Gauss law:

2D Lattice QED:

Dynamical charge
• Electron: +1

• Vacuum: 0

• Positron: -1

For this talk:

ϵi = 0∀i

i

Eim
Eij

Eli
Ekl



Example: gauge-invariant (i.e. ‘physical’) configuration 
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Example: Unphysical configuration 
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Hilbert space
Exponentially small 
gauge-invariant subspace



Hilbert space

Physical states

Exponentially small 
gauge-invariant subspace



Hilbert space

Physical states

Unphysical states Exponentially small 
gauge-invariant subspace



Example: plaquette with open boundary conditions

Eliminate redundant gauge-degrees of freedom

In 1D with open boundary conditions all gauge fields can be eliminated

Beyond 1D: gauge fields remain

N-1 gauge fields in total 0 independent gauge degrees of freedom

4 gauge fields in total 1 independent gauge degrees of freedom



Open ladder system:

1 2 3 N-1 N

Full periodic 2D plane:

Resulting effective Hamiltonian descriptions in arXiv:2006.14160 and arXiv:2008.09252

Intuitive effective description in terms of gauge-invariant operators (plaquette ‘rotors’ and electric 
field strings) in arXiv:2006.14160 and arXiv:2008.09252



Periodic cube:

Towards observing 3D physics 

(does not require 3D quantum hardware)

A. Kan, L. Funcke, S. Kühn, L. Dellantonio, J. Zhang, J. Haase, C. Muschik, K. Jansen.
3+1D topological θ-term in the Hamiltonian formulation of lattice gauge theories

24 gauge fields in total 14 independent gauge degrees of freedom

arXiv:2105.06019



2. Implement effective spin model on quantum device                        

How it works

1. Encode gauge theory in effective spin model

• Resource-efficient encoding

• New truncation scheme for gauge fields 

Use fewer qubits!}



Gauge fields live in infinite-dimensional Hilbert spaces 
and


need to be truncated to be simulated on finite-dimensional hardware 

But 

existing truncation schemes lead to an explosion of required resources 

Therefore

we developed a truncation scheme that allows for minimal errors with modest resources 



Classical simulations and 

finite dimensional quantum hardware 

require a truncation:

Truncations for qubit systems:

…
…

|0⟩

| + 1⟩

| + 2⟩

| − 1⟩

| − 2⟩

| + 3⟩

| + 4⟩

| − 3⟩

| − 4⟩

Alternative:

Truncations for bosonic systems:

• Schwinger boson representation

• Holstein-Primakoff-representation


• Dysen-Maleev transformation


• Highly occupied boson model



2-level 
description

3-level 
description

5-level 
description

Which description is sufficient?

…
…

|0⟩

| + 1⟩

| − 1⟩

…
…

|0⟩

| + 1⟩

…
…

|0⟩

| + 1⟩

| + 2⟩

| − 1⟩

| − 2⟩



Required electric field levels for capturing ground state properties

β =
1
g2away from the continuum limit closer the continuum limit



Standard truncation schemes lead to an explosion of required resources

when

- simulating regimes in which magnetic field effects dominate

- simulating running coupling

- approaching the continuum limit (freezing!)

H = g2HE −
1
g2

HB

Consider pure gauge theory:

Electric field 
energy

Magnetic field 
energy

 g = bare coupling 
Large g: Ground state |Ψ0⟩ = |0⟩
Small g: Ground state  |Ψ0⟩ = ∑

n

cn |n⟩

see arXiv:2006.14160 

Naive basis change (E-basis to B-basis) 

leads to explosion of required resources



Truncation scheme that allows for minimal errors with modest resources 

arXiv:2006.14160 

• cQED  ccQED (doubly comp[act QED)


• Approximate U(1) by 


• Introduce double scaling (scale L with g)

→

Z2L+1

Our solution:

Resource-efficient protocol to simulate lattice gauge theories with 
continuous gauge groups in the Hamiltonian formulation. 



2. Implement effective spin model on quantum device                        

How it works

• Efficient VQE framework

1. Encode gauge theory in effective spin model

• Resource-efficient encoding

• New truncation scheme for gauge fields 

Use fewer qubits!}



Our target model consists of exotic-long range interactions  
and 


crucially involves 4-body terms 

But 

our hardware supports only a restricted set of 1- and 2-body resource interactions natively  

Therefore

we employ a VQE scheme that avoids implementing the complicated target interactions on our hardware  



3-body terms (gauge-invariant kinetic terms)


4-body terms (plaquette-interactions)

Target Hamiltonian

Further complications due to

Elimination of gauge fields (results in long-range interaction)


Jordan-Wigner transformation (mapping fermions to qubits)


Encoding of gauge fields into qubits (can result e.g. in 5- and 6-body terms)



Our hardware supports only a restricted set one- and two-body resource interactions natively 

≠ Resource HamiltonianTarget Hamiltonian



Analogue simulation:

Variational simulation:

Realize the required interactions e.g. as second order processes

Complementary approach:

The target Hamiltonian is never realized on quantum hardware!



VQE: robust and flexible 
J. R. McClean, J. Romero, R. Babbush, and A. Aspuru- Guzik, New J. Phys. 18, 023023 (2016).

VQE
Resource 
Hamiltonians

Target 
Hamiltonian



Variational Quantum Simulation

Target Hamiltonian Resource Hamiltonians



Example: VQE for ground state preparation

Apply a squence of time evolutions:

time
H1 H1H2 H2

θ1
1 θ1

2

Experimentally available resource Hamiltonians: Ĥ1, Ĥ2

Target Hamiltonian: ĤT

Can be highly entangled, yet parametrised with few parameters

Create variational ansatz state: |Ψ( ⃗θ )⟩ = eiθ3
2Ĥ2eiθ3

1Ĥ1eiθ2
2 Ĥ2eiθ2

1 Ĥ1eiθ1
1Ĥ2eiθ1

1Ĥ1 |Ψin⟩

H1 H2

θ2
1

θ2
2 θ3

1 θ3
2

Classical variational parameters



The parameters    are varied such that             becomes the ground state  
of a target Hamiltonian      :

⇥ | (⇥)i
HT

Create variational ansatz state: |Ψ( ⃗θ )⟩ = eiθ3
2Ĥ2eiθ3

1Ĥ1eiθ2
2 Ĥ2eiθ2

1 Ĥ1eiθ1
1Ĥ2eiθ1

1Ĥ1 |Ψin⟩

Example: VQE for ground state preparation



Basic building block: a single periodic plaquette



Proposed experiment

Prepare the ground state on the quantum device

Measure the plaquette expectation value for varying g

Ground state



Proposed experiment

Prepare the ground state on the quantum device

Measure the plaquette expiration value for varying g

3-level description 5-level description



VQE of the running coupling in trapped ions

Technical details

1. Suitable qubit mapping the gauge fields

2. Optimization algorithm for partitioning of measurement set: reducing the total 
number of measurements required to approximate the cost function to a given 
precision!



VQE circuit design

Platform specific:

Available gate interactions: 


• Local rotations 


• Mølmer-Sørensen interactions with arbitrary connectivity



VQE circuit design

Problem specific:

Circuit adapted to problem-Hamiltonian

=



VQE Circuit 

Does not require prior knowledge of the ground state (only the Hamiltonian).


Can be found efficiently.


Can be generalised to larger lattices with polynomial overhead.


Allows for efficient variational search.



We simulate the proposed experiment classically, including statistical noise on the cost function
Assuming 6*10^5 measurements (for the entire plot)



Exciting possible extensions:

Experiments with multiple plaquettes
Encoding gauge fields in quDits.

Use resource-efficient encoding strategy for Trotter time evolutions.

Generalize encoding strategy to non-Abelian theories [starting with SU(2)]

Include finite fermionic potentials and topological terms (sign-problem afflicted settings)

Outlook



This talk:


• Towards 2D


• Non-Abelian simulations (baryons!)



Prof. Randy Lewis
Particle physics

Prof. Christine Muschik
QIS

Dr. Jan Haase
QIS

Dr. Jinglei Zhang
QIS

Dr. Yasar Atas
QIS

Dr. Amin Jahanpour
Classical optimization

arXiv:2102.08920



Interesting theory 
papers:

arXiv:2012.08620

V. Kasper, T. Zache, F. Jendrzejewski, 
M. Lewenstein, E. Zohar


arXiv:2006.01258  

V. Kasper, G. Juzeliunas, M. 
Lewenstein, F. Jendrzejewski, E. 
Zohar


arXiv:2009.11802

Z. Davoudi, I. Raychowdhury, A. 
Shaw


New J. Phys. 20, 093001 (2018) 

J. Bender, E. Zohar, A. Farace, I. Cirac


arXiv:2009.13969

R. Dasgupta, I. Raychowdhury


Phys. Rev. D 101, 114502 (2020) 

I. Raychowdhury, J. Stryker

Non-Abelian gauge theory with matter on a quantum computer
• arXiv:2102.08920 

This talk:

Quantum simulations of non-Abelian theories

Remark on dimensionality: for models including dynamically coupled matter, even Abelian 
physics is yet to be simulated —> a challenge in its own right (final part of this talk)

Progress in the field so far 

Exp. demonstration of non-Abelian models: 

Pure gauge theory
• N. Klco et al., Phys. Rev. D 101, 074512 (2020). 
• A. Ciavarella, N. Klco, and M. J. Savage, Phys. Rev. D 103, 094501 (2021).
• S. Rahman, R. Lewis, E. Mendicelli, S. Powell,  arXiv:2103.08661

https://arxiv.org/abs/2006.01258
https://arxiv.org/abs/2009.11802
https://arxiv.org/abs/2009.13969
https://arxiv.org/search/?searchtype=author&query=Rahman%2C+S+A
https://arxiv.org/search/?searchtype=author&query=Lewis%2C+R
https://arxiv.org/search/?searchtype=author&query=Mendicelli%2C+E
https://arxiv.org/abs/2103.08661
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•Non-Abelian gauge theory with dynamically coupled matter on a quantum computer

 

•Quantum computer = IBM superconducting platform (online access)


• Variational quantum-classical approach: Variational quantum eigensolver (VQE)


• Preparation of the ground and first excited state of the model


• Compute masses of the lowest meson and baryon states

arXiv:2102.08920 in a nutshell



Teach quantum computers how to simulate non-Abelian models

The Path:

Extend to more complex models, 
in particular go to 2D and 3D

Add topological terms and 
chemical potentials

No fundamental roadblock in sight

Learn new physics





SU(2) gauge theory in 1D



SU(2) in (1+1) dimensions

Lattice Hamiltonian: 

Kinetic energy Mass Color-electric field energy

Kogut-Sussking formulation
Kogut, J. & Susskind, L. Hamiltonian formulation of Wilson’s lattice gauge theories. 
Phys. Rev. D 11, 395–408 (1975).



SU(2) in (1+1) dimensions

Lattice Hamiltonian: 

Kinetic energy Mass Color-electric field energy

Kogut-Sussking formulation
Kogut, J. & Susskind, L. Hamiltonian formulation of Wilson’s lattice gauge theories. 
Phys. Rev. D 11, 395–408 (1975).

Staggered fermion fields:

Lattice site

Color: 1=red, 2=green



Staggered fermions

1 2 3 N-1 N



Staggered fermions

1 2 3 N-1 N

Odd sites: anti-fermions

Even sites: fermions

One original point in space —> two staggered lattice sites



SU(2) in (1+1) dimensions

Lattice Hamiltonian: 

Kinetic energy Mass

Kogut-Sussking formulation
Kogut, J. & Susskind, L. Hamiltonian formulation of Wilson’s lattice gauge theories. 
Phys. Rev. D 11, 395–408 (1975).

Invariant Casimir operator

a = x,y,z
Color-electric field components

Color-electric field energy



Gauge invariance: Gauss law

Local gauge transformation generators:

Non-Abelian charges:

Gauss law:

Here: no external charges

Here: Neutral total charge sector: 



Gauge invariance: Gauss law

Hilbert space

Exponentially small 
gauge-invariant subspaceGauss law:

Here: no external charges



Quantum simulation approach



SU(2) in 1D

Encoding

Exotic spin Hamiltonian

VQE

Adaption to NISQ devices

Baryon on a quantum computer



Abelian vs non-Abelian
(color)-neutral matter configurations



Encoded SU(2) Hamiltonian



To implement our complex model on the currently available IBM quantum chips  

Dr. Jan Haase

VQE circuit splitting

• alleviates the requirements on the quantum co-processor

• by relegating part of the computation to the classical computer,

• reduces the number of qubits and number of gates needed.

we added an additional ingredient: VQE-circuit splitting (arXiv:2102.08920)

Our challenge



Results

VQE preparation of the lightest baryon state and lightest meson state



Color neutral gauge-invariant singlets

Energy

B=0 B=1

Vacuum

Meson

Baryon

Ev

Eb

Em



Baryon mass

Ground state in B=1 subsector

Non-Abelian feature of the theory



Baryon mass

1.) Prepare ground state in B=1 sector
2.) Prepare ground state in B=0 sector



Baryon mass results

= 8 qubits
Experiment on IBM Casablanca chipxMb

Details on quantum circuit design —> Q&A

(with circuit splitting: 5 qubits)



Meson mass

First excited state in B=1 subsector
Requires a modification of the cost function

1. Variational search of the vacuum state 


2. Variational search of the meson state 

θv

θm

Measure the overlap as the probability to obtain the initial sate  given the state|Ψ0⟩

VQE protocol:



Meson mass



Hadron mass ratio

Indication of mass degeneracy restoration



Summary

First study of a non-Abelian LGT with dynamical matter on a quantum computer

Proof-of-concept demonstration was made possible by resource-efficient VQE circuits
- alleviate experimental requirements

- pave the way for future simulators

Towards developing more and more capable quantum simulators



We explore new possibilities for quantum-enhanced computing

Measurement-based variational quantum eigensolvers:
No entangling gates! Only local operations and local measurements.
New type of algorithm design.

A measurement-based variational quantum eigensolver 

R. Ferguson, L. Dellantonio, K. Jansen, A. Balushi, W. Dür, and CM

Physical Review Letters 2021. 

State variation by edge-modification

Ryan Ferguson Dr. Luca Dellantonio

www.quantum-interactions.com



Unexplored territory ahead



Thank you for your time


